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Abstract

The gut microbiome is vital in maintaining metabolic health, and dietary habits can signif-
icantly impact its composition. A high-fat diet (HFD) can disrupt gut microbial balance,
contributing to obesity, insulin resistance, and fatty liver disease. This study explores the po-
tential benefits of heat-killed Enterococcus faecalis EF-2001 (EF-2001) in restoring gut balance
and improving metabolic health in HFD-fed mice (HFD-mice). HFD mice administered
EF-2001 had 18% less body fat, 22% lower triglyceride levels, and significantly reduced
liver enzyme markers, including aspartate aminotransferase (AST) by 28% and alanine
aminotransferase (ALT) by 31%. Additionally, EF-2001 improved glucose metabolism,
increasing glucose tolerance by 20% and insulin sensitivity by 15%, while reducing fat
buildup in the liver by 24%, indicating protection against fatty liver disease. These changes
correlated with better metabolic health and reduced inflammation. Our results show that
EF-2001 supplementation helped counteract HFD-induced gut imbalances by increasing mi-
crobial diversity and supporting beneficial bacteria, such as Akkermansia and Ligilactobacillus
spp- Our findings highlight the potential of heat-killed EF-2001 as a promising strategy
to restore gut balance and mitigate diet-related metabolic issues. Furthermore, analysis of
antibiotic resistance genes (ARGs) revealed that HFD mice exhibited an increased abun-
dance of multidrug resistance genes, particularly those associated with antibiotic efflux
mechanisms, such as bcrA, cdeA, and msbA. Notably, EF-2001 supplementation mitigated
this increase, reducing the relative abundance of the above ARGs and suggesting a protec-
tive role in limiting the spread of antibiotic resistance linked to dysbiosis. EF-2001 offers
a compelling approach to managing obesity and metabolic disorders, paving the way for
microbiome-based health interventions.

Keywords: Enterococcus faecalis EF-2001; postbiotics; high-fat diet; obesity; metagenomics

1. Introduction

Obesity has emerged as a global health crisis, significantly increasing the risk of
chronic diseases, such as type 2 diabetes, cardiovascular disorders, and metabolic syndrome.
According to the World Health Organization (WHO), obesity rates have nearly tripled
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worldwide since 1975, underscoring the urgent need for effective prevention and treatment
strategies [1]. The gut microbiota has garnered increasing attention for its critical role in
metabolic regulation and energy balance [2].

The gut microbiome, a complex ecosystem of trillions of microorganisms, plays a
fundamental role in host metabolism, immune function, and overall health [3]. Emerging
research indicates that gut dysbiosis, an imbalance in the microbial community, may
be a potential contributing factor to obesity, alongside well-established drivers such as
dietary habits and physical activity [4]. Studies have shown that individuals with obesity
exhibit distinct gut microbiota profiles, often characterized by an increased Firmicutes-
to-Bacteroidetes ratio, altered short-chain fatty acid (SCFA) production, and an enhanced
capacity for energy extraction from food [5,6]. Certain gut bacteria, such as Eubacterium
rectale and Clostridium coccoides, have been correlated with obesity phenotypes [7]. This
dysbiotic microbial environment is associated with chronic low-grade inflammation, lipid
accumulation, and insulin resistance, contributing to obesity pathogenesis [8]. Advances
in metagenomic sequencing have provided more profound insights into gut microbial
diversity, shedding light on how microbial alterations influence metabolic health and
dietary responses.

Given the critical role of the gut microbiota in obesity, strategies aimed at modulating
microbial composition have gained significant interest. Probiotics are live microorgan-
isms that, when administered in adequate amounts, confer health benefits on the host [9].
They play a crucial role in modulating the gut microbiota, strengthening the intestinal
barrier, and interacting with the host immune system [10]. Various probiotic strains, in-
cluding Lactobacillus, Bifidobacterium, and Enterococcus, have demonstrated beneficial
effects by strengthening gut barrier integrity, reducing inflammation, and regulating lipid
metabolism [11]. For instance, Lacticaseibacillus paracasei AO356 significantly altered the
gut microbiota composition in a mouse model, suppressing weight gain and fat mass
accumulation [12]. This strain increased the relative abundance of Bacteroides and Os-
cillospira, which are closely linked to lipid metabolism and obesity-related markers [12].
Another study involving L. paracasei K56 showed improvements in stress, anxiety, and
sleep quality in students, along with beneficial changes in gut microbiota composition,
suggesting potential broader health benefits that could indirectly impact obesity-related
behaviors [13]. In addition, probiotic Enterococcus faecalis EF-1 has been shown to mitigate
high-fat diet (HFD)-induced obesity through its cholesterol-lowering properties, bile salt
hydrolase activity, and ability to enhance SCFA production [14]. In a study on geese, E.
faecalis supplementation increased body weight, reduced abdominal fat and hepatic lipid
droplet content, and significantly decreased serum levels of total cholesterol, triglycerides,
and free fatty acids, consequently positively impacting hepatic lipid metabolism-related
genes and improving ileal morphology and microbiota diversity [15]. These findings indi-
cate that specific strains of E. faecalis hold promise as potential therapeutics or functional
food components for managing obesity and related metabolic disorders. However, the
clinical application of probiotics faces challenges related to strain viability, stability, and
efficacy [16,17]. To address these limitations, postbiotics, such as non-viable probiotics
(whole-cell postbiotics), cellular components, or metabolites, have emerged as a novel
alternative, offering similar health benefits without the need for live bacterial cultures [18].
Unlike probiotics, which require viability for colonization and some functional benefits,
whole-cell postbiotics, including heat-killed probiotics, may exert health effects primarily
through their structural components, such as cell wall polysaccharides, lipoteichoic acids,
and peptidoglycans, which interact with host immune receptors to modulate immune
responses and improve gut barrier function [19]. Their non-viable nature enhances safety
and stability during processing and storage, addressing concerns associated with live mi-
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croorganisms in immunocompromised individuals [20]. Recent investigations have shown
that heat-killed probiotics can modulate obesity and the induced inflammation in HFD
mice [21].

Postbiotics also refer to the bioactive metabolites produced by probiotics during fer-
mentation. These include SCFAs, antimicrobial peptides, cell wall fragments, and other
biologically active compounds that can benefit the host without live microorganisms [22,23].
Postbiotics are particularly valuable because of their stability during processing and storage,
making them attractive candidates for functional food applications and therapeutic inter-
ventions. Although certain strain-specific exopolysaccharides (EPSs) have been reported to
possess antimicrobial properties, EPSs are more commonly known for their protective roles,
including biofilm formation and shielding bacteria from antibiotics and environmental
stress [24]. In particular, whole-cell postbiotics, including heat-killed probiotics, offer a
dual benefit by combining structural components with residual intracellular compounds,
enabling broader immunomodulatory and gut health effects compared to metabolites
alone [25]. Recent studies have demonstrated that postbiotics can suppress obesity by
promoting thermogenesis and altering gut microbiota composition [26].

Our research group has explored the potential of heat-killed E. faecalis EF-2001 (EF-
2001), a postbiotic with demonstrated immunomodulatory and metabolic benefits, in
conditions associated with metabolic dysfunction. While E. faecalis strain EF-1 has been
studied for its metabolic activities and general benefits to gut health, it has largely demon-
strated conventional probiotic properties. In contrast, EF-2001, a heat-killed strain, has
demonstrated more targeted efficacy, particularly in regulating metabolic pathways and
improving outcomes in models of obesity and fatty liver disease. Notably, previous re-
search suggests that EF-2001 may play a role in mitigating non-alcoholic fatty liver disease
(NAFLD), a disorder closely linked to obesity [27]. By regulating lipid metabolism, EF-
2001 may offer a dual advantage in managing obesity and its associated comorbidities,
such as NAFLD. Evidence indicates that EF-2001 may reduce hepatic lipid accumulation
and protect against high-fat diet (HFD)-induced fatty liver damage by activating lipolysis
through the AMPK signaling pathway [28]. This activation leads to decreased fat mass,
liver index, adipocyte area, and levels of total cholesterol (TC) and low-density lipoprotein
(LDL) while increasing high-density lipoprotein (HDL) levels [28]. Previous research on
E. faecalis strains suggests their ability to influence gut microbiota composition, reduce
lipid accumulation, and improve glucose metabolism, making them promising candidates
for obesity intervention [14]. For example, Lactobacillus plantarum postbiotics have been
reported to activate AMPK-dependent autophagy to suppress Salmonella intracellular
infection and modulate inflammatory responses via NLRP3 inflammasome inhibition [29].
Furthermore, postbiotics have been reported to enhance gut microbial diversity while se-
lectively promoting beneficial bacteria, contributing to a healthier microbial ecosystem [14].
Recent research indicates that diet, especially an HFD, can dramatically change the makeup
and functional ability of the gut microbiome, including the resistome (i.e., the group of
ARGs) [30]. Specific ARG enrichment has been demonstrated to correlate with dysbiosis
linked to obesity, maybe as a result of selective microbial proliferation under conditions of
metabolic stress and inflammation brought on by an HFD [31]. Consequently, monitoring
ARGs offers information about how postbiotic therapies and dietary changes may affect not
just the makeup of microbiota but also microbial activities that are relevant to public health.
In another study, Koorakula et al. [32] highlighted that dietary composition, especially an
HEFD, can significantly alter the gut microbial ecology and promote dysbiosis, which, in
turn, influences the expression and dissemination of ARGs.

By examining the impact of E. faecalis EF-2001 postbiotics on gut microbiota composi-
tion, lipid metabolism, and inflammatory markers, this study seeks to provide valuable
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insights into the potential role of postbiotics as a safe and effective therapeutic approach
for obesity. Metagenomic sequencing enables a comprehensive analysis of microbial shifts,
shedding light on the underlying mechanisms by which postbiotics exert their benefi-
cial effects. A deeper understanding of the interplay between the gut microbiota and
metabolic health could pave the way for innovative interventions in managing obesity and
its related disorders.

2. Materials and Methods
2.1. Animal Experimental Design

Seven-week-old male C57BL/6N mice were obtained from Orient Bio Inc. (Seongnam,
Republic of Korea) and housed under standard laboratory conditions (22 + 2 °C, 12-h
light/dark cycle, 55 &+ 15% humidity). The animals had ad libitum access to food and
water and were acclimated for three weeks before the start of the experiment (Figure S1).
Following acclimatization, the mice were randomly assigned to one of three groups: a
normal diet (ND) group (n =5 + 3), a high-fat diet (HFD) group (n = 10 + 3), and an
HEFD (n = 10 + 3) group supplemented with heat-killed E. faecalis EF-2001 (HFD-EF-2001)
30 billion cells/day, via oral administration.

The ND group was fed a standard rodent chow diet (2918C, Teklad, Envigo, Indi-
anapolis, IN, USA). In contrast, the HFD and HFD-EF-2001 groups were fed a high-fat
diet (D12492, Research Diets, New Brunswick, NJ, USA), which provided 60% kcal from
fat (5.55% kcal soybean oil and 54.35% kcal lard). This study commenced once the mice
reached a body weight exceeding 30 g. After three weeks of HFD feeding (diet-induced obe-
sity, DIO), body weight and blood chemistry measurements were used to ensure uniform
group allocation. At this point, an additional three mice from each obesity-induced group
(HFD and HFD-EF-2001), as well as the ND group, were selected for blood collection and
subsequently excluded from further physiological assessments, such as body weight moni-
toring, biochemical analyses, fecal collection, blood glucose measurement, and necropsy.
The remaining 10 mice per group were used for all main analyses, and no animals were
excluded after the experiment began.

All experimental procedures were approved by (C) Woojung Bio. Institutional Animal
Care and Use Committee (IACUC, approval number: IACIC2403-005) and conducted at
Hu-mic, Inc under ethical guidelines for the care and use of laboratory animals.

2.2. Body Weight, Blood Chemistry, and Organ Weight Measurements

Body weight was recorded twice weekly throughout the ten-week experimental period,
totaling 20 measurements per animal. Food intake was monitored weekly, and cumulative
dietary consumption was calculated accordingly.

Blood chemistry analyses, including alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and triglyceride (TG) levels, were performed at four key time points:
prior to disease induction, before experimental diet administration, at six weeks of dietary
intervention, and after study completion. Blood samples were collected biweekly from
three mice per group and centrifuged at 3000 rpm for 20 min to isolate the serum, which
was subsequently stored at —80 °C for further biochemical analysis. Fasting blood glucose
levels were measured in all the remaining animals at the same four time points. Addition-
ally, fecal samples were collected before disease induction, prior to dietary intervention, at
six weeks, and at the end of the experiment. All fecal samples were stored at —70 °C for
subsequent gut microbiome analysis.

Following the ten-week dietary intervention, all the surviving mice were euthanized
under anesthesia using chloral hydrate (400 mg/kg BW), and necropsy was performed.



Bioengineering 2025, 12, 741

50f22

Liver and adipose tissues (subcutaneous, gonadal, perirenal, mesenteric, and pericardial
fat) were excised, weighed, and stored at —80 °C for further analysis.

2.3. Serum Assay for Biochemical Parameters

Blood samples were collected at designated time points for biochemical analysis. ALT,
AST, and TG levels were measured with a Hitachi Automatic Analyzer 7600-210 (Hitachi,
Tokyo, Japan) to evaluate liver function and lipid metabolism. Serum was separated via
centrifugation and stored at —80 °C for subsequent analyses.

2.4. Fecal DNA Extraction and Quality Control

Fecal samples from each group were collected at three time points during the in vivo
experiments: at 0, 6, and 10 weeks from the ND, HFD, and HFD-EF-2001 groups. The
samples were placed into sterile 50 mL tubes and stored at —80 °C until DNA extraction
was performed. DNA was extracted from the randomized samples using a QIAmp Pow-
erFecal DNA Kit (Qiagen, Hilden, Germany), following the manufacturer’s instructions.
DNA quality was assessed by measuring concentration (Qubit fluorometer), purity (Nan-
oDrop spectrophotometer), and integrity (Agilent TapeStation). For sequencing, DNA was
sonicated into ~200 bp fragments using a Bioruptor and purified with a QIAQuick PCR
Clean-Up Kit before re-quantification.

2.5. Shotgun Metagenomics Sequencing

The genomic DNA samples from the ND (1 = 5), HFD (n = 5), and HFD-EF-2001 (1 = 5)
groups were then subjected to shotgun metagenomic sequencing. DNA quantification
was performed again using a Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA) on a Qubit 3 fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA) to ensure accurate measurement of double-stranded DNA. Metagenome sequencing
was carried out by Dx&Vx (Seoul, Korea). Metagenomic libraries were prepared and
sequenced using the [llumina NovaSeq 6000 platform (Illumina, San Diego, CA USA),
which utilizes next-generation sequencing (NGS) technology. The sequencing process
involved clonal amplification and sequencing by synthesis (SBS), where fluorescent signals
emitted during nucleotide incorporation were detected, providing high-throughput and
accurate sequencing. The raw sequencing data were processed with Illumina’s Real-Time
Analysis (RTA) software (RTA version 1.18.66.3; Illumina, Inc., San Diego, CA, USA) for base
calling and image processing. The resulting base call (BCL/cBCL) files were then converted
into FASTQ format using either bcl2fastq2 v2.20.0.422 or bclconvert v3.10.5 with default
settings. The sequencing run generated paired-end reads with a read length of 150 bp,
covering 51 DNA samples, which were later used for downstream bioinformatics analysis.

2.6. Gut Microbiota Analysis

For shotgun metagenomic sequence analysis and taxonomic profiling, we combined
several tools, including Kraken2, Bracken, Centrifuge, and MetaPhlAn, to ensure accurate
and detailed results [33]. We began by processing the raw sequencing reads with Kraken?2,
a fast classifier that uses k-mer analysis to assign taxonomy at various levels. To improve
the accuracy of the taxonomic abundance estimates and address any potential biases from
Kraken2, we used Bracken, which refined the abundance calculations. To further validate
and enhance the taxonomic resolution, we used Centrifuge, another classification tool
that compared the reads against a comprehensive microbial genome database. Finally,
we used MetaPhlAn to profile the microbial communities more precisely by focusing
on specific marker genes, which helped us uncover both dominant and less abundant
species. Integrating all these tools provided a thorough and reliable picture of the microbial
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community, ensuring accurate taxonomic assighments and precise abundance estimates
from the shotgun metagenomic data.

2.7. Identification of ARGs and MGEs

Antimicrobial resistome analysis was performed by aligning the unigenes to the
CARD database (v2.0.1) using blastp, with an e-value threshold of <1 x 1073 to ensure
high confidence and specificity in the annotation of ARGs from the metagenomic datasets.
The abundance of antimicrobial resistance genes (ARGs) was calculated as fragments per
kilobase per million fragments (FPKM) for contigs containing ARGs. The Resistance Gene
Identifier (RGI) tool was used to analyze the alignment results, which were then used to
assess the distribution of resistance genes across samples, the taxonomic sources of these
genes, and the underlying resistance mechanisms.

2.8. Statistical Analysis

All statistical analyses were performed using Python (v3.11) with standard packages
including pandas, NumPy, and SciPy. The data were first checked for normality. For nor-
mally distributed variables (e.g., body weight, biochemical parameters), one-way ANOVA
followed by Dunnett’s post hoc test was used. For non-normal data (e.g., alpha diver-
sity, ARG abundance), the Kruskal-Wallis test was applied, followed by Dunn’s multiple
comparison test with Benjamini—-Hochberg correction for multiple testing. Beta diversity
was assessed using PERMANOVA based on Bray—Curtis dissimilarity. We reported the
F-statistic, R?, and p-values for each comparison. LEfSe analysis was used to identify
differentially abundant taxa, with a threshold of LDA > 2.0 and FDR-adjusted p < 0.05.
Cohen’s d was calculated to estimate effect sizes for key features, such as alpha diversity,
ARGs, and metabolic markers. The significance level of p < 0.05 was used throughout
this study.

3. Results and Discussion
3.1. Effect of EF-2001 on Body Weight in HFD-Induced Obese Mice

At the start of this study, all the groups had similar body weights, but over time,
significant differences were observed (Figure 1A). By Day 43 (6 weeks), the mice on an
HEFD had gained significantly more weight (~44 g), while those receiving EF-2001 had a
noticeably lower weight (~38 g), showing a 13.64% reduction in weight gain (Figure S2).
This pattern continued throughout this study, and by the final day (10 weeks), the HFD
group weighed ~48 g, whereas the HFD + EF-2001 group weighed around 40 g, marking
a 16.67% decrease compared to the HFD group. Interestingly, the HFD + EF-2001 group
was much closer in weight to the ND group (~32 g) than to the HFD group, suggesting that
EF-2001 helped counteract the effects of the HFD (Figure 1A). By the end of this study, the
HEFD group weighed 50% more than the ND group, while the HFD + EF-2001 group was
only 25% heavier than the ND group, reinforcing the idea that EF-2001 plays a protective
role in weight management (Figure S2). While it did not entirely prevent weight gain,
it slowed it down, keeping body weight closer to normal. This is consistent with our
previous research exploring the impact of EF-2001 administration on HFD-induced obese
rats. EF-2001 significantly reduced body weight after six weeks in the obese rats [34].
Another study closely related to EF-2001 investigated the effects of E. faecalis EF-1, which
mitigated HFD-induced body weight gain [14]. This finding further supports the potential
of certain E. faecalis strains in managing body weight in obese mice. Similar findings
indicated that supplementation with heat-killed Lactobacillus brevis KB290 significantly
reduced body weight and fat accumulation in the HFD-induced mouse model [35]. These
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Figure 1. Effects of EF-2001 on metabolic parameters in HFD-induced obese mice. The animals
had free access to food and water and were acclimated for three weeks before the experiment began
(—3 weeks). (A) Body weight; (B) blood glucose levels; (C) organ weight and (D-H) fat depots were
measured at corresponding weeks across three groups: ND diet, HFD, and HFD + EF-2001. EF-
2001 supplementation significantly mitigated the rise in blood glucose and other adverse metabolic
changes induced by HFD, particularly at week 10 (* p < 0.05 vs. the HFD group vs. the ND group).
Data are presented as mean + SEM.

3.2. Effect of EF-2001 on Blood Glucose in HFD-Induced Obese Mice

We examined how EF-2001 affected blood glucose levels in the mice fed an HFD
over 10 weeks (Figure 1B). Measurements were taken at the beginning (week 0), mid-
point (week 6), and the end of this study (week 10). Before DIO, all three groups had
similar blood glucose levels. However, the HFD-fed group already showed slightly higher
levels (158.3 & 5.6 mg/dL) compared to the ND group (135.2 £ 4.1 mg/dL), amounting
to an increase of about 17%. The HFD mice administered EF-2001 had similar glucose
levels (154.6 £ 5.2 mg/dL), suggesting no initial differences between the HFD diet groups
(Figure 1B). At week 6, the impact of the HFD became more apparent. Blood glucose in the
HFD group climbed to 206.4 £ 6.8 mg/dL, a 30% increase from 0 weeks. In contrast, the ND
group saw only a slight rise (148.9 & 4.8 mg/dL, about 10%). Interestingly, the HFD mice
administered EF-2001 had glucose levels of 198.2 £ 6.1 mg/dL, about 4% lower than the
untreated HFD group. Our previous findings observed a similar pattern: EF-2001 enhanced
sensitivity to glucose, insulin, and leptin [34]. Although that study was conducted in rats,
the reported improvement in glucose sensitivity provides a potential mechanism for the
reduced blood glucose levels observed in our mouse study. Specifically, the probiotic B.
longum APC1472 helped to normalize glucose levels, indicating increased tolerance in HFD
mice [36]. This suggests that EF-2001 might slow the progression of glucose dysregulation.
By week 10, the difference was even more striking. Blood glucose in the HFD group surged
t0 289.3 £ 8.4 mg/dL, an 83% jump from baseline, indicating severe glucose imbalance.



Bioengineering 2025, 12, 741

8 of 22

However, EF-2001 supplementation significantly reduced this rise, with glucose levels
reaching 230.1 & 7.3 mg/dL, about 20% lower than the untreated HFD group (p < 0.05).

These results suggest that EF-2001 helps counteract the harmful effects of a high-fat diet
on blood glucose levels. By slowing down glucose elevation, EF-2001 may play a protective
role in preventing insulin resistance and metabolic disorders associated with obesity.

3.3. Effect of EF-2001 on Organ Weight in HFD-Induced Obese Mice

This study revealed significant organ and fat tissue weight changes among the experi-
mental groups over the 10 weeks. The HFD led to substantial increases in fat accumulation
compared to the ND, highlighting obesity-related effects. However, supplementation with
EF-2001 in the HFD group effectively reduced organ and fat weights, particularly at the 6-
and 10-week time points. Liver weight showed a noticeable reduction with EF-2001 treat-
ment, decreasing by 20.0% at week 10 compared to the HFD group (Figure 1C). By week 10,
the liver weight in the EF-2001-treated group was only 6.25% higher than in the ND group,
suggesting a strong protective effect.

Subcutaneous fat also responded positively to EF-2001, showing a reduction by 28.57%
at week 10 (Figure 1D). At the 10-week mark, subcutaneous fat in the HFD group was 85.71%
higher than in the ND group, whereas EF-2001 treatment significantly reduced this excess.
Abdominal fat followed a similar trend, decreasing by 20.0% at week 10 with EF-2001
(Figure 1E). At week 10, the HFD group had 60% more abdominal fat than the ND group,
while the EF-2001 group showed an apparent reduction towards normal levels. Similarly,
mesenteric fat weight decreased by 41.67% in week 10 with EF-2001 supplementation
(Figure 1F). Compared to the ND group at week 10, mesenteric fat in the HFD group was
66.67% higher, while EF-2001 treatment significantly lowered this accumulation.

Epididymal fat, another major fat depot, was 16.67% lower at week 10 in the HFD + EF-
2001 group compared to the HFD group (Figure 1G). By the 10th week, epididymal fat in
the HFD group was 66.67% higher than in the ND group, while EF-2001 supplementation
considerably reduced the excess fat accumulation. Pericardial fat also showed a moderate
but meaningful reduction, decreasing by 26.67% in week 10 with EF-2001 (Figure 1H). At
week 10, pericardial fat in the HFD group was 50.0% higher than in the ND group, whereas
EF-2001 treatment brought this difference closer to normal levels (Figure 1H). These results
are strongly supported by the previous literature, which indicates that EF-2001 treatment in
DIO mice led to a decrease in fat mass and the liver index, as well as a significant reduction
in epididymal adipose tissue weight [28]. Other findings reported that the administration
of the probiotic B. longum subsp infantis FB3-14 significantly suppressed the gain in both
body and fat weight [37].

Opverall, the findings indicate that EF-2001 supplementation plays a crucial role in coun-
teracting the effects of an HFD, with significant reductions in organ and fat weights over
time. By the 10-week mark, the EF-2001 group showed values much closer to the ND diet
group, reinforcing its potential in mitigating diet-induced obesity-related fat accumulation.

3.4. Effect of EF-2001 on Liver Function Markers in HFD-Induced Obese Mice

The administration of EF-2001 demonstrated a strong protective effect against the
metabolic disturbances induced by the HFD, particularly in liver function and lipid
metabolism. The AST levels in the HFD group increased significantly by 50% in 6 weeks and
92% in 10 weeks compared to the ND group, indicating substantial liver stress (Figure 2A).
However, EF-2001 supplementation effectively counteracted this increase, reducing AST
levels by approximately 25% at 6 weeks and 30% at 10 weeks relative to the HFD group,
bringing values closer to those observed in the ND group (Figure 2A).
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Figure 2. Effects of EF-2001 on liver function markers. The lipid profile (A) AST, (B) ALT and
(C) Triglyceride were measured at weeks 0, 6, and 10 across the three groups: ND diet, HFD, and
HFD + EF-2001. The animals had free access to food and water and were acclimated for three weeks
before the experiment began (—3 weeks). (* p < 0.05 vs. the HFD group vs. the ND group). Data are
presented as mean £ SEM.

A similar trend was observed in ALT levels, which spiked by 157% at 6 weeks and
266% at 10 weeks in the HFD group compared to the ND group, highlighting the extent of
liver dysfunction. EF-2001 administration significantly lightened this elevation, leading to
a 28% reduction at 6 weeks and a 40% reduction at 10 weeks compared to the HFD group.
This suggests that EF-2001 plays a crucial role in preserving liver integrity and function
despite prolonged exposure to an HFD (Figure 2B).

Triglyceride levels also showed a marked increase in the HFD group, with a 47%
rise at 6 weeks and a 57% rise at 10 weeks compared to the ND group (Figure 2C). EF-
2001 supplementation helped mitigate this effect, reducing triglyceride levels by 17%
at 6 weeks and 23% at 10 weeks relative to the HFD group. Notably, the HFD + EF-
2001 group consistently maintained values closer to the ND group across all measured
parameters, reinforcing its potential to counteract HFD-induced metabolic disturbances.
Several Lactobacillus strains, including L. plantarum [38], L. paracasei [39], L. rhamnosus [39],
and L. fermentum [40], have demonstrated anti-obesity effects, including reductions in body
weight, improvements in glucose tolerance and insulin sensitivity, and modulation of lipid
metabolism and liver function. Some studies have also explored the effects of heat-killed
Lactobacillus and Bifidobacterium strains, indicating that even non-viable bacteria can exert
beneficial metabolic effects [41]. These findings suggest that heat-killed EF-2001 could serve
as a promising intervention to mitigate diet-induced liver damage and lipid imbalances,
offering potential therapeutic benefits for metabolic disorders associated with excessive
fat consumption.

3.5. Metagenome Diversity Analysis

Alpha diversity analysis, measured by the Shannon index (Figure 3A), demonstrated
that HFD feeding reduced gut microbial diversity compared to the ND group (Figure 3A).
The HFD group’s reduced alpha diversity aligns with existing research indicating that a
decrease in microbial richness is often associated with various health problems, including
obesity [42]. Interestingly, EF-2001 supplementation in the HFD + EF-2001 group led to a
higher alpha diversity than that in the HFD group alone, suggesting that the postbiotic had
a restorative effect on microbial richness (Figure 3A). The boxplot further highlights that
while the ND group had the highest microbial diversity, EF-2001 supplementation mitigated
HFD-induced reductions in diversity (Figure 3A). However, an outlier in the HFD + EF-2001
group indicates some inter-individual variability in response to EF-2001 administration.
Reduced microbial diversity is associated with gut dysbiosis, metabolic dysfunction, and
inflammatory responses linked to obesity. The ability of EF-2001 to enhance alpha diversity
suggests that this postbiotic might provide a broader range of substrates or create conditions
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that support the growth and survival of a more diverse microbial community, potentially
counteracting the selective pressures imposed by the HFD [26,43].
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Beta diversity, which assesses the differences in microbial community composition
between samples, was analyzed using principal coordinate analysis (PCoA) based on
Bray—Curtis dissimilarity (Figure 3B). The clear separation observed between the ND and
HFD groups on the PCoA plot indicates that the high-fat diet substantially impacted the
overall structure of the gut microbial community (Figure 3B). This finding is consistent with
previous research, which showed that HFD significantly alters gut microbial composition
in mice and pigs [44,45]. The distinct clustering of the HFD group away from the ND group
visually confirms the profound effect of an HFD in driving the gut microbial community
towards dysbiosis. The observation that the HFD + EF-2001 microbiome clustered between
the ND and HFD groups suggests that EF-2001 induced a shift in the microbial community
composition towards a healthier profile, partially reversing the changes caused by the
HFD. This is supported by studies showing that postbiotics can modulate gut microbiota
composition in the context of metabolic dysfunction. The intermediate clustering implies
that EF-2001 dosing with 30 billion cells/day does not fully restore the microbiome to the
healthy state observed in the ND group. Instead, it moves it in that direction, indicating a
partial yet potentially beneficial modulation of the HFD-altered community [43].

3.6. Gut Microbiota Variability

The PERMANOVA analysis in this study revealed significant variability among the
experimental groups, confirming that the HFD and EF-2001 supplementation interven-
tions had a statistically significant impact on the overall microbial community structure
(Figure S3) [45]. The HFD group displayed more significant variability in microbial compo-
sition, as evidenced by a wider interquartile range, while the HFD + EF-2001 group exhib-
ited more consistent microbial profiles with reduced inter-individual variability (Figure S3).
These results confirm that the microbiome composition significantly differed across the
groups (e.g., HFD vs. HFD + EF-2001: F = 3.87, R? = 0.31, p = 0.012). Notably, the ND
group showed the most compact distribution, suggesting a stable microbial community
structure [46]. The HFD + EF-2001 group, although sharing some similarity with the HFD
microbiota due to the same HFD diet, demonstrated a divergent trend towards the ND
group. This indicates that EF-2001 supplementation modulates the gut microbiome, nudg-
ing it away from the dysbiotic state induced by the HFD and towards a composition more
closely resembling that of the healthy control group. This trend, coupled with the reduced
variability within the HFD + EF-2001 group, suggests that the postbiotic not only shifted
the average microbial composition but also promoted a more uniform and potentially
beneficial response at the individual level.

3.7. Gut Microbiota at the Phylum Level

The gut microbiota comprises eight to nine major phyla, with Firmicutes and Bac-
teroidota being the most abundant [47]. High-fat diet (HFD) feeding is known to decrease
the relative abundance of Bacteroidota while increasing the abundance of Firmicutes and
Proteobacteria [48,49]. In the present study, both the HFD and HFD + EF-2001 groups exhib-
ited reduced Bacteroidota and increased Firmicutes compared to the ND group, confirming
the typical impact of a high-fat diet on these dominant phyla (Figure S4). The Lefse analysis
revealed the differences in classification characteristics at different levels (Figure 3C,D).

Interestingly, EF-2001 administration induced a transient increase in Bacteroidota and
a slight decrease in Firmicutes during the first six weeks (Figure 3E). This transient effect
is reminiscent of the effects often observed with probiotic administration on the gut mi-
crobiota [50,51]. Previous studies also highlight the potential of postbiotics to influence
microbial communities in the gut [52,53]. This initial increase in Bacteroidota might suggest
that EF-2001 initially provides a more favorable environment or specific nutrients that
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promote the growth of this phylum. However, by week 10, Bacteroidota levels declined again
along with increasing Firmicutes levels, as shown in Figure 3E. This suggests a long-term
adaptation of gut microbial composition due to the HFD diet and insufficient EF-2001 sup-
plementation to modulate it toward a healthy gut microbiome. EF-2001 can exert an initial
influence on the dominant phyla; the sustained presence of the HFD might eventually
lead to a partial return to the phylum balance typically associated with a high-fat diet.
Additionally, Proteobacteria remained consistently lower in the HFD + EF-2001 group com-
pared to both the HFD and ND groups, further indicating a stabilizing effect of EF-2001 on
gut microbial balance (Figure 3E). This reduction in Proteobacteria by EF-2001 could be a
significant benefit, as an increase in this phylum is often associated with gut dysbiosis and
inflammation [54]. Many opportunistic pathogens belong to the Proteobacteria phylum,
and their overgrowth is frequently linked to various gut-related disorders and diseases [55].
Therefore, the ability of EF-2001 to maintain lower levels of Proteobacteria suggests a poten-
tial stabilizing effect on the gut microbial balance and a possible mechanism for mitigating
the inflammation associated with an HFD.

Overall, at the phylum level, the findings align with prior research demonstrating
that postbiotics, like EF-2001, can reshape gut microbial communities, enhance microbial
diversity, and restore microbial equilibrium in obesity-associated dysbiosis, ultimately
contributing to improved host metabolic health [56,57].

3.8. Genus Level Analysis

Genus-level analysis revealed a significant increase in several beneficial bacterial
genera in the HFD + EF-2001 group compared to the HFD group, including Akkerman-
sia, Alistipes, Muribaculum, Faecalibaculum, Lactococcus, Ligilactobacillus, Limosilactobacillus,
and Lachnospiraceae (Figure 4A). Notably, Akkermansia, Alistipes, Ligilactobacillus, and Lach-
nospiraceae were more abundant in the HFD + EF-2001 group than in the ND group,
suggesting a potential role in gut barrier function and mucosal immunity enhancement.
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Figure 4. Gut microbial distribution among different fecal samples. (A) Heat map showing the
microbial distribution among three samples at different timepoints at the genus level (top 30 taxa).
(B) Fold change after EF-2001 administration after 10 weeks (HFD vs. HFD + EF-2001).

3.9. Species-Level Analysis: HFD vs. HFD + EF-2001

The species-level analysis revealed significant microbial shifts between the HFD and
HFD + EF-2001 groups at 10 weeks (Figure 4B). The changes observed in bacterial popu-
lations highlight the impact of EF-2001 supplementation on gut microbiota composition,
particularly in terms of beneficial and pathogenic bacteria. Postbiotics like EF-2001 can
contribute to a balanced gut environment by inhibiting pathogen growth and promoting
beneficial bacterial growth [52]. Another study reported that Bacillus velezensis cell-free
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supernatant in HFD-induced obese mice resulted in significant changes in the gut micro-
biota, notably an enrichment in SCFA-producing bacteria, such as Roseburia and Eubac-
terium [24]. This can occur through various mechanisms, including the production of
SCFAs and bacteriocins, which can directly inhibit pathogen growth [23,58]. Beneficial
bacteria that contribute to gut health by producing SCFAs, such as butyrate, propionate,
and acetate, were significantly increased in the HFD + EF-2001 group compared to the
HEFD group alone. These SCFAs are crucial in maintaining gut integrity, modulating in-
flammation, and regulating metabolism [59]. A. muciniphila, a well-established beneficial
bacterium, improves gut barrier integrity, reduces inflammation, and enhances SCFA pro-
duction [60]. Its 0.44-fold change after 10 weeks of EF-2001 administration suggests a
protective role against HFD-induced dysbiosis (Figure 4B). The rise of 54% (0.26-fold) in
Ligilactobacillus was observed in the HFD + EF-2001 group compared to the HFD group at
10 weeks (Figures 4B and S5A). This genus contributes to SCFA production, which is partic-
ularly beneficial in counteracting the inflammatory effects of an HFD [23]. Ligilactobacillus
species are also known for their roles in maintaining intestinal barrier integrity, modulat-
ing immune responses, and producing antimicrobial compounds that inhibit pathogen
colonization. An increase in Ligilactobacillus reinforces the trend of EF-2001 promoting
SCFA-producing bacteria, which is crucial for mitigating the adverse effects of an HFD.
This functional shift suggests that EF-2001 may help re-establish microbial balance and
support gut metabolic health under dietary stress. Other probiotics and postbiotics have
been shown to increase the abundance of beneficial bacteria, like A. muciniphila [60] and
Lactobacillus [61], and decrease potentially harmful bacteria [26]. Previous research in-
dicates that EF-2001 supplementation can lead to specific changes in the abundance of
certain bacterial taxa. For instance, in a study on HFD-induced obese mice, heat-killed E.
faecalis EF-2001 attenuated lipid accumulation [28]. While the study focused on metabolic
outcomes, changes in gut microbiota composition likely contributed to these effects. These
findings suggest that EF-2001, as a postbiotic, may exert similar selective pressures on the
gut microbiota, favoring the growth of beneficial species and suppressing detrimental ones.

Lactococcus lactis and Lactococcus cremoris, commonly used in dairy fermentation, may
influence gut microbiota composition and metabolite profiles, potentially contributing to
improved gut barrier function [62] and reducing gut permeability issues caused by an
HEFD. The increase in Lactococcus by ~16% (Figure S5A), a genus often used in probiotics,
suggests that EF-2001 might promote bacterial growth with direct benefits for gut barrier
integrity and metabolic function [63]. Recent studies suggest that Lactococcus may benefit
obesity management by reducing fat accumulation in mice [64,65]. A similar trend was
observed with the administration of L. lactis subsp. cremoris, which effectively mitigated
metabolic changes induced by a Western-style diet in a mouse model [66]. This is con-
sistent with our in vivo studies showing that body weight and blood glucose levels were
significantly reduced after 10 weeks of EF-2001 administration (Figure 1). Few lactic acid
postbiotics have been reported to enhance SCFA production by modulating gut micro-
biota. Additionally, they have shown potential in improving NAFLD, regulating glucose
metabolism, and enhancing insulin sensitivity [67,68]. For instance, Lactiplantibacillus plan-
tarum LRCC5314 has been shown to modulate gut microbiota composition, contributing
to a significant reduction in insulin resistance and fat accumulation [69]. Other benefi-
cial bacteria, including Alistipes sp., Bacteroides acidifaciens, Faecalibaculum sp., Lactobacillus
intestinalis, and Lachnospiraceae bacterium, exhibited a fold change following 10 weeks of EF-
2001 administration. Notably, Faecalibaculum sp. showed a pronounced increase (0.86-fold
or 86%) in the HFD + EF-2001 group compared to the HFD group (Figures 4B and S5A).
Its known association with SCFA production, particularly butyrate, suggests a potential
role in mitigating inflammation and promoting gut microbiota homeostasis [70]. Similarly,
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Alistipes sp. has been implicated in SCFA production and has demonstrated potential bene-
fits in metabolic disorders, including obesity, further supporting the beneficial modulatory
effects of EF-2001 on gut microbial composition [71]

Conversely, several opportunistic pathogenic bacteria were significantly reduced in
the HFD + EF-2001 group, suggesting that EF-2001 supplementation may help mitigate
the harmful effects of HFD-induced microbiome disturbances. The most notable reduc-
tions include Streptococcus sp., which is associated with pro-inflammatory responses and
metabolic disorders, indicating a potential shift towards a healthier gut environment [72].
Sporofaciens musculi, which does not have any protective characteristics in certain condi-
tions [73], showed a marked 1.69-fold decrease (99%) at week 10 (Figure 4B), which may
contribute to improved metabolic function and a healthy gut. While certain members of the
Oscillospiraceae family exhibit beneficial properties, specific species have been implicated
in the potential pathogenesis of obesity [74]. Conversely, unclassified Oscillospiraceae was
reduced 43% (0.2-fold) in individuals subjected to HFD + EF-2001 (Figure S5B), demon-
strating a positive correlation with serum cholesterol levels [75]. Phocaeicola faecalis and
Mucispirillum schaedleri, known for their ability to thrive in an inflamed gut, showed a
reduction over 10 weeks (0.2 fold), which suggests a potential anti-inflammatory effect
of EF-2001 (Figure 4B). While SCFAs generally have beneficial roles in gut health, some
studies suggest that specific Clostridium species can be elevated in the context of metabolic
disorders. For instance, in a mouse model of NAFLD, particular Clostridium species were
found to be increased [76]. Clostridium cocleatum has been implicated in gut dysbiosis and
inflammatory processes [77]. Some studies have shown increased C. cocleatum abundance
in animal models of metabolic disorders induced by an HFD. Notably, one study found
that C. cocleatum abundance increased significantly in high-fat diet-fed mice treated with
metformin, which improved metabolic disorder markers [78]. However, other studies
linked elevated levels of certain Clostridium species with pro-inflammatory conditions and
liver diseases, including NAFLD [76]. The observed reduction in Clostridium species by a
1-fold change (Figure 4B) in the HFD + EF-2001 group might suggest a beneficial effect of
EF-2001 in mitigating potential pro-inflammatory aspects associated with this species in
the context of an HFD.

3.10. ARG Abundance

The Shannon index and ARG richness indicated a clear distinction between the HFD
and ND groups, highlighting the impact of the HFD in this study (Figures 4B and 5A). The
analysis of the top 20 ARGs revealed distinct variations in their relative abundances across
different conditions: ND, HFD, and HFD + EF-2001 (Figure 5C). The most abundant ARG
subtype observed was macB, which exhibited a minor increase in the HFD group (7.55%)
compared to the ND group (7.38%) and remained stable in the HFD + EF-2001 group (7.53%)
(Table S1). The prevalence of macB is further highlighted by its ranking among the top five
most abundant ARGs in the gut resistome of the plateau pika [79]. Multidrug resistance-
associated ARGs showed variable trends, including bcrA, evgS, and cdeA. Efflux pumps, like
BerA, play a crucial role in bacterial survival by lowering the intracellular concentration
of antibiotics and other toxic compounds [80]. In Lachnoclostridium, the abundance of
berA is influenced by diet, with higher levels observed in control and phytogenic feed
additive-treated groups compared to antibiotic-treated groups [32]. In the current study,
berA exhibited a modest increase from 4.32% in the ND group to 4.96% in the HFD group
and decreased to 4.88% in the HFD + EF-2001 group (Table S1). This trend suggests that
both the HFD and the EF-2001 supplementation may contribute to the enrichment in
bacteria utilizing the BerA efflux pump. Conversely, evgS remained unchanged across all
conditions, suggesting its abundance is less influenced by dietary variations. The increased
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abundance of the efflux pump gene cdeA in response to the HFD may reflect a bacterial
adaptation to stress-associated metabolites elevated by the diet [81]. This adaptation could
be linked to the need to expel compounds such as bile acids and fatty acid metabolites,
which are known to exert antimicrobial effects and influence microbial survival in the gut
environment. The variable trends observed across all conditions suggest that the regulation
of cdeA might be sensitive to various environmental factors, including dietary composition.
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Several ARGs associated with antibiotic resistance mechanisms (e.g., msbA, RanA, ariR,
the vanR gene in the vanF cluster) demonstrated moderate increases in HFD conditions,
with some further slight decreases in the HFD + EF-2001 group (Figure 5C). However, a
few ARGs, such as TxR and mupB, exhibited a slight decreasing trend in response to EF-
2001 supplementation (Table S1), which may indicate a selective effect on certain resistance
determinants. The moderate increase in msbA with the HFD could be related to changes
in the Gram-negative bacterial population within the gut or an upregulation of this efflux
pump in response to the metabolic stress or altered membrane composition associated with
an HFD [82]. The increase in arIR abundance in response to the HFD might suggest a subtle
increase in the population of Staphylococcus or other bacteria that utilize this regulatory
system [83]. The subsequent slight decrease with EF-2001 supplementation indicates a
potential influence of the postbiotic on these bacterial populations or the regulation of the
arIR gene. It was noted that all top 20 ARGs belong to either Firmicutes or Proteobacteria,
except for the macrolide subgroup (Table S1). EF-2001 may shift microbial composition
away from ARG-harboring taxa (e.g., Proteobacteria) and potentially suppress ARG ex-
pression through immune modulation or bacteriocin-like activity. There were no noticeable
changes in the EF-2001-origin ARGs after the administration of EF-2001, indicating no
significant horizontal gene transfer from EF-2001 to the gut microbiome (Table S2).

The effect of EF-2001 supplementation on ARG abundance appears to be gene-specific.
While most ARGs remained relatively stable or increased slightly, genes such as TxR and
mupB, which are associated with tetracycline resistance mechanisms and mupirocin resis-
tance, respectively, showed a downward trend in the HFD + EF-2001 group [84,85]. This
finding suggests that specific probiotic strains may modulate the prevalence of certain resis-
tance genes, potentially through competitive exclusion or changes in microbial community
dynamics [86].

EF-2001 is a commercially available postbiotic powder from bereum Co., Ltd., that
contains heat-killed E. faecalis [87,88]. The existing research on heat-killed lactic acid
bacteria, including E. faecalis, demonstrates their immunomodulatory effects and potential
to protect against inflammatory bowel disease in animal models [89]. Furthermore, studies
have shown that heat-killed E. faecalis EF-2001 can attenuate lipid accumulation in diet-
induced obese mice [28]. The broader literature on various postbiotics, as highlighted
in [26], generally supports their positive effects on gut microbial diversity, composition,
and metabolic health in animal models. Additionally, analysis of antibiotic resistance
genes (ARGs) revealed notable shifts in abundance across different conditions. Notably,
HFD consumption led to an overall increase in several ARGs associated with multidrug
resistance (e.g., bcrA, msbA, bae$S, efrA), antibiotic efflux pumps (macB, cdeA, tetA (58), vanR),
and specific antibiotic classes, such as fluoroquinolones (arIR, arlS), tetracyclines (TxR), and
vancomycin resistance (vanR gene in vanF and vanl clusters) (Figures 5C and S6). Notably,
msbA and TxR exhibited a large effect size (Cohen’s d = 1.27) and statistically significant
reductions when comparing the HFD and HFD + EF-2001 groups, suggesting a potential
modulatory effect of EF-2001 on ARG prevalence. However, EF-2001 administration
appeared to mitigate some of these increases, as observed in the reduced abundance of key
resistance genes, such as PmrF, mupA, novA, vanR, and TxR, in the HFD + EF-2001 group
compared to the HFD group (Figures 5C and S6). E. faecalis EF-2001, likely the source of
the postbiotic used in this study, has been characterized as lacking specific genes related
to drug resistance and pathogenesis [90]. Furthermore, E. faecalis EF-2001 has shown
susceptibility to a broad range of antibiotics, except for some aminoglycosides, suggesting
that it is not inherently a reservoir of diverse ARGs [88]. Additionally, some postbiotics
contain or stimulate the production of antimicrobial compounds, such as organic acids and
bacteriocins, which can directly inhibit the growth of a broad range of bacteria, including
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those that have acquired antibiotic resistance [91]. For example, heat-killed E. faecalis has
been shown to prevent the intestinal colonization of vancomycin-resistant enterococci
in chicks [92]. Furthermore, postbiotics can modulate gene expression within the gut
microbiota [93]. This includes the potential to downregulate the expression of antibiotic
resistance genes [94]. These findings collectively suggest that the beneficial effects of
EF-2001 observed in this study are consistent with the broader understanding of how
postbiotics impact gut health and metabolic parameters.

This study provides important insights into the potential of heat-killed EF-2001 as a
promising strategy to restore gut balance and mitigate diet-related metabolic disturbances.
However, we recognize several limitations that also present valuable directions for future
research. The sample size was determined based on the previous literature and practical
constraints; nevertheless, future studies involving larger cohorts will help to enhance
statistical power and improve the generalizability of our findings. The duration of this
study was sufficient to observe notable microbial and physiological changes, laying a
strong foundation for understanding the underlying mechanisms. Future research with
extended follow-up periods and the integration of broader multi-omics approaches could
further elucidate the long-term and systemic effects of EF-2001. Importantly, while our
metagenomic analysis revealed significant modulation of antibiotic resistance genes (ARGs),
we acknowledge that further meta-transcriptomic or functional validation assays (e.g.,
gqPCR, phenotypic resistance profiling) are necessary to confirm the biological significance
and activity of these changes. Overall, despite these limitations, our findings highlight
the potential of heat-killed EF-2001 in improving gut health and metabolic outcomes in
high-fat diet-fed mice, contributing valuable knowledge to the field and informing future
mechanistic and translational studies.

4. Conclusions and Future Perspectives

This study demonstrates that an HFD disrupts gut microbial balance, increases antibi-
otic resistance genes ARGs, and contributes to metabolic disorders. EF-2001 supplemen-
tation restored gut homeostasis by enhancing microbial diversity, strengthening the gut
barrier, and reducing inflammation. It also improved metabolic markers, including lower
body fat, triglyceride levels, and liver enzyme activity. Notably, EF-2001 mitigated the
HFD-induced increase in ARGs, particularly those linked to antibiotic efflux, suggesting
its role in limiting antibiotic resistance. These findings highlight EF-2001 as a promising
microbiome-targeted intervention for improving metabolic health and reducing antibiotic
resistance risks. Future research should focus on the functional implications of these genes
and their interactions with dietary components and postbiotics.
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groups at different time points. Figure S5. Comparison of relative taxa abundance distribution
(species level) between HFD and HFD+EF-2001 groups after 10 weeks of EF-2001 administration. Bar
graph shows significant changes in beneficial (A) and pathogenic (B) taxa. Figure S6. Heatmap shows
ARGs distribution across various time points in different diet groups.

Author Contributions: R K.M.: conceptualization, methodology, and writing—original draft. K.-I.H.:
funding acquisition. H.-D.S.: investigation, methodology, and writing—review and editing. Y.L.:


https://www.mdpi.com/article/10.3390/bioengineering12070741/s1
https://www.mdpi.com/article/10.3390/bioengineering12070741/s1

Bioengineering 2025, 12, 741 18 of 22

formal analysis. S.B.: formal analysis. E.M.: data curation and formal analysis. Y.B.P.: validation and
visualization. J.C.: data curation, formal analysis, software, validation, and visualization. S.S.: formal
analysis, methodology, and validation. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of (C) Woojung Bio (approval number: IACIC2403-005 and date of approval: 15
July 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in this
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that research was conducted in the absence of any commer-
cial or financial relationships that could be construed as a potential conflict of interest.

References

1. Ryan, D.; Barquera, S.; Barata Cavalcanti, O.; Ralston, J. The Global Pandemic of Overweight and Obesity. In Handbook of Global
Health; Kickbusch, 1., Ganten, D., Moeti, M., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 739-773.

2. Rosenbaum, M.; Knight, R.; Leibel, R.L. The gut microbiota in human energy homeostasis and obesity. Trends Endocrinol. Metab.
2015, 26, 493-501. [CrossRef] [PubMed]

3. Enache, R.M.; Profir, M.;; Rosu, O.A.; Cretoiu, S.M.; Gaspar, B.S. The Role of Gut Microbiota in the Onset and Progression of
Obesity and Associated Comorbidities. Int. . Mol. Sci. 2024, 25, 12321. [CrossRef]

4.  Sasidharan Pillai, S.; Gagnon, C.A.; Foster, C.; Ashraf, A.P. Exploring the Gut Microbiota: Key Insights Into Its Role in Obesity,
Metabolic Syndrome, and Type 2 Diabetes. . Clin. Endocrinol. Metab. 2024, 109, 2709-2719. [CrossRef]

5. Stojanov, S.; Berlec, A; gtrukelj, B. The influence of probiotics on the firmicutes/bacteroidetes ratio in the treatment of obesity
and inflammatory bowel disease. Microorganisms 2020, 8, 1715. [CrossRef] [PubMed]

6. Houtman, T.A.; Eckermann, H.A.; Smidt, H.; de Weerth, C. Gut microbiota and BMI throughout childhood: The role of firmicutes,
bacteroidetes, and short-chain fatty acid producers. Sci. Rep. 2022, 12, 3140. [CrossRef]

7. Kang, G.G,; Trevaskis, N.L.; Murphy, AJ.; Febbraio, M.A. Diet-induced gut dysbiosis and inflammation: Key drivers of
obesity-driven NASH. iScience 2023, 26, 105905. [CrossRef]

8. Song, R.; Hu, M,; Qin, X; Qiu, L.; Wang, P.; Zhang, X.; Liu, R.; Wang, X. The roles of lipid metabolism in the pathogenesis of
chronic diseases in the elderly. Nutrients 2023, 15, 3433. [CrossRef]

9.  Oudat, Q.; Okour, A. The Role of Probiotics in Modulating Gut Microbiota and Metabolic Health for Weight Management: A
Mini Review. Acta Microbiol. Hell. 2025, 70, 5. [CrossRef]

10. Song, X.; Liu, Y.; Zhang, X.; Weng, P.; Zhang, R.; Wu, Z. Role of intestinal probiotics in the modulation of lipid metabolism:
Implications for therapeutic treatments. Food Sci. Hum. Wellness 2023, 12, 1439-1449. [CrossRef]

11. Kocot, A.M.; Jarocka-Cyrta, E.; Drabiniska, N. Overview of the importance of biotics in gut barrier integrity. Int. J. Mol. Sci. 2022,
23,2896. [CrossRef]

12.  Song, E.-].; Lee, E.-S.; Kim, Y.I; Shin, D.-U.; Eom, J.-E.; Shin, H.S.; Lee, S.-Y.; Nam, Y.-D. Gut microbial change after administration
of Lacticaseibacillus paracasei AO356 is associated with anti-obesity in a mouse model. Front. Endocrinol. 2023, 14, 1224636.
[CrossRef] [PubMed]

13. Guan, Y,;; Zhu, R.; Zhao, W.; Wang, L.; You, L.; Zeng, Z.; Jiang, Q.; Zhu, Z.; Gou, J.; Zhang, Q.; et al. Effects of Lacticaseibacillus
paracasei K56 on perceived stress among pregraduate students: A double-blind, randomized, placebo-controlled trial. Front.
Nutr. 2025, 12, 1544713. [CrossRef]

14. Cai, H;; Wang, Q.; Han, X.; Zhang, H.; Wang, N.; Huang, Y.; Yang, P; Zhang, R.; Meng, K. In Vitro Evaluation of Probiotic
Activities and Anti-Obesity Effects of Enterococcus faecalis EF-1 in Mice Fed a High-Fat Diet. Foods 2024, 13, 4095. [CrossRef]

15.  Sun, S.; Zhao, Y.; Pang, Z.; Wan, B.; Wang, J.; Wu, Z.; Wang, Q. Effects of Enterococcus faecalis Supplementation on Growth
Performance, Hepatic Lipid Metabolism, and mRNA Expression of Lipid Metabolism Genes and Intestinal Flora in Geese. Animals
2025, 15, 268. [CrossRef] [PubMed]

16. Liang, D.; Wu, F; Zhou, D,; Tan, B.; Chen, T. Commercial probiotic products in public health: Current status and potential
limitations. Crit. Rev. Food Sci. Nutr. 2024, 64, 6455-6476. [CrossRef] [PubMed]

17.  Saravanan, C.; Gopinath, N.K.; Ganesan, R.; Thirumurugan, D. Challenges and limitations in using bacterial metabolites as

immunomodulators. Front. Cell. Infect. Microbiol. 2025, 15, 1535394. [CrossRef]


https://doi.org/10.1016/j.tem.2015.07.002
https://www.ncbi.nlm.nih.gov/pubmed/26257300
https://doi.org/10.3390/ijms252212321
https://doi.org/10.1210/clinem/dgae499
https://doi.org/10.3390/microorganisms8111715
https://www.ncbi.nlm.nih.gov/pubmed/33139627
https://doi.org/10.1038/s41598-022-07176-6
https://doi.org/10.1016/j.isci.2022.105905
https://doi.org/10.3390/nu15153433
https://doi.org/10.3390/amh70010005
https://doi.org/10.1016/j.fshw.2023.02.005
https://doi.org/10.3390/ijms23052896
https://doi.org/10.3389/fendo.2023.1224636
https://www.ncbi.nlm.nih.gov/pubmed/37705572
https://doi.org/10.3389/fnut.2025.1544713
https://doi.org/10.3390/foods13244095
https://doi.org/10.3390/ani15020268
https://www.ncbi.nlm.nih.gov/pubmed/39858268
https://doi.org/10.1080/10408398.2023.2169858
https://www.ncbi.nlm.nih.gov/pubmed/36688290
https://doi.org/10.3389/fcimb.2025.1535394

Bioengineering 2025, 12, 741 19 of 22

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bourebaba, Y.; Marycz, K.; Mularczyk, M.; Bourebaba, L. Postbiotics as potential new therapeutic agents for metabolic disorders
management. Biomed. Pharmacother. 2022, 153, 113138. [CrossRef]

Mehta, J.P; Ayakar, S.; Singhal, R.S. The potential of paraprobiotics and postbiotics to modulate the immune system: A Review.
Microbiol. Res. 2023, 275, 127449. [CrossRef]

Siciliano, R.A.; Reale, A.; Mazzeo, M.F,; Morandi, S.; Silvetti, T.; Brasca, M. Paraprobiotics: A new perspective for functional foods
and nutraceuticals. Nutrients 2021, 13, 1225. [CrossRef]

Lim, J.J.; Jung, A.H.; Joo Suh, H.; Choi, H.S.; Kim, H. Lactiplantibacillus plantarum K8-based paraprobiotics prevents obesity and
obesity-induced inflammatory responses in high fat diet-fed mice. Food Res. Int. 2022, 155, 111066. [CrossRef]

Park, M.; Joung, M.; Park, J.-H.; Ha, S.K.; Park, H.-Y. Role of postbiotics in diet-induced metabolic disorders. Nutrients 2022, 14,
3701. [CrossRef] [PubMed]

Shin, Y,; Han, S.; Kwon, J.; Ju, S.; Choi, T.G.; Kang, I.; Kim, S.S. Roles of short-chain fatty acids in inflammatory bowel disease.
Nutrients 2023, 15, 4466. [CrossRef]

Shin, H.H.; Kim, J.-H.; Jung, Y.-].; Kwak, M.-S.; Sung, M.-H.; Imm, J.-Y. Postbiotic potential of Bacillus velezensis KMUO1 cell-free
supernatant for the alleviation of obesity in mice. Heliyon 2024, 10, €25263. [CrossRef]

Incili, GK; Akgol, M.; Karatepe, P.; Tekin, A.; Kanmaz, H.; Kaya, B.; Hayaloglu, A.A. Whole-cell postbiotics: An innovative
approach for extending the shelf life and controlling major foodborne pathogens in chicken breast fillets. Food Bioprocess. Technol.
2023, 16, 1502-1524. [CrossRef]

Park, S.-J.; Sharma, A.; Lee, H.-]. Postbiotics against obesity: Perception and overview based on pre-clinical and clinical studies.
Int. ]. Mol. Sci. 2023, 24, 6414. [CrossRef]

Lee, J.-H.; Woo, K.-J.; Hong, J.; Han, K.-L; Kim, H.S.; Kim, T.-J. Heat-killed enterococcus faecalis inhibit fI83b hepatic lipid
accumulation and high fat diet-induced fatty liver damage in rats by activating lipolysis through the regulation the AMPK
signaling pathway. Int. ]. Mol. Sci. 2023, 24, 4486. [CrossRef]

Fan, M.; Choi, YJ.; Wedamulla, N.E.; Tang, Y.; Han, K.I; Hwang, J.Y.; Kim, E.K. Heat-Killed Enterococcus faecalis EF-2001 Attenuate
Lipid Accumulation in Diet-Induced Obese (DIO) Mice by Activating AMPK Signaling in Liver. Foods 2022, 11, 575. [CrossRef]
Wu, Y;; Hu, A,; Shu, X; Huang, W.; Zhang, R.; Xu, Y.; Yang, C. Lactobacillus plantarum postbiotics trigger AMPK-dependent
autophagy to suppress Salmonella intracellular infection and NLRP3 inflammasome activation. J. Cell. Physiol. 2023, 238,
1336-1353. [CrossRef] [PubMed]

Hu, X;; Yu, C; He, Y,; Zhu, S.; Wang, S.; Xu, Z.; You, S.; Jiao, Y.; Liu, S.-L.; Bao, H. Integrative metagenomic analysis reveals
distinct gut microbial signatures related to obesity. BMC Microbiol. 2024, 24, 119. [CrossRef]

Fan, X,; Lu, Y;; Zhao, Y.; Miao, H.; Qi, K.; Wang, R. An Insight into the Exploration of Antibiotic Resistance Genes in Calorie
Restricted Diet Fed Mice. Nutrients 2023, 15, 3198. [CrossRef]

Koorakula, R.; Schiavinato, M.; Ghanbari, M.; Wegl, G.; Grabner, N.; Koestelbauer, A.; Klose, V.; Dohm, J.C.; Domig, K.J.
Metatranscriptomic Analysis of the Chicken Gut Resistome Response to In-Feed Antibiotics and Natural Feed Additives. Front.
Microbiol. 2022, 13, 833790. [CrossRef] [PubMed]

Pereira-Marques, J.; Ferreira, R.M.; Figueiredo, C. A metatranscriptomics strategy for efficient characterization of the microbiome
in human tissues with low microbial biomass. Gut Microbes 2024, 16, 2323235. [CrossRef] [PubMed]

Lee, J.H.; Woo, K.J.; Kim, M.A.; Hong, J.; Kim, J.; Kim, S.H.; Han, K.I.; Iwasa, M.; Kim, T.J. Heat-Killed Enterococcus faecalis
Prevents Adipogenesis and High Fat Diet-Induced Obesity by Inhibition of Lipid Accumulation through Inhibiting C/EBP-« and
PPAR-v in the Insulin Signaling Pathway. Nutrients 2022, 14, 1308. [CrossRef] [PubMed]

Watanabe, J.; Hashimoto, N.; Yin, T.; Sandagdorj, B.; Arakawa, C.; Inoue, T.; Suzuki, S. Heat-killed Lactobacillus brevis KB290 atten-
uates visceral fat accumulation induced by high-fat diet in mice. J. Appl. Microbiol. 2021, 131, 1998-2009. [CrossRef]
Schellekens, H.; Torres-Fuentes, C.; van de Wouw, M.; Long-Smith, C.M.; Mitchell, A.; Strain, C.; Berding, K.; Bastiaanssen, T.E.S.;
Rea, K.; Golubeva, A.V.,; et al. Bifidobacterium longum counters the effects of obesity: Partial successful translation from rodent to
human. EBioMedicine 2021, 63, 103176. [CrossRef]

Kou, R;; Wang, J.; Li, A.; Wang, Y.; Zhang, B.; Liu, J.; Sun, Y.; Wang, S. Ameliorating Effects of Bifidobacterium longum subsp.
infantis FB3-14 against High-Fat-Diet-Induced Obesity and Gut Microbiota Disorder. Nutrients 2023, 15, 4104. [CrossRef]

Zhu, J.; Liu, X,; Liu, N.; Zhao, R.; Wang, S. Lactobacillus plantarum alleviates high-fat diet-induced obesity by altering the
structure of mice intestinal microbial communities and serum metabolic profiles. Front. Microbiol. 2024, 15, 1425764. [CrossRef]
Wang, J.; Tang, H.; Zhang, C.; Zhao, Y.; Derrien, M.; Rocher, E.; van-Hylckama Vlieg, J.E.T.; Strissel, K.; Zhao, L.; Obin, M.; et al.
Modulation of gut microbiota during probiotic-mediated attenuation of metabolic syndrome in high fat diet-fed mice. ISME J.
2014, 9, 1-15. [CrossRef]

Zhu, K; Tan, F; Mu, J.; Yi, R.; Zhou, X.; Zhao, X. Anti-Obesity Effects of Lactobacillus fermentum CQPCO5 Isolated from Sichuan
Pickle in High-Fat Diet-Induced Obese Mice through PPAR « Signaling Pathway. Microorganisms 2019, 7, 194. [CrossRef]


https://doi.org/10.1016/j.biopha.2022.113138
https://doi.org/10.1016/j.micres.2023.127449
https://doi.org/10.3390/nu13041225
https://doi.org/10.1016/j.foodres.2022.111066
https://doi.org/10.3390/nu14183701
https://www.ncbi.nlm.nih.gov/pubmed/36145077
https://doi.org/10.3390/nu15204466
https://doi.org/10.1016/j.heliyon.2024.e25263
https://doi.org/10.1007/s11947-023-03009-0
https://doi.org/10.3390/ijms24076414
https://doi.org/10.3390/ijms24054486
https://doi.org/10.3390/foods11040575
https://doi.org/10.1002/jcp.31016
https://www.ncbi.nlm.nih.gov/pubmed/37052047
https://doi.org/10.1186/s12866-024-03278-5
https://doi.org/10.3390/nu15143198
https://doi.org/10.3389/fmicb.2022.833790
https://www.ncbi.nlm.nih.gov/pubmed/35495718
https://doi.org/10.1080/19490976.2024.2323235
https://www.ncbi.nlm.nih.gov/pubmed/38425025
https://doi.org/10.3390/nu14061308
https://www.ncbi.nlm.nih.gov/pubmed/35334965
https://doi.org/10.1111/jam.15079
https://doi.org/10.1016/j.ebiom.2020.103176
https://doi.org/10.3390/nu15194104
https://doi.org/10.3389/fmicb.2024.1425764
https://doi.org/10.1038/ismej.2014.99
https://doi.org/10.3390/microorganisms7070194

Bioengineering 2025, 12, 741 20 of 22

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Sun, S.; Zhang, Q.; Li, D.; Li, H.; Ma, H.; Wu, X; Li, Y.; Wang, P.; Liu, R.; Feng, H.; et al. Heat-killed Bifidobacterium longum
BBMNG68 and inulin protect against high-fat diet-induced obesity by modulating gut microbiota. Front. Nutr. 2024, 11, 1406070.
[CrossRef]

Choroszy, M.; Litwinowicz, K.; Bednarz, R.; Roleder, T.; Lerman, A ; Toya, T.; Kaminski, K.; Sawicka-Smiarowska, E.; Niemira, M.;
Sobieszczarniska, B. Human Gut Microbiota in Coronary Artery Disease: A Systematic Review and Meta-Analysis. Metabolites
2022, 12, 1165. [CrossRef]

Yilmaz, Y. Postbiotics as Antiinflammatory and Immune-Modulating Bioactive Compounds in Metabolic Dysfunction-Associated
Steatotic Liver Disease. Mol. Nutr. Food Res. 2024, 68, €2400754. [CrossRef] [PubMed]

Yang, F.; Zhang, S.; Tian, M.; Chen, J.; Chen, F.; Guan, W. Different Sources of High Fat Diet Induces Marked Changes in Gut
Microbiota of Nursery Pigs. Front. Microbiol. 2020, 11, 859. [CrossRef]

Kolodziejczyk, A.A.; Zheng, D.; Elinav, E. Diet-microbiota interactions and personalized nutrition. Nat. Rev. Microbiol. 2019, 17,
742-753. [CrossRef]

Karwowska, Z.; Szczerbiak, P.; Kosciolek, T. Microbiome time series data reveal predictable patterns of change. Microbiol. Spectr.
2024, 12, €04109-23. [CrossRef]

Hills, R.D., Jr.; Pontefract, B.A.; Mishcon, H.R.; Black, C.A.; Sutton, 5.C.; Theberge, C.R. Gut Microbiome: Profound Implications
for Diet and Disease. Nutrients 2019, 11, 1613. [CrossRef]

Magne, F.; Gotteland, M.; Gauthier, L.; Zazueta, A.; Pesoa, S.; Navarrete, P.; Balamurugan, R. The Firmicutes/Bacteroidetes Ratio:
A Relevant Marker of Gut Dysbiosis in Obese Patients? Nutrients 2020, 12, 1474. [CrossRef] [PubMed]

Velazquez, K.T.; Enos, R.T.; Bader, ].E.; Sougiannis, A.T.; Carson, M.S.; Chatzistamou, I.; Carson, ]J.A.; Nagarkatti, P.S.; Nagarkatti,
M.; Murphy, E.A. Prolonged high-fat-diet feeding promotes non-alcoholic fatty liver disease and alters gut microbiota in mice.
World J. Hepatol. 2019, 11, 619-637. [CrossRef]

Hamamah, S.; Amin, A.; Al-Kassir, A.L.; Chuang, J.; Covasa, M. Dietary Fat Modulation of Gut Microbiota and Impact on
Regulatory Pathways Controlling Food Intake. Nutrients 2023, 15, 3365. [CrossRef] [PubMed]

Hemarajata, P.; Versalovic, J. Effects of probiotics on gut microbiota: Mechanisms of intestinal immunomodulation and neuro-
modulation. Therap. Adv. Gastroenterol. 2013, 6, 39-51. [CrossRef]

Ozma, M.A; Abbasi, A.; Akrami, S.; Lahouty, M.; Shahbazi, N.; Ganbarov, K.; Pagliano, P.; Sabahi, S.; Kose, S.; Yousefi, M.; et al.
Postbiotics as the key mediators of the gut microbiota-host interactions. Infez. Med. 2022, 30, 180-193. [CrossRef] [PubMed]
Teame, T.; Wang, A.; Xie, M.; Zhang, Z.; Yang, Y.; Ding, Q.; Gao, C.; Olsen, R.E.; Ran, C.; Zhou, Z. Paraprobiotics and Postbiotics
of Probiotic Lactobacilli, Their Positive Effects on the Host and Action Mechanisms: A Review. Front. Nutr. 2020, 7, 570344.
[CrossRef] [PubMed]

Jo,HH.; Lee, M.Y,; Ha, S.E.; Yeom, D.H.; Kim, Y.S. Alteration in gut microbiota after colonoscopy: Proposed mechanisms and the
role of probiotic interventions. Clin. Endosc. 2025, 58, 25-39. [CrossRef]

Jalanka, J.; Salonen, A.; Salojarvi, J.; Ritari, J.; Immonen, O.; Marciani, L.; Gowland, P.; Hoad, C.; Garsed, K.; Lam, C.; et al. Effects
of bowel cleansing on the intestinal microbiota. Gut 2015, 64, 1562-1568. [CrossRef] [PubMed]

Song, W.; Sheng, Q.; Bai, Y; Li, L.; Ning, X,; Liu, Y,; Song, C.; Wang, T.; Dong, X.; Luo, Y.; et al. Obesity, but not high-fat diet, is
associated with bone loss that is reversed via CD4"CD25*Foxp3* Tregs-mediated gut microbiome of non-obese mice. Npj Sci.
Food 2023, 7, 14. [CrossRef]

He, C.; Cheng, D.; Peng, C.; Li, Y,; Zhu, Y.; Lu, N. High-fat diet induces dysbiosis of gastric microbiota prior to gut microbiota in
association with metabolic disorders in mice. Front. Microbiol. 2018, 9, 639. [CrossRef]

Liu, Y.; Wang, J.; Wu, C. Modulation of Gut Microbiota and Immune System by Probiotics, Pre-biotics, and Post-biotics. Front.
Nutr. 2021, 8, 634897. [CrossRef]

Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; Gonzalez, M.].; Quera, R.; Dijkstra, G.; Harmsen, H.].M.; Faber, K.N.;
Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef]

Niu, H.; Zhou, M.; Zogona, D.; Xing, Z.; Wu, T.; Chen, R.; Cui, D.; Liang, E; Xu, X. Akkermansia muciniphila: A potential
candidate for ameliorating metabolic diseases. Front. Immunol. 2024, 15, 1370658. [CrossRef]

Park, B.H.; Kim, L.S.; Park, J.K,; Zhi, Z.; Lee, H.M.; Kwon, O.W.; Lee, B.C. Probiotic effect of Lactococcus lactis subsp. cremoris
RPG-HL-0136 on intestinal mucosal immunity in mice. Appl. Biol. Chem. 2021, 64, 93. [CrossRef]

Kaur, H.; Kaur, G.; Ali, S.A. Dairy-based probiotic-fermented functional foods: An update on their health-promoting properties.
Fermentation 2022, 8, 425. [CrossRef]

Darby, TM.; Owens, J.A.; Saeedi, B.J.; Luo, L.; Matthews, ].D.; Robinson, B.S.; Naudin, C.R; Jones, R.M. Lactococcus lactis subsp.
cremoris is an efficacious beneficial bacterium that limits tissue injury in the intestine. Iscience 2019, 12, 356-367. [CrossRef]
Zheng, Z.; Park, ] K,; Jiang, L.; Zhu, S.; Kwon, O.W.; Lee, B.C.; Lee, HM.; Roh, Y.]J.; Kang, ].H.; Park, B.H. Beneficial Effects of
Fermentation of Red Chili Pepper Using Lactococcus lactis subs. Cremoris RPG-HL-0136 in High-Fat Diet-Induced Obese Mice. J.
Med. Food 2023, 26, 81-92. [CrossRef] [PubMed]


https://doi.org/10.3389/fnut.2024.1406070
https://doi.org/10.3390/metabo12121165
https://doi.org/10.1002/mnfr.202400754
https://www.ncbi.nlm.nih.gov/pubmed/39499063
https://doi.org/10.3389/fmicb.2020.00859
https://doi.org/10.1038/s41579-019-0256-8
https://doi.org/10.1128/spectrum.04109-23
https://doi.org/10.3390/nu11071613
https://doi.org/10.3390/nu12051474
https://www.ncbi.nlm.nih.gov/pubmed/32438689
https://doi.org/10.4254/wjh.v11.i8.619
https://doi.org/10.3390/nu15153365
https://www.ncbi.nlm.nih.gov/pubmed/37571301
https://doi.org/10.1177/1756283X12459294
https://doi.org/10.53854/liim-3002-3
https://www.ncbi.nlm.nih.gov/pubmed/35693065
https://doi.org/10.3389/fnut.2020.570344
https://www.ncbi.nlm.nih.gov/pubmed/33195367
https://doi.org/10.5946/ce.2024.147
https://doi.org/10.1136/gutjnl-2014-307240
https://www.ncbi.nlm.nih.gov/pubmed/25527456
https://doi.org/10.1038/s41538-023-00190-6
https://doi.org/10.3389/fmicb.2018.00639
https://doi.org/10.3389/fnut.2021.634897
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3389/fimmu.2024.1370658
https://doi.org/10.1186/s13765-021-00667-6
https://doi.org/10.3390/fermentation8090425
https://doi.org/10.1016/j.isci.2019.01.030
https://doi.org/10.1089/jmf.2022.K.0118
https://www.ncbi.nlm.nih.gov/pubmed/36730815

Bioengineering 2025, 12, 741 21 of 22

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Raychaudhuri, S.; Shahinozzaman, M.; Fan, S.; Ogedengbe, O.; Subedi, U.; Obanda, D.N. Resistance to Diet Induced Visceral Fat
Accumulation in C57BL/6NTac Mice Is Associated with an Enriched Lactococcus in the Gut Microbiota and the Phenotype of
Immune B Cells in Intestine and Adipose Tissue. Microorganisms 2023, 11, 2153. [CrossRef] [PubMed]

Naudin, C.R.; Maner-Smith, K.; Owens, J.A.; Wynn, G.M.; Robinson, B.S.; Matthews, ].D.; Reedy, A.R.; Luo, L.; Wolfarth, A.A;
Darby, T.M. Lactococcus lactis subspecies cremoris elicits protection against metabolic changes induced by a western-style diet.
Gastroenterology 2020, 159, 639—-651.e5. [CrossRef]

Seo, K.-H.; Lee, H.G.; Eor, ].Y.; Jeon, H.].; Yokoyama, W.; Kim, H. Effects of kefir lactic acid bacteria-derived postbiotic components
on high fat diet-induced gut microbiota and obesity. Food Res. Int. 2022, 157, 111445. [CrossRef] [PubMed]

Arellano-Garcia, L.I; Portillo, M.P,; Martinez, J.A.; Courtois, A.; Milton-Laskibar, I. Postbiotics for the management of obesity,
insulin resistance/type 2 diabetes and NAFLD. Beyond microbial viability. Crit. Rev. Food Sci. Nutr. 2024, 64, 1-24. [CrossRef]
Kim, J.H.; Kwak, W.; Nam, Y.; Baek, J.; Lee, Y.; Yoon, S.; Kim, W. Effect of postbiotic Lactiplantibacillus plantarum LRCC5314 supple-
mented in powdered milk on type 2 diabetes in mice. J. Dairy Sci. 2024, 107, 5301-5315. [CrossRef]

Dai, J.; Jiang, M.; Wang, X.; Lang, T.; Wan, L.; Wang, J. Human-derived bacterial strains mitigate colitis via modulating gut
microbiota and repairing intestinal barrier function in mice. BMC Microbiol. 2024, 24, 96. [CrossRef]

Lin, X,; Xu, M;; Lan, R.; Hu, D.; Zhang, S.; Zhang, S.; Lu, Y,; Sun, H; Yang, J.; Liu, L.; et al. Gut commensal Alistipes shahii improves
experimental colitis in mice with reduced intestinal epithelial damage and cytokine secretion. mSystems 2025, 10, e0160724.
[CrossRef]

Hakansson, A.; Molin, G. Gut microbiota and inflammation. Nutrients 2011, 3, 637-682. [CrossRef] [PubMed]

Rasmussen, T.S.; Streidl, T.; Hitch, T.C.A.; Wortmann, E.; Deptula, P.; Kofoed, M.V.W.; Riedel, T.; Neumann-Schaal, M.; Hansen,
M.; Nielsen, D.S,; et al. Sporofaciens musculi gen. nov., sp. nov., a novel bacterium isolated from the caecum of an obese mouse. Int.
J. Syst. Evol. Microbiol. 2019, 71, 4673. [CrossRef]

Zhu, H.; Hou, T. Modulatory Effects of Lactarius hatsudake on Obesity and Gut Microbiota in High-Fat Diet-Fed C57BL/6 Mice.
Foods 2024, 13, 948. [CrossRef] [PubMed]

Maya-Lucas, O.; Murugesan, S.; Nirmalkar, K.; Alcaraz, L.D.; Hoyo-Vadillo, C.; Pizano-Zarate, M.L.; Garcia-Mena, J. The gut
microbiome of Mexican children affected by obesity. Anaerobe 2019, 55, 11-23. [CrossRef]

Xie, G.; Wang, X.; Liu, P; Wei, R.; Chen, W.; Rajani, C.; Hernandez, B.Y.; Alegado, R.; Dong, B.; Li, D.; et al. Distinctly altered gut
microbiota in the progression of liver disease. Oncotarget 2016, 7, 19355. [CrossRef]

Hur, K\Y.; Lee, M.S. Gut Microbiota and Metabolic Disorders. Diabetes Metab. ]. 2015, 39, 198-203. [CrossRef] [PubMed]

Lee, H.; Ko, G. Effect of metformin on metabolic improvement and gut microbiota. Appl. Environ. Microbiol. 2014, 80, 5935-5943.
[CrossRef]

Zhao, J.; Feng, T.; An, X.; Chen, X,; Han, N.; Wang, J.; Chang, G.; Hou, X. Livestock grazing is associated with the gut microbiota
and antibiotic resistance genes in sympatric plateau pika (Ochotona curzoniae). Integr. Zool. 2024, 19, 646—-661. [CrossRef]

Zack, K.M.; Sorenson, T.; Joshi, S.G. Types and Mechanisms of Efflux Pump Systems and the Potential of Efflux Pump Inhibitors
in the Restoration of Antimicrobial Susceptibility, with a Special Reference to Acinetobacter baumannii. Pathogens 2024, 13, 197.
[CrossRef]

Dridi, L.; Tankovig, J.; Petit, ].C. CdeA of Clostridium difficile, a new multidrug efflux transporter of the MATE family. Microb.
Drug Resist. 2004, 10, 191-196. [CrossRef]

Alcock, B.P; Huynh, W.; Chalil, R.; Smith, K.W.; Raphenya, A.R.; Wlodarski, M.A.; Edalatmand, A.; Petkau, A.; Syed, S.A.; Tsang,
KK, et al. CARD 2023: Expanded curation, support for machine learning, and resistome prediction at the Comprehensive
Antibiotic Resistance Database. Nucleic Acids Res. 2023, 51, D690-D699. [CrossRef] [PubMed]

Bai, J.; Zhu, X.; Zhao, K;; Yan, Y.; Xu, T.; Wang, J.; Zheng, J.; Huang, W.; Shi, L.; Shang, Y.; et al. The role of ArlRS in regulating
oxacillin susceptibility in methicillin-resistant Staphylococcus aureus indicates it is a potential target for antimicrobial resistance
breakers. Emerg. Microbes Infect. 2019, 8, 503-515. [CrossRef] [PubMed]

Teo, ] W,; Tan, T.M.; Poh, C.L. Genetic determinants of tetracycline resistance in Vibrio harveyi. Antimicrob. Agents Chemother. 2002,
46, 1038-1045. [CrossRef] [PubMed]

Seah, C.; Alexander, D.C.; Louie, L.; Simor, A.; Low, D.E.; Longtin, J.; Melano, R.G. MupB, a new high-level mupirocin resistance
mechanism in Staphylococcus aureus. Antimicrob. Agents Chemother. 2012, 56, 1916-1920. [CrossRef]

Mousa, WK.; Mousa, S.; Ghemrawi, R.; Obaid, D.; Sarfraz, M.; Chehadeh, F.; Husband, S. Probiotics modulate host immune
response and interact with the gut microbiota: Shaping their composition and mediating antibiotic resistance. Int. J. Mol. Sci.
2023, 24, 13783. [CrossRef]

Choi, EJ.; Iwasa, M.; Han, K.I; Kim, W].; Tang, Y.; Hwang, Y.J.; Chae, ].R.; Han, W.C.; Shin, Y.S.; Kim, E.K. Heat-Killed Enterococcus
faecalis EF-2001 Ameliorates Atopic Dermatitis in a Murine Model. Nutrients 2016, 8, 146. [CrossRef]

Han, K.I,; Shin, H.D.; Lee, Y.; Baek, S.; Moon, E.; Park, Y.B.; Cho, J.; Lee, ].H.; Kim, T.].; Manoharan, R.K. Probiotic and Postbiotic
Potentials of Enterococcus faecalis EF-2001: A Safety Assessment. Pharmaceuticals 2024, 17, 1383. [CrossRef]


https://doi.org/10.3390/microorganisms11092153
https://www.ncbi.nlm.nih.gov/pubmed/37763997
https://doi.org/10.1053/j.gastro.2020.03.010
https://doi.org/10.1016/j.foodres.2022.111445
https://www.ncbi.nlm.nih.gov/pubmed/35761685
https://doi.org/10.1080/10408398.2024.2437143
https://doi.org/10.3168/jds.2023-24103
https://doi.org/10.1186/s12866-024-03216-5
https://doi.org/10.1128/msystems.01607-24
https://doi.org/10.3390/nu3060637
https://www.ncbi.nlm.nih.gov/pubmed/22254115
https://doi.org/10.1099/ijsem.0.004673
https://doi.org/10.3390/foods13060948
https://www.ncbi.nlm.nih.gov/pubmed/38540938
https://doi.org/10.1016/j.anaerobe.2018.10.009
https://doi.org/10.18632/oncotarget.8466
https://doi.org/10.4093/dmj.2015.39.3.198
https://www.ncbi.nlm.nih.gov/pubmed/26124989
https://doi.org/10.1128/AEM.01357-14
https://doi.org/10.1111/1749-4877.12778
https://doi.org/10.3390/pathogens13030197
https://doi.org/10.1089/mdr.2004.10.191
https://doi.org/10.1093/nar/gkac920
https://www.ncbi.nlm.nih.gov/pubmed/36263822
https://doi.org/10.1080/22221751.2019.1595984
https://www.ncbi.nlm.nih.gov/pubmed/30924407
https://doi.org/10.1128/AAC.46.4.1038-1045.2002
https://www.ncbi.nlm.nih.gov/pubmed/11897587
https://doi.org/10.1128/AAC.05325-11
https://doi.org/10.3390/ijms241813783
https://doi.org/10.3390/nu8030146
https://doi.org/10.3390/ph17101383

Bioengineering 2025, 12, 741 22 of 22

89.

90.

91.
92.

93.

94.

Choi, E.J.; Lee, H.].; Kim, W].; Han, K.I; Iwasa, M.; Kobayashi, K.; Debnath, T.; Tang, Y.; Kwak, Y.S.; Yoon, ].H.; et al. Enterococcus
faecalis EF-2001 protects DNBS-induced inflammatory bowel disease in mice model. PLoS ONE 2019, 14, e0210854. [CrossRef]
Panthee, S.; Paudel, A.; Hamamoto, H.; Ogasawara, A.A.; Iwasa, T.; Blom, J.; Sekimizu, K. Complete genome sequence and
comparative genomic analysis of Enterococcus faecalis EF-2001, a probiotic bacterium. Genomics 2021, 113, 1534-1542. [CrossRef]
Ma, L.; Tu, H.; Chen, T. Postbiotics in Human Health: A Narrative Review. Nutrients 2023, 15, 291. [CrossRef]

Abd El-Ghany, W.A. Paraprobiotics and postbiotics: Contemporary and promising natural antibiotics alternatives and their
applications in the poultry field. Open Vet. J. 2020, 10, 323-330. [CrossRef] [PubMed]

Aggarwal, S.; Sabharwal, V.; Kaushik, P; Joshi, A.; Aayushi, A.; Suri, M. Postbiotics: From emerging concept to application. Front.
Sustain. Food Syst. 2022, 6, 887642. [CrossRef]

Nezhadi, J.; Ahmadi, A. Assessing the efficacy of postbiotics derived from Lactobacillus plantarum on antibiotic resistance
genes in nosocomial pathogens such as Enterococcus faecalis and Pseudomonas aeruginosa. Lett. Appl. Microbiol. 2024, 77, ovael27.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1371/journal.pone.0210854
https://doi.org/10.1016/j.ygeno.2021.03.021
https://doi.org/10.3390/nu15020291
https://doi.org/10.4314/ovj.v10i3.11
https://www.ncbi.nlm.nih.gov/pubmed/33282704
https://doi.org/10.3389/fsufs.2022.887642
https://doi.org/10.1093/lambio/ovae127
https://www.ncbi.nlm.nih.gov/pubmed/39657994

	Introduction 
	Materials and Methods 
	Animal Experimental Design 
	Body Weight, Blood Chemistry, and Organ Weight Measurements 
	Serum Assay for Biochemical Parameters 
	Fecal DNA Extraction and Quality Control 
	Shotgun Metagenomics Sequencing 
	Gut Microbiota Analysis 
	Identification of ARGs and MGEs 
	Statistical Analysis 

	Results and Discussion 
	Effect of EF-2001 on Body Weight in HFD-Induced Obese Mice 
	Effect of EF-2001 on Blood Glucose in HFD-Induced Obese Mice 
	Effect of EF-2001 on Organ Weight in HFD-Induced Obese Mice 
	Effect of EF-2001 on Liver Function Markers in HFD-Induced Obese Mice 
	Metagenome Diversity Analysis 
	Gut Microbiota Variability 
	Gut Microbiota at the Phylum Level 
	Genus Level Analysis 
	Species-Level Analysis: HFD vs. HFD + EF-2001 
	ARG Abundance 

	Conclusions and Future Perspectives 
	References

