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ABSTRACT: Obesity is a global health crisis, marked by excessive fat in tissues that
function as immune organs, linked to microbiota dysregulation and adipose
inflammation. Investigating the effects of Lactobacillus rhamnosus SG069 (LR069)
and Lactobacillus brevis SG031 (LB031) on obesity and lipid metabolism, this research
highlights adipose tissue’s critical immune-metabolic role and the probiotics’ potential
against diet-induced obesity. Mice fed a high-fat diet were treated with either LR069 or
LB031 for 12 weeks. Administration of LB031 boosted lipid metabolism, indicated by
higher AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC)
phosphorylation, and increased the M2/M1 macrophage ratio, indicating LB031’s anti-
inflammatory effect. Meanwhile, LR069 administration not only led to significant weight
loss by enhancing lipolysis which evidenced by increased phosphorylation of hormone-
sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) but also elevated
Akkermansia and fecal acetic acid levels, showing the gut microbiota’s pivotal role in its
antiobesity effects. LR069 and LB031 exhibit distinct effects on lipid metabolism and obesity, underscoring their potential for precise
interventions. This research elucidates the unique impacts of these strains on metabolic health and highlights the intricate
relationship between gut microbiota and obesity, advancing our knowledge of probiotics’ therapeutic potential.

1. INTRODUCTION
Obesity, characterized by excessive body fat accumulation
through fat cell enlargement (hypertrophy) and increased fat
cell numbers (hyperplasia),1 is associated with severe medical
conditions such as cardiovascular disease, hypertension,
dyslipidemia, type 2 diabetes, and cancer, posing significant
health risks.2 Consequently, it has emerged as a major public
health concern.3 White adipose tissue (WAT), the primary fat-
storing depot and the largest endocrine organ, releases
adipokines and cytokines systemically, contributing to chronic
low-grade inflammation, termed metaflammation, and altered
metabolism.4 Leptin, elevated in obesity, plays a crucial role in
regulating the inflammatory response, influencing develop-
ment, proliferation, maturation, and activation. Notably, leptin
promotes the synthesis of pro-inflammatory cytokines.5,6 The
induction of leptin expression signals a molecular mechanism
linked to inflammatory activity, as its levels increase in adipose
tissue due to inflammatory conditions such as hypoxia and
inflammatory mediators commonly experienced in expanding
adipose depots.7 Adipose tissue, a complex organ with diverse
functions in energy storage, metabolic regulation, and
neuroendocrine and immune functions, is now recognized as
an immune organ at the intersection of metabolism and
immunity.8 Macrophages within adipose tissue can polarize
into M1 and M2 states, where M1 macrophages produce pro-

inflammatory cytokines, contributing to inflammation, while
M2 macrophages have an anti-inflammatory effect.9 The
secretion of specific cytokines and chemokines from macro-
phages can modify the microenvironment, bridging innate and
adaptive immune responses.10 Consequently, there is a
growing interest in elucidating the relationship between
inflammation and obesity-related metabolic diseases and in
exploring the potential to ameliorate metabolic diseases
through anti-inflammatory actions and enhanced M2 polar-
ization.11

In recent years, the Westernization of dietary patterns has
not only led to increased calorie consumption but has also
fostered long-term habits of high-fat, low-fiber diets that have
disrupted the intestinal microenvironment.12 These dietary
shifts have triggered alterations in the composition of the
human gut microbiota, with a marked decrease in cellulose-
digesting intestinal bacteria and an increase in those capable of
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metabolizing the byproducts of high-fat diets.13 Research has
revealed that obese individuals exhibit significant changes in
the ratio of Firmicutes to Bacteroidetes within their gut
microbiota compared to healthy individuals.14 These shifts in
the bacterial composition may have profound implications for
nutrient absorption within the intestines and the body’s overall
energy metabolism equilibrium.15 As a result, investigating
methods to address these changes in the context of obesity has
become a prominent research focus.16 According to the
definition by WHO, probiotics are living microorganisms
found in certain foods; these include bacteria that normally
exist in the human intestine and can improve the health of the
host.17 Probiotic intervention is an important tool for
improving the health of hosts.18 Probiotics are increasingly
recognized for their potential in the prevention and treatment
of obesity. Therefore, it is necessary to carefully screen lactic
acid bacteria with antiobesity effects and explore their
underlying mechanisms. This study aimed to investigate
whether Lactobacillus rhamnosus SG069 (LR069) and
Lactobacillus brevis SG031 (LB031) can reduce high-fat-diet-
induced obesity in mice and elucidate the related mechanisms.
We analyzed the effects of these lactic acid bacteria on
intestinal bacteria and short-chain fatty acid composition and
explored their effects on the inflammatory response and lipid
accumulation caused by high-fat diet.

2. EXPERIMENTAL SECTION
2.1. Materials. Antibodies against p-acetyl-CoA carbox-

ylase (p-ACC) (Ser79) and adipose triglyceride lipase (ATGL)
were from Santa Cruz Biotechnology, Inc. (Dallas, TX).
Antibodies against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were purchased from Abcam PLC (Cambridge,
UK). Antibodies against phosphorylated (p-) and unphos-
phorylated hormone-sensitive lipase (HSL), Ac-CC, AMP-
activated protein kinase (AMPK), and p-AMPK were
purchased from Cell Signal Technology (Beverly, MA). Fatty
acid synthase (FASN) was from Proteintech (Rosemont, IL).
The Bio-Rad protein assay dye reagent for protein
quantification was obtained from Bio-Rad Laboratories
(Munich, Germany). Xylenes and hematoxylin and eosin
(H&E) for staining were purchased from Leica Biosystems.
Lactobacillus brevis SG031 (LB031) originates from fermented
vegetables, while Lactobacillus rhamnosus SG069 (LR069) is
sourced from the intestinal tract of healthy adults. Sample
preparation involved centrifugation of the supernatant
following liquid culture of the strains, followed by freeze-
drying of viable bacteria to prepare test samples. The powders
of LR069 and LB031 were supplied by Syngen Biotech Co.
Ltd., Taiwan (R.O.C.).

2.2. Animals and Experimental Design. Thirty-two
C57BL/6 male mice (20 ± 2 g, 4 weeks old) were purchased
from the BioLASCO Taiwan Co. Ltd., Taipei City, Taiwan
(R.O.C.) and were housed in an environmentally controlled
room (temperature: 23 ± 2 °C, 50% relative humidity,
conventional 12-h light/dark cycle) with food and water ad
libitum. All experimental procedures involving animals were
performed in accordance with the Laboratory Animal Care
Guidelines of the Taiwan Ministry of Agriculture, and the
protocol was approved by the Institutional Animal Care and
Use Committee (IACUC) of National Taiwan University
(Approval Number: NTU-110-EL-00014), ensuring ethics
compliance without encountering unexpected or unusually
high security issues. After 1 week of normal diet, the animals

were randomly assigned into four groups (n = 8 per group)
with different diets for 12 weeks: (1) ND group: normal diet
(total calories 3.36 kcal/g, 13.4% calories in fat), oral gavage
with double-distilled water every day; (2) HFD group: high-fat
diet group (total calories 4.58 kcal/g, 50.4% calories in fat),
oral gavage with double-distilled water every day; (3) HFD +
LR069 (Lactobacillus rhamnosus SG069): HFD plus LR069 at
5 × 108 CFU/mL/day. (4) HFD + LB031 (Lactobacillus brevis
SG031): HFD plus LB031 at 5 × 108 CFU/mL/day.

2.3. Dosage Information. The dosage regimen of 5 × 108
CFU/mL/day used in this study was established based on an
extensive review of both human and animal studies. This
review ensured that the dosage aligns with the metabolic rate
differences between species, thereby ensuring relevance and
safety for translational applications. For this study, while
specific lower and higher dose testing was not conducted, the
chosen dosage is robustly supported by the scientific literature.
Probiotic doses ranging from 1 × 108 to 1011 CFU per day
have been shown to effectively balance efficacy and safety
across various experimental models.19−22 The chosen dosage
of 5 × 108 CFU/mL/day strikes a balance between
demonstrating efficacy and maintaining practical consider-
ations such as cost-effectiveness and feasibility of admin-
istration. This approach is designed to optimize potential
benefits while minimizing the risks of excessive dosages that
might not yield proportional improvements in health outcomes
or could induce dysbiosis and other adverse effects.

2.4. Serum Biochemical Index. Blood samples were
obtained and centrifuged at 4 °C at 1500 × g for 20 min to
isolate the sera, which were then stored at −80 °C until
analysis. The biochemical analysis was carried out in
collaboration with the National Laboratory Animal Center
(NLAC) located in Taipei, Taiwan, utilizing a 7080
Biochemical Analyzer manufactured by Hitachi in Tokyo,
Japan, following the manufacturer’s guidelines. The serum
specimens were analyzed, determining ALT (alanine trans-
aminase), AST (aspartate aminotransferase), TC (total
cholesterol), triacylglycerol (TG), HDL (high-density lip-
oprotein), and LDL (low-density lipoprotein) levels.

2.5. Adipocytokines and Liver Triglyceride Levels.
The adipocytokines levels and triglyceride levels were
measured using the relevant ELISA kits according to the
manufacturer’s instructions. Liver tissues were analyzed for
triglycerides (Cat. 10010303, Cayman). The serum was
analyzed for adiponectin (ADIPOQ; Cat. ab108785;
Abcam), leptin (Cat. EZML-82K, Millipore Corporation),
and tumor necrosis factor-alpha (TNF-α; Cat. 88−7324;
Thermo Fisher Scientific). The perigonadal adipose tissue was
analyzed for leptin (Cat. ADI-900−019A; Enzo Life
Sciences)23 and IL-10 (Cat. E-UNEL-M0057; Elabscience).

2.6. Histological and Immunofluorescence Staining.
Liver and adipose tissues were sampled and fixed in 10%
formalin buffer, followed by dehydration and paraffinization.
Formalin-fixed paraffin-embedded tissues were cut to 3−5 μm
in thickness, deparaffinized in xylene, and rehydrated in
ethanol/water before staining with hematoxylin−eosin. Images
were captured with an Olympus BX51 microscope, and the size
distribution of subcutaneous WAT adipocytes was determined
by using ImageJ software (Rasband, W.S., ImageJ, U.S.
National Institutes of Health, Bethesda, MD). Xylenes and
hematoxylin and eosin (H&E) stain were acquired from
Surgipath (Peterborough, UK). For immunofluorescence
staining, perigonadal fat tissues were stained with iNOS,
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CD163, and β-actin antibodies from Santa Cruz Biotechnol-
ogy, Inc. (Dallas, TX), followed by secondary antibodies. The
mouse β-actin monoclonal antibody and DAPI were obtained
from Sigma Chemical Co. (St. Louis, MO).24

2.7. Western Blotting. The protein extraction process
involved homogenizing tissue samples with a Polytron tissue
homogenizer for 10 s. A lysis buffer containing a protease
inhibitor cocktail was then added, and the mixture was
incubated for 1 h at 4 °C. After centrifugation at 10,000 × g for
30 min, the resulting supernatant was collected. Protein
concentration was determined using a Bio-Rad protein assay
(Bio-Rad, Hercules, CA). For perigonadal tissue, a GoldBio
lysis buffer was used. Subsequently, 40 μg of protein was mixed
with a 5-fold sample buffer, heated to boiling for 10 min, and
subjected to electrophoresis on a 10% SDS-polyacrylamide gel
(SDS-PAGE) at a constant current of less than 100 mA. The
separated samples were then transferred onto PVDF
membranes (Millipore Corp., Bedford, MA). After blocking
with 1% bovine serum albumin in a 20 mM Tris−HCl buffer
for 1 h at room temperature, immunoblotting was performed
using primary antibodies directed at target and control
proteins. Horseradish peroxidase-conjugated secondary anti-
bodies were applied to the blots for detection, and the
expression of the target proteins was assessed and quantified
using ImageJ software.

2.8. Short-Chain Fatty Acid (SCFA) Analysis. Short-
chain fatty acid (SCFA) content analysis was meticulously
conducted through a series of steps involving organic solvent
extraction and gas chromatography−mass spectrometry (GC-
MS).25 Ethyl acetate was utilized as the extraction solvent to
separate SCFAs from fecal fats and proteins. Mouse cecal feces
(0.1 g) were mixed with 1 mL of 0.5% phosphoric acid and
homogenized. After centrifugation, 0.75 mL of ethyl acetate
was added, followed by additional homogenization. Subse-
quent centrifugation at 4 °C and 18,000 × g for 10 min yielded
200 μL of supernatant, which was combined with 800 μL of
625 μM 4-methylvaleric acid as an internal standard and
filtered through a microfilter. GC-MS analysis was performed
using an Agilent Technologies 7890 Gas Chromatograph
System with a 5975 inert Mass Selective Detector and a DB-
WAXetr capillary column. Fixed flow rate was 1 mL/min, the
injection volume was 1 μL, and specific temperature settings
were applied for the injector, auxiliary heater (Aux), ion
source, and quadrupole. Detection mass ranged from 30 to 250
m/z, with a solvent delay of 3.5 min. A meticulously
programmed temperature gradient for the oven started from
90 °C, gradually increasing to 150 °C over the first 4 min, then
to 170 °C over the next 4 min, followed by a ramp to 250 °C
in the subsequent 4 min, and finally holding at 250 °C for the
last 2 min of the run. This specific gradient was designed to
efficiently separate and accurately quantify the SCFAs in the
samples. The peak areas were integrated and compared against
the internal standard curve, allowing for precise quantification
of the SCFA concentrations within the samples.26

2.9. Microbial Analysis. The PCR primer sequences, as
previously reported,27 were utilized to amplify the variable
region of the 16S rRNA gene, and the PCR conditions were
adapted from previous studies.28,29 Subsequently, the ampli-
cons were employed to construct index-labeled libraries using
the Illumina DNA Library Preparation (Illumina, San Diego).
The Illumina MiniSeq NGS System (Illumina) was employed
to conduct paired-end sequencing (2 × 150 bp), generating
more than 100,000 reads.30 A metagenomics workflow was

utilized to classify organisms based on the 16S rRNA data,
utilizing the Greengenes database (https://greengenes.lbl.gov/
).31 The workflow provided taxonomic classifications at
multiple levels, including kingdom, phylum, class, order,
family, genus, and species, as the output.32

2.10. Statistical Analysis. The statistical evaluations were
accomplished with one-way analysis of variance (ANOVA),
followed by Duncan’s multiple range test. Statistical analyses
were performed using SPSS software (Version 26.0.0). The
results were considered to be significant for p ≤ 0.05. All data
were presented as the means ± SEM.

3. RESULTS
3.1. Effects of LR069 and LB031 on Body Weight,

Food Intake, and Organ Weight in HFD-Fed Mice. After
12 weeks of a high-fat diet (HFD), mice in the HFD group
exhibited a rounder body shape compared to the normal diet
(ND) group. However, administration of probiotics LR069
and LB031 to the HFD group resulted in decreased body
weight and a leaner appearance (Figure 1A). Table S1 displays
the observed changes in body weight across the groups during
the experiment. The HFD group showed a notably faster
weight gain trend, with a 4.17 g difference compared to the
ND group by the twelfth week, successfully inducing obesity in
these mice. There was no significant difference in average body
weight between the probiotic-fed groups, LR069 and LB031.
By the eighth week, the LR069 group began to diverge from
the HFD group, while the LB031 group maintained a slightly
lower average body weight (Figure 1B). Before sacrifice at the
twelfth week, the LR069 group had an average body weight of
30.20 ± 2.29 g, which was 2.27 g lower than the HFD group
(32.47 ± 2.23 g), showing a significant difference (Figure 1B
and Table S1). The HFD group exhibited the highest average
body weight gain of 12.39 ± 2.12 g, while the LR069 group
had a gain of 10.07 ± 2.01 g, 18.7% less than the HFD group.
These results suggest that probiotic LR069 can mitigate the
weight gain induced by a high-fat diet in mice. Average daily
food intake did not significantly differ between groups,
indicating that the effects of probiotics LR069 and LB031 on
body weight were not due to appetite suppression or reduced
energy intake (Table S1). Figure 1C displays the average
weights of the mice’s essential organs. Notably, there were no
significant differences in organ weights across the groups,
suggesting that daily administration of LR069 and LB031 did
not impact organ weight (Figure 1E,F).

3.2. Effects of LR069 and LB031 on Blood Bio-
chemical Values in HFD-Fed Mice. Hyperlipidemia is an
important risk factor for cardiovascular disease.33 Table 1
shows serum AST/GOT, ALT/GPT, TG, TC, LDL, and
fasting blood glucose. The results showed that liver function
indicators AST/GOT and ALT/GPT values did not differ
significantly among dietary groups, indicating that LR069 and
LB031 did not induce body toxicity at the given dose.
Additionally, the results showed that the HFD group was
associated with increased TG, TC, and LDL levels compared
with the ND group. However, administration of LR069 and
LB031 significantly reduced TG levels. LB031 also reduced
serum TC and LDL levels. Furthermore, fasting blood glucose
values were significantly lower in the LR069 group compared
with the HFD group. These results showed that LR069 and
LB031 have the potential to improve dyslipidemia and prevent
cardiovascular disease.
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3.3. Effects of LR069 and LB031 on Liver and Adipose
Tissue in HFD-Fed Mice. As shown by liver appearance and
weight and serum biochemical values, administration of LR069
and LB031 can slow lipid accumulation in the liver caused by
high-fat diet. Figure 1G,H show differences in liver color and
triglycerides between the HFD group and the ND group. It is

speculated that long-term high-fat diet will cause fatty
infiltration in the liver.34 H&E staining of liver sections
showed obvious white vacuoles in the HFD group, indicating
lipid accumulation in the liver of the HFD group. Lipids from
macrovascular steatosis accumulate in hepatocytes due to
increased triglyceride synthesis.35 Administration of LR069
and LB031 significantly improved the liver fat accumulation
caused by high-fat diet.
The visceral fat of mice can be mainly divided into gonadal

(perigonadal/epididymal), peritoneal (retroperitoneal), and
mesenteric (mesenteric) fat. Both appearance and weight of all
of these tissues were higher in the HFD group than in the ND
group, and the fat volume of the LR069 and LB031 groups was
slightly smaller than that of the HFD group (Figure 2A). As
shown in Figure 2C, LR069 and LB031 supplements could
reduce the weight of adipose tissue, compared with the HFD
group, and the effect on gonadal (perigonadal/epididymal) fat
was the most significant (p < 0.05). Probiotic LR069 also
reduced the weight of peritoneal fat (p < 0.05), with a slightly
better effect than that of probiotic LB031. After the
experimental mice were sacrificed, the gonadal fat was
sectioned and stained (H&E). At a magnification of 200x,
the adipocytes in the HFD group were similar to those in the
LB031 group. The specific area was significantly larger, and the
size of adipocytes in the LR069 group tended to be smaller
compared with the HFD group (Figure 2B,D). Taken together,
the above results indicated that probiotic LR069 has the ability
to inhibit visceral fat accumulation.

3.4. Effect of LR069 and LB031 on Lipid Metabolism
in HFD-Fed Mice. Adipose triglyceride lipase (ATGL) and
hormone-sensitive lipase (HSL) constitute pivotal enzymes in
the intracellular catabolism of triacylglycerols.36 Dysregulation
of lipogenesis and lipolysis can lead to fat accumulation and
eventual obesity.37 This study investigated the effects of LR069
and LB031 on the expression of lipolysis-related proteins,
specifically ATGL and HSL. As shown in Figure 3A, the
experimental results revealed that the protein expression of
ATGL in adipose tissue increased significantly after admin-
istration of LR069. In addition, analysis of p-HSL/HSL protein
expression showed that compared with the HFD group, LR069
supplementation promotes HSL phosphorylation and thus
improve lipid metabolism in adipose tissue (Figure 3A).
Elevated de novo lipogenesis and diminished fatty acid
oxidation likely contribute to the accumulation of adipose
tissue in obesity.38 Figure 3B shows that LB031 supplementa-
tion significantly phosphorylated AMPK. The LR069 showed a
marginal increase in the levels of the p-AMPK/AMPK. AMPK
negatively regulates ACC, resulting in a decrease in malonyl-
CoA concentration, leading to a subsequent reduction in fatty
acid synthesis.39 As shown in Figure 3B, there was an

Figure 1. Effects of LR069 and LB031 on body weight, organs, H&E
staining of liver, and liver triglyceride in HFD-fed mice. (A)
Representative photographs of each group. (B) Weekly average
body weight of each group, expressed as means ± SEM (C)−(F)
Representative photographs of each group’s organs (liver, kidneys,
and spleen) and organ weights. (G) Pathological assessment by H&E
staining of the liver (200× magnification; length of the scale on the
right = 100 μm). (H) Liver triglycerides. Data are expressed as the
means ± SEM. Values with different letters (a−c) differ significantly
(p < 0.05) among the compared groups.

Table 1. Effect of LR069 and LB031 on Blood Biochemical Values in HFD-Fed Micei

ND HFD LR069 LB031

AST/GOT (U/L) 142.2 ± 15.98a 189.6 ± 74.3a 172.8 ± 93.3a 195.5 ± 107.2a

ALT/GPT (U/L) 27.07 ± 3.87a 33.39 ± 9.04a 26.94 ± 5.87a 26.47 ± 4.64a

TG (mg/dL) 49.75 ± 22.66ab 59.88 ± 9.71a 30.59 ± 16.30b 34.35 ± 22.53b

TC (mg/dL) 73.73 ± 7.01c 156.50 ± 19.45a 136.98 ± 32.40ab 131.66 ± 22.87b

LDL (mg/dL) 7.20 ± 1.63c 34.88 ± 8.36a 26.40 ± 13.78ab 23.59 ± 7.60b

fasting blood glucose (mg/dL) 115.5 ± 4.9c 155.6 ± 18.2a 132.0 ± 11.6b 145.9 ± 11.4a

iData are expressed as mean ± SEM. The significance of difference among the four groups was analyzed by one-way ANOVA and Duncan’s
multiple range tests. The values with different letters (a−c) are significantly different (p < 0.05) between each group.
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observable rise in the expression of the p-ACC/ACC in the
LB031 group. Furthermore, FASN is the transcription factor
for fatty acid synthase, and Figure 3C showed that
supplementation of LR069 and LB031 significantly reduced
FASN expression. These findings indicate that probiotics
supplementation can increase lipid breakdown and potentially
improve lipid metabolism in the perigonadal tissue.

3.5. LR069 and LB031 Improved Inflammation in
HFD-Fed Mice. Obesity is characterized by a state of chronic,
low-grade inflammation.40 Obesity induces the generation of
various pro-inflammatory factors, including some adipokines,
leading to a state of chronic inflammation. Adipokines
encompass a range of pro-inflammatory and anti-inflammatory

factors; the majority of the pro-inflammatory adipokines
exhibit elevated levels in obesity.41

In the initial phase of this study, we focused on two key
adipokines: leptin and adiponectin (ADIPOQ). The results, as
depicted in Figure 4A,B, demonstrated a statistically significant
increase in serum ADIPOQ levels and a decrease in serum
leptin levels in groups treated with LR069 and LB031 on a
high-fat diet (HFD). Additionally, Figure 4F illustrates that
LR069 and LB031 were effective in reducing leptin content in
gonadal tissues. IL-1β was measured in both serum and liver
tissues due to its critical involvement in nonalcoholic fatty liver
disease (NAFLD), a condition prevalent in obesity and type 2
diabetes. IL-1β is known to promote hepatic steatosis by

Figure 2. Effect of LR069 and LB031 on adipose tissue in HFD-fed mice. (A) Representative appearances of perigonadal, mesenteric, and
retroperitoneal tissues. (B) Representative image of H&E-stained perigonadal adipose tissue (200× magnification; length of the scale on the right =
100 μm). (C) Adipose tissue weights. (D) Average adipocyte size. (E) Body fat ratio (%) is calculated as the total weight of adipose tissues/body
weight ×100. (F) Percentage of the adipocyte size distribution of perigonadal adipose tissue. Data are expressed as the means ± SEM. Values with
different letters (a−c) differ significantly (p < 0.05) among the compared groups.
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enhancing lipogenic pathways, particularly through the
upregulation of fatty acid synthase, essential for triglyceride
synthesis in the liver.42,43 Correspondingly, cytokine analysis
indicated a reduction in IL-1β levels in both serum (Figure
4D) and hepatic tissues (Figure 4E) in the LR069 and LB031
treatment groups. Furthermore, IL-6 and TNF-α were
quantified in adipose tissue, reflecting their secretion by
adipocytes and their correlation with body fat mass and
distribution. These cytokines are integral to inflammatory
responses and are implicated in metabolic dysfunctions, such
as insulin resistance.44 The administration of LR069 and
LB031 was shown to reduce levels of TNF-α and IL-6 in
gonadal tissues (Figure 4G,H), with TNF-α specifically
measured in serum due to its significant role in systemic
inflammation linked to insulin resistance and adipose tissue
dysfunction in obesity.45 Results confirmed that probiotic
treatment effectively reduced serum TNF-α expression (Figure
4C). Remarkably, there was also an elevation in the anti-
inflammatory cytokine IL-10 in the gonadal tissues of the
LR069 and LB031 groups (Figure 4I), underscoring a
comprehensive modulation of inflammation. This finding
highlights the potential therapeutic benefits of these
Lactobacillus strains in mitigating metabolic inflammation,

further supported by their impact on adipokines and cytokines
across various tissues.
In addition to cytokine profiles, our study focused on

macrophage polarization within perigonadal adipose tissue,
using iNOS and CD163 as markers for M1 and M2
macrophages, respectively. iNOS and CD163 are commonly
used markers for delineating mouse M1/M2 macrophage
polarization. Investigating the expression of iNOS (M1) and
CD163 (M2) within perigonadal adipose tissue, particularly
through the application of immunofluorescent staining
techniques, enables a nuanced understanding of M1/M2
adipose tissue macrophages (ATMs).46,47 The selection of
iNOS as an M1 marker is based on its established role as a pro-
inflammatory enzyme, predominantly expressed in classically
activated M1 macrophages, and its involvement in the
pathogenesis of inflammation and fibrosis.48−50 The expression
of iNOS is indicative of a pro-inflammatory state and has been
implicated in the metabolic disturbances associated with
obesity.51 Conversely, CD163 was selected as the M2 marker
due to its association with the anti-inflammatory activities of
alternatively activated M2 macrophages. As illustrated in
Figure 5A−D, immunofluorescent staining indicates that,
relative to the HFD group, the LR069 and LB031 groups
exhibit a notable reduction in iNOS production and an

Figure 3. Effect of LR069 and LB031 on lipid metabolism-related proteins in the perigonadal adipose tissue in HFD-fed mice. (A) Representative
Western blot images of ATGL, p-HSL, HSL, and their quantification, using GAPDH as internal control. (B) Representative Western blot images of
p-ACC, ACC, p-AMPK, AMPK, and their quantification, using GAPDH as internal control. (C) Relative Western blot images of FASN and its
quantification, using GAPDH as internal control. The protein bands were quantified using ImageJ software. Data are expressed as the means ±
SEM. Values with different letters (a−c) differ significantly (p < 0.05) among the compared groups.
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increased expression of CD163, with LB031 displaying the
most pronounced effect on CD163. Calculating the M2/M1
ratio further reveals a statistically significant difference between
the sample and the induction group, as depicted in Figure 5E,
with LB031 exhibiting the most conspicuous impact.

3.6. Effect of LR069 and LB031 Changed the Gut
Microbiota Composition in HFD-Fed Mice. Many studies
have pointed out that the presence of microbial communities
in the intestine may affect the energy intake from the diet,
thereby affecting the degree of obesity of the host.52 Therefore,
this experiment further explores the impact of obesity on the
intestinal bacterial phase, showing that LR069 and LB031
affect the intestinal flora.
The computations of Good’s coverage index, Shannon index,

and Simpson’s index did not show significantly different
bacterial community richness and diversity between the HFD
group and other studied groups (Figure S1A−C). However,
according to the results in Figure S1D,E, the Venn diagram
and UpSet plot can present the number of common or unique
OTUs between each group. Hence, it can be deduced that
HFD associated with LR069 or LB031 supplements will
produce changes in gut bacteria. To study the similarities
between different samples, a cluster tree can also be
constructed by cluster analysis on the samples. In environ-
mental biology, UPGMA (unweighted paired-group method
using arithmetic means) is a commonly used cluster analysis
method.53 According to Figure S1F, the HFD group is
significantly different from the other three groups, and the
bacterial flora after administration of LR069 and LB031 is

similar to that of the ND group. Therefore, the administration
of LR069 or LB031 to HFD-fed mice has a significant impact
on the composition of intestinal bacterial flora and can regulate
the imbalance of intestinal bacteria induced by HFD.

3.7. Effect of LR069 and LB031 on the Gut Microbiota
of Mice with High-Fat-Diet-Induced Obesity. Weighted
UniFrac values indicate dissimilarity in β-diversity, considering
the relative abundance of microbial taxa across samples. Higher
values suggest increased dissimilarity in overall microbial
composition.54 As depicted in Figure 6A, the weighted UniFrac
values distinctly illustrate differences in β-diversity. LR069
exhibits notably higher weighted UniFrac values, underscoring
its unique impact on the dissimilarity of microbial
communities.
By employing PCA analysis, variations in gut microbiota

among samples in animal experiments can be elucidated. The
resultant two-dimensional coordinate plot visually illustrates
differences in microbiota composition.55 Shorter distances in
the plot indicate a higher degree of similarity in gut microbiota
composition among the samples in the animal study.
According to the principal coordinates analysis (PCoA) results
in Figure 6B, mice subjected to HFD exhibited a distinct
distribution compared to those in the ND group, and different
distributions were also observed after the administration of
LR069 and LB031.
When conducting PCA analysis using a covariance matrix,

the dominant variables influencing the data are evaluated, and
the five species with the most significant contributions (ASV)
are depicted in PCA plots at the family level. In Figure 6C, the

Figure 4. Effect of LR069 and LB031 on cytokines in HFD-fed mice. (A) Serum adiponectin concentration. (B) Serum leptin concentration. (C)
Serum TNF alpha concentration. (D) Serum IL-1 beta concentration. (E) Hepatic IL-1 beta. (F) Gonadal leptin. (G) Gonadal TNF-alpha. (H)
Gonadal IL-6. (I) Gonadal IL-10. Data are expressed as the means ± SEM. Values with different letters (a−c) differ significantly (p < 0.05) among
the compared groups.
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prominent bacterial species contributing the most are
Muribaculaceae, Bacteroidaceae, Ruminococcaceae, Lactobacilla-
ceae, and Lachnospiraceae. Notably, Muribaculaceae exhibits a
strong association with the ND and LR069 groups, while
Bacteroidaceae and Ruminococcaceae are linked to the LB031
group, and Lactobacillaceae shows a high correlation with the
HFD group. Constrained ordination, a technique merging
correspondence analysis and multiple regression, includes
environmental factors in each step.56 Also termed multivariate
direct gradient analysis, it investigates the relationship between
species and environmental factors, pinpointing significant
drivers influencing sample distribution. Redundancy analysis
(RDA) is a widely used method within this context.57 In Figure
6D, the impact of environmental factors on bacterial species is
depicted by arrow lengths, while arrow angles represent
correlations between factors. Acute angles indicate positive
correlations, whereas obtuse angles signify negative correla-
tions. Species, portrayed as gray dots, encompass those
exhibiting negative correlations with environmental factors
such as body weight, liver weight, ALT, total cholesterol in
serum, and gonad weight. Notably, Lachnospiraceae_N-

K4A136_group, Akkermansia, Alistipes, Parabacteroides, and
Bacteroides emerge among the top 10 contributors. The
differences in intestinal bacterial composition among groups
were analyzed at the bacterial family and genus levels, as
depicted in Figure 6E. At the bacterial family hierarchy, the
HFD group exhibited an increase in Lactobacillaceae, while the
other groups demonstrated an elevation in Tannerellaceae and
Bacteroidaceae. Following the administration of LR069 and
LB031, there was an augmentation in Akkermansiaceae.
Additionally, at the genus level, the LR069 and LB031 groups
showed increased abundance of [Eubacterium]_coprostanolige-
nes_group, Alistipes, Parabacteroides, Akkermansiaceae, and
Bacteroides. Administration of LR069 or LB031 effected several
changes in abundance.

3.8. Effects of LR069 and LB031 on Gut Microbiome
Functionality and SCFA Production in Mice with High-
Fat-Diet-Induced Obesity. Many previous studies have
pointed out that a high-fat diet will increase the ratio (F/B
ratio) of the two major bacterial phyla Firmicutes and
Bacteroidetes in the intestine, leading to bacterial imbal-
ance.58,59 The HFD group exhibited the highest F/B ratio

Figure 5. LR069 and LB031 regulate M1/M2 adipose tissue macrophages (ATMs) in perigonadal adipose tissue. (A) Immunofluorescence staining
of β-actin (red), M1 marker iNOS (green), and nuclei (DAPI, blue) (200× magnification; length of the scale on the right = 100 μm). (C)
Immunofluorescence staining of nuclei (blue), β-actin (red), and M2 marker CD163 (green) (200× magnification; length of the scale on the right
= 100 μm). (B, D) Quantification of iNOS and CD163. (E) M2 (CD163)/M1 (iNOS) ratio. The immunofluorescence staining was quantified
using ImageJ software. Data are expressed as the means ± SEM. Values with different letters (a−d) differ significantly (p < 0.05) among the
compared groups.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02514
ACS Omega 2024, 9, 28520−28533

28527

https://pubs.acs.org/doi/10.1021/acsomega.4c02514?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02514?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02514?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02514?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


among the groups, as demonstrated in Figure 7A. Conversely,
treatment with LR069 and LB031 probiotics resulted in an
increased number of Bacteroidetes, thus lowering the F/B ratio,
as shown in Figure 7B. This adjustment suggests a restoration
toward a more balanced and healthier gut microbiota. At the
genus level, we observed an increased abundance of
Candidatus_Stoquef ichus, Parabacteroides, and [Eubacterium]

_coprostanoligenes_group in the LR069 and LB031 treated
groups (Figures 7C-7E), indicative of the probiotics’ impact on
promoting beneficial microbial communities. Notably, the
LR031 group displayed a significant rise in the abundance of
Alistipes (Figure 7F), a genus associated with positive gut
health outcomes.

Figure 6. Effect of LR069 and LB031, changing the gut microbiota composition in HFD-fed mice. (A) Weighted UniFrac values show the
difference in β-diversity. (B) PCoA. (C) PCA plots at family level. (D) RDA analysis. The chart of the correlation between environmental factors
and genus level bacterial species between groups. (E) Family and genus classification. n = 3 for each analysis, LR = LR069, LB= LB031.
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The influence of the gut microbiota extends beyond
composition to functional metabolic activities, particularly
the production of short-chain fatty acids (SCFAs). These
crucial metabolites, generated through the bacterial fermenta-
tion of nondigestible carbohydrates in the colonic lumen, serve
as a primary energy source for colonocytes and play a vital role
in host metabolism.60 Our analysis using gas chromatogra-
phy−mass spectrometry (GC-MS) revealed that while most
SCFA levels remained stable in the HFD group, LR069
administration led to a significant increase in fecal acetic acid
concentrations (Figure 7G). Additionally, trends toward
increased butyric and valeric acid levels were observed,
underscoring the probiotics’ role in enhancing beneficial
metabolic functions.
In summary, the alterations in the gut microbiota

composition and functionality induced by LR069 and LB031,
particularly the reduction in the F/B ratio and the increase in
beneficial SCFA production, reflect the potential of these
probiotics to counteract the negative effects of a high-fat diet
on the gut ecosystem. These changes signify a move toward a
healthier gut environment, with implications for improving
overall host metabolic health.

4. DISCUSSION
Recent research has increasingly recognized the role of
probiotics in addressing metabolic disorders, inflammation,
and obesity-related weight gain, as evidenced in both animal
and human studies.61,62 Our findings with Lactobacillus

rhamnosus SG069 (LR069) and Lactobacillus brevis SG031
(LB031) complement this body of knowledge, showing
significant metabolic improvements in mice on a high-fat
diet (HFD). Similar to the study on Lactobacillus rhamnosus
GG, which highlighted the strain’s ability to prevent diet-
induced insulin resistance,63 LR069 and LB031 demonstrated
substantial reductions in body weight, adipose tissue mass, and
liver weight, showcasing their potential in countering obesity’s
adverse effects.
The histological examination in our study aligns with

findings from Lactobacillus rhamnosus BST-L.601 research,
where reduced adipogenesis and lipogenesis were observed.64

Our detailed investigation into the metabolic pathways
revealed that LR069 enhanced lipolysis, evidenced by
increased ATGL expression and HSL phosphorylation, while
LB031 promoted fatty acid oxidation, as indicated by AMPK
phosphorylation, paralleling the metabolic improvements seen
with Lactobacillus brevis strain NJ42 in reducing weight gain
and improving glucose tolerance.65

Moreover, our study’s observations of improved lipid
metabolism and reduced inflammatory markers, such as
increased ADIPOQ levels and decreased TNF-alpha, leptin,
and IL-1 beta, underscore the therapeutic potential of the
probiotic strains LR069 and LB031. Our findings align with
existing literature on the benefits of probiotics in reducing
inflammation and modulating gut microbiota, similar to
interventions using Lactobacillus rhamnosus LS-8 and Lactoba-
cillus crustaceans MN047.66 However, our specific focus on the

Figure 7. Comparison of gut microbiota and fecal SCFA levels among all experimental groups in HFD-fed mice. (A) Firmicutes/Bacteroidetes ratio.
Genus changes in gut microbiota: (B) Bacteroides. (C) Candidatus_Stoquefichus. (D) Parabacteroides. (E) [Eubacterium]_coprostanoigenes. (F)
Alistipes. (G) Acetic acid. (H) Propionic acid. (I) Butyric acid. (J) Isobutyric acid. (K) Isovaleric acid. (L) Valeric acid. Data are expressed as the
means ± SEM. Values with different letters (a−c) differ significantly (p < 0.05) among the compared groups.
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M2 macrophage phenotype and IL10 in adipocytes highlights
key and often underexplored mechanisms by which these
probiotics exert their effects, highlighting their role in
promoting an anti-inflammatory state within adipose tissue.
Our research not only corroborates the documented benefits of
Lactobacillus strains in metabolic health but also significantly
advances this knowledge by elucidating the specific contribu-
tions of LR069 and LB031. Through the investigation, we’ve
detailed how these strains impact lipid metabolism regulation
and immune response modulation, providing a comprehensive
view of their roles in metabolic health. The study’s detailed
mechanistic insights enhance our understanding of probiotics’
potential, positioning LR069 and LB031 as promising agents
for therapeutic interventions against obesity and related
metabolic disorders. Further, our exploration of gut microbiota
composition revealed significant alterations induced by these
strains, underscoring their ability to modulate the microbiome
and improve metabolic health, resonate with the outcomes
from heat-killed Lactobacillus brevis KB290, showing reduced
visceral fat accumulation and modulated gut microbiota in
mice.67

Notable examples include the administration of Bifidobacte-
rium pseudocatenulatum CECT 7765, which exhibited signifi-
cant anti-inflammatory properties in obese mice subjected to a
high-fat diet.68 The probiotic formulation VSL#3, comprising
Lactobacillus and Bifidobacteria strains, showed therapeutic
potential for enhancing insulin sensitivity and suppressing
body weight gain in both mouse models and human trials.69,70

The F/B ratio has been proposed as a potential biomarker for
obesity, suggesting that a higher abundance of the Bacter-
oidetes phylum may contribute to preventing weight gain.71

Studies have identified microbial biomarkers associated with
health, including the family Eubacterium_coprostanoligenes,
Tannerellaceae, and genera such as Lachnospiraceae NK4A136
group, Parabacteroides, and Akkermansia.72 Genera like
Bacteroides, Akkermansia, and Alistipes are abundant in
nonobese populations and inversely associated with obesity
and type 2 diabetes.61,73 In studies of chronic jet lag,
Candidatus _Stoquefichus was found in greater abundance in
healthy mice. The presence of Candidatus_Stoquefichus has
been mentioned in healthy subjects compared to patients with
Parkinson’s disease but has not been widely discussed in recent
studies.74,75 The increase in the abundance of specific taxa,
such as Candidatus_Stoquefichus, [Eubacterium]_coprostanolige-
nes_group, Parabacteroides, and Alistipes, underlines the
potential of LR069 and LB031 in reshaping the gut
microbiome to favor metabolic health. Literature related to
gut microbiota indicates that L. plantarum Dad-13 altered gut
microbiota composition, resulting in reduced body weight and
BMI in a double-blind, placebo-controlled trial.62 LR069
supplementation resulted in a significant increase in acetate
levels in mouse feces, indicating a potential role in regulating
microbial fermentation processes to favor the production of
beneficial short-chain fatty acids. This aligns with existing
literature emphasizing the positive metabolic effects of
increased acetate production in the gut. However, no
significant changes in acetate levels were observed in the
LB031 group, possibly due to variability or the specific effects
of Lactobacillus brevis. In conclusion, LR069 and LB031
demonstrated robust antiobesity effects through multiple
mechanisms, including modulation of lipid metabolism, anti-
inflammatory responses, and alterations in gut microbiota
composition. These findings contribute to a deeper under-

standing of the intricate interactions between probiotics, the
gut microbiome, and host metabolism. Further investigations,
particularly with a focus on long-term effects and signaling
pathways, are warranted to fully elucidate the therapeutic
potential of LR069 and LB031 in addressing obesity and
related metabolic disorders.

5. CONCLUSION
In conclusion, our investigation into the strain-specific effects
of Lactobacillus rhamnosus SG069 (LR069) and Lactobacillus
brevis SG031 (LB031) in HFD-fed mice revealed distinct and
significant impacts on metabolic parameters. LR069 demon-
strated remarkable efficacy in combating obesity, as evidenced
by substantial weight loss and enhanced adipose tissue
lipolysis. The concurrent increase in Akkermansia and acetic
acid suggests potential contributors to LR069’s antiobesity
effects, possibly through modulation of gut microbiota
composition and overall metabolism. Conversely, LB031
exhibited pronounced anti-inflammatory properties, marked
by reductions in pro-inflammatory markers and an increase in
the anti-inflammatory adiponectin. Although LB031 did not
affect body weight significantly, it displayed potential in
modulating lipid metabolic pathways, as evidenced by altered
phosphorylation of key proteins. The highest M2/M1 ratio
observed in adipose tissue further supports LB031’s anti-
inflammatory role. These findings underscore the strain-
specific nature of probiotic interventions, emphasizing the
unique contributions of LR069 and LB031 to metabolic
regulation in the context of a high-fat diet. The study highlights
the potential therapeutic applications of these specific probiotic
strains and suggests avenues for further research to elucidate
the underlying mechanisms. These insights contribute to the
development of targeted probiotic strategies for improving
metabolic health in the context of obesity.
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SCFA,, short-chain fatty acid; GC-MS,, gas chromatography−-
mass spectrometry; TC,, total cholesterol; TG,, triacylglycerol;
TNF-α,, tumor necrosis factor-α; WAT,, white adipose tissue
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M.; Lurbe, E.; et al. Obesity and cardiometabolic risk factors: From
childhood to adulthood. Nutrients 2021, 13 (11), 4176.
(3) Tiwari, A.; Balasundaram, P.; Public Health Considerations

Regarding Obesity; StatPearls Publishing: Treasure Island, FL, 2023.
(4) Sahu, B.; Tikoo, O.; Pati, B.; Senapati, U.; Bal, N. C. Role of
distinct fat depots in metabolic regulation and pathological
implications. Rev. Physiol. Biochem. Pharmacol. 2022, 186, 135176. .
(5) Palhinha, L.; Liechocki, S.; Hottz, E. D.; Pereira, J. A. D. S.; de
Almeida, C. J.; Moraes-Vieira, P. M. M.; Bozza, P. T.; Maya-Monteiro,
C. M. Leptin induces proadipogenic and proinflammatory signaling in
adipocytes. Front. Endocrinol. 2019, 10, 841.
(6) Otero, M.; Lago, R.; Gomez, R.; Dieguez, C.; Lago, F.; Gomez-
Reino, J.; Gualillo, O. Towards a pro-inflammatory and immunomo-
dulatory emerging role of leptin. Rheumatology 2006, 45 (8), 944−
950.
(7) Singh, M.; Benencia, F. Inflammatory processes in obesity: focus
on endothelial dysfunction and the role of adipokines as inflammatory
mediators: We reviewed obesity-induced metabolic and immuno-
logical changes at the level of vasculature and emphasize on the
importance of adipokines. Int. Rev. Immunol. 2019, 38 (4), 157−171.
(8) Richard, A. J.; White, U.; Elks, C. M.; Stephens, J. M.; Adipose

tissue: Physiology to metabolic dysfunction, MDText. com, Inc., 2020.
(9) Chylikova, J.; Dvorackova, J.; Tauber, Z.; Kamarad, V. M1/M2
macrophage polarization in human obese adipose tissue. Biomed Pap
Med Fac Univ Palacky Olomouc Czech Repub 2018, 162 (2), 79−82.
(10) Sun, L.; Wang, X.; Saredy, J.; Yuan, Z.; Yang, X.; Wang, H.
Innate-adaptive immunity interplay and redox regulation in immune
response. Redox Biol. 2020, 37, 101759.
(11) Grosso, G.; Laudisio, D.; Frias-Toral, E.; Barrea, L.;
Muscogiuri, G.; Savastano, S.; Colao, A. Anti-inflammatory nutrients
and obesity-associated metabolic-inflammation: state of the art and
future direction. Nutrients 2022, 14 (6), 1137.
(12) Rakhra, V.; Galappaththy, S. L.; Bulchandani, S.;
Cabandugama, P. K. Obesity and the western diet: How we got
here. Mo. Med. 2020, 117 (6), 536.
(13) Conlon, M. A.; Bird, A. R. The impact of diet and lifestyle on
gut microbiota and human health. Nutrients 2015, 7 (1), 17−44.
(14) Clarke, S. F.; Murphy, E. F.; Nilaweera, K.; Ross, P. R.;
Shanahan, F.; O’Toole, P. W.; Cotter, P. D. The gut microbiota and
its relationship to diet and obesity: New insights. Gut Microbes 2012,
3 (3), 186−202.
(15) Hills, R. D.; Pontefract, B. A.; Mishcon, H. R.; Black, C. A.;
Sutton, S. C.; Theberge, C. R. Gut microbiome: Profound
implications for diet and disease. Nutrients 2019, 11 (7), 1613.
(16) Fruh, S. M. Obesity: Risk factors, complications, and strategies
for sustainable long-term weight management. J. Am. Assoc. Nurse
Pract. 2017, 29 (S1), S3−S14.
(17) Amara, A.; Shibl, A. Role of Probiotics in health improvement,
infection control and disease treatment and management. Saudi
Pharm. J. 2015, 23 (2), 107−114.
(18) Shi, S.; Zhang, Q.; Sang, Y.; Ge, S.; Wang, Q.; Wang, R.; He, J.
Probiotic Bifidobacterium longum BB68S Improves Cognitive
Functions in Healthy Older Adults: A Randomized, Double-Blind,
Placebo-Controlled Trial. Nutrients 2023, 15 (1), 51.
(19) Song, W.; Song, C.; Li, L.; Wang, T.; Hu, J.; Zhu, L.; Yue, T.
Lactobacillus alleviated obesity induced by high-fat diet in mice. J.
Food Sci. 2021, 86 (12), 5439−5451.
(20) Lee, J.; Jang, J. Y.; Kwon, M. S.; Lim, S. K.; Kim, N.; Lee, J.;
Park, H. K.; Yun, M.; Shin, M. Y.; Jo, H. E.; et al. Mixture of two
Lactobacillus plantarum strains modulates the gut microbiota
structure and regulatory T cell response in diet-induced obese mice.
Mol. Nutr. Food Res. 2018, 62 (24), 1800329.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02514
ACS Omega 2024, 9, 28520−28533

28531

https://orcid.org/0000-0001-7683-873X
https://orcid.org/0000-0001-7683-873X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Sheng+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3606-8256
https://orcid.org/0000-0002-3606-8256
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Jen+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ai-Lun+Tseng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiau-Ling+Gung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Shan+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02514?ref=pdf
https://doi.org/10.1371/journal.pcbi.1000324
https://doi.org/10.1371/journal.pcbi.1000324
https://doi.org/10.3390/nu13114176
https://doi.org/10.3390/nu13114176
https://doi.org/10.1007/112_2022_73
https://doi.org/10.1007/112_2022_73
https://doi.org/10.1007/112_2022_73
https://doi.org/10.3389/fendo.2019.00841
https://doi.org/10.3389/fendo.2019.00841
https://doi.org/10.1093/rheumatology/kel157
https://doi.org/10.1093/rheumatology/kel157
https://doi.org/10.1080/08830185.2019.1638921
https://doi.org/10.1080/08830185.2019.1638921
https://doi.org/10.1080/08830185.2019.1638921
https://doi.org/10.1080/08830185.2019.1638921
https://doi.org/10.1080/08830185.2019.1638921
https://doi.org/10.5507/bp.2018.015
https://doi.org/10.5507/bp.2018.015
https://doi.org/10.1016/j.redox.2020.101759
https://doi.org/10.1016/j.redox.2020.101759
https://doi.org/10.3390/nu14061137
https://doi.org/10.3390/nu14061137
https://doi.org/10.3390/nu14061137
https://doi.org/10.3390/nu7010017
https://doi.org/10.3390/nu7010017
https://doi.org/10.4161/gmic.20168
https://doi.org/10.4161/gmic.20168
https://doi.org/10.3390/nu11071613
https://doi.org/10.3390/nu11071613
https://doi.org/10.1002/2327-6924.12510
https://doi.org/10.1002/2327-6924.12510
https://doi.org/10.1016/j.jsps.2013.07.001
https://doi.org/10.1016/j.jsps.2013.07.001
https://doi.org/10.3390/nu15010051
https://doi.org/10.3390/nu15010051
https://doi.org/10.3390/nu15010051
https://doi.org/10.1111/1750-3841.15971
https://doi.org/10.1002/mnfr.201800329
https://doi.org/10.1002/mnfr.201800329
https://doi.org/10.1002/mnfr.201800329
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(21) Choi, W. J.; Dong, H. J.; Jeong, H. U.; Ryu, D. W.; Song, S. M.;
Kim, Y. R.; Jung, H. H.; Kim, T. H.; Kim, Y.-H. Lactobacillus
plantarum LMT1−48 exerts anti-obesity effect in high-fat diet-
induced obese mice by regulating expression of lipogenic genes. Sci.
Rep. 2020, 10 (1), 869.
(22) Chen, Y. T.; Chiou, S. Y.; Hsu, A. H.; Lin, Y. C.; Lin, J. S.
Lactobacillus rhamnosus strain LRH05 intervention ameliorated body
weight gain and adipose inflammation via modulating the gut
microbiota in high-fat diet-induced obese mice. Mol. Nutr. Food Res.
2022, 66 (1), 2100348.
(23) Hsu, A.; Aronoff, D.; Phipps, J.; Goel, D.; Mancuso, P. Leptin
improves pulmonary bacterial clearance and survival in ob/ob mice
during pneumococcal pneumonia. Clin. Exp. Immunol. 2007, 150 (2),
332−339.
(24) Jensen, E. C. Quantitative analysis of histological staining and
fluorescence using ImageJ. Anat. Rec. 2013, 296 (3), 378−381.
(25) García-Villalba, R.; Giménez-Bastida, J. A.; García-Conesa, M.
T.; Tomás-Barberán, F. A.; Carlos Espin, J.; Larrosa, M. Alternative
method for gas chromatography-mass spectrometry analysis of short-
chain fatty acids in faecal samples. J. Sep. Sci. 2012, 35 (15), 1906−
1913.
(26) Koh, Y. C.; Lin, S. J.; Hsu, K. Y.; Nagabhushanam, K.; Ho, C.
T.; Pan, M. H. Pterostilbene Enhances Thermogenesis and
Mitochondrial Biogenesis by Activating the SIRT1/PGC-1α/SIRT3
Pathway to Prevent Western Diet-Induced Obesity. Mol. Nutr. Food
Res. 2023, 67 (18), 2300370.
(27) Caporaso, J. G.; Lauber, C. L.; Walters, W. A.; Berg-Lyons, D.;
Lozupone, C. A.; Turnbaugh, P. J.; Fierer, N.; Knight, R. Global
patterns of 16S rRNA diversity at a depth of millions of sequences per
sample. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 4516−4522.
(28) Tung, Y.-C.; Shih, Y.-A.; Nagabhushanam, K.; Ho, C.-T.;
Cheng, A.-C.; Pan, M.-H. Coleus forskohlii and Garcinia indica
extracts attenuated lipid accumulation by regulating energy metabo-
lism and modulating gut microbiota in obese mice. Food Res. Int.
2021, 142, 110143.
(29) Lee, P. S.; Teng, C. Y.; Hsieh, K. F.; Chiou, Y. S.; Wu, J. C.; Lu,
T. J.; Pan, M. H. Adzuki bean water extract attenuates obesity by
modulating M2/M1 macrophage polarization and gut microbiota
composition. Mol. Nutr. Food Res. 2019, 63 (23), 1900626.
(30) Allali, I.; Arnold, J. W.; Roach, J.; Cadenas, M. B.; Butz, N.;
Hassan, H. M.; Koci, M.; Ballou, A.; Mendoza, M.; Ali, R.; et al. A
comparison of sequencing platforms and bioinformatics pipelines for
compositional analysis of the gut microbiome. BMC Microbiol. 2017,
17 (1), 1−16.
(31) DeSantis, T. Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie,
E. L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G. L.
Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72
(7), 5069−5072.
(32) Bokulich, N. A.; Kaehler, B. D.; Rideout, J. R.; Dillon, M.;
Bolyen, E.; Knight, R.; Huttley, G. A.; Gregory Caporaso, J.
Optimizing taxonomic classification of marker-gene amplicon
sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome
2018, 6 (1), 90.
(33) Alloubani, A.; Nimer, R.; Samara, R. Relationship between
hyperlipidemia, cardiovascular disease and stroke: a systematic review.
Curr. Cardiol. Rev. 2021, 17 (6), No. e051121189015.
(34) Ito, M.; Suzuki, J.; Tsujioka, S.; Sasaki, M.; Gomori, A.;
Shirakura, T.; Hirose, H.; Ito, M.; Ishihara, A.; Iwaasa, H.; et al.
Longitudinal analysis of murine steatohepatitis model induced by
chronic exposure to high-fat diet. Hepatol. Res. 2007, 37 (1), 50−57.
(35) Sahini, N.; Borlak, J. Recent insights into the molecular
pathophysiology of lipid droplet formation in hepatocytes. Prog. Lipid
Res. 2014, 54, 86−112.
(36) Morak, M.; Schmidinger, H.; Riesenhuber, G.; Rechberger, G.
N.; Kollroser, M.; Haemmerle, G.; Zechner, R.; Kronenberg, F.;
Hermetter, A. Adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL) deficiencies affect expression of lipolytic

activities in mouse adipose tissues. Mol. Cell. Proteomics 2012, 11
(12), 1777−1789.
(37) Saponaro, C.; Gaggini, M.; Carli, F.; Gastaldelli, A. The subtle
balance between lipolysis and lipogenesis: a critical point in metabolic
homeostasis. Nutrients 2015, 7 (11), 9453−9474.
(38) Tamura, S.; Shimomura, I. Contribution of adipose tissue and
de novo lipogenesis to nonalcoholic fatty liver disease. J. Clin. Invest.
2005, 115 (5), 1139−1142.
(39) Mount, P.; Davies, M.; Choy, S.-W.; Cook, N.; Power, D.
Obesity-related chronic kidney disease�the role of lipid metabolism.
Metabolites 2015, 5 (4), 720−732.
(40) Ara, I.; Auerbach, P.; Larsen, S.; Mata, E.; Stallknecht, B.;
Ploug, T.; Prats, C.; Helge, J. W. Low-grade inflammation is not
present in former obese males but adipose tissue macrophage
infiltration persists. Biomedicines 2020, 8 (5), 123.
(41) Scotece, M.; Conde, J.; Lopez, V.; Lago, F.; Pino, J.; Gómez-
Reino, J. J.; Gualillo, O. Adiponectin and leptin: New targets in
inflammation. Basic Clin. Pharmacol. Toxicol. 2014, 114 (1), 97−102.
(42) Negrin, K. A.; Roth Flach, R. J.; DiStefano, M. T.; Matevossian,
A.; Friedline, R. H.; Jung, D.; Kim, J. K.; Czech, M. P. IL-1 signaling
in obesity-induced hepatic lipogenesis and steatosis. PLoS One 2014,
9 (9), No. e107265.
(43) Palomera, L. F.; Gómez-Arauz, A. Y.; Villanueva-Ortega, E.;
Meléndez-Mier, G.; Islas-Andrade, S. A.; Escobedo, G. Serum levels of
interleukin-1 beta associate better with severity of simple steatosis
than liver function tests in morbidly obese patients. J. Res. Med. Sci.
2018, 23 (1), 93.
(44) Popko, K.; Gorska, E.; Stelmaszczyk-Emmel, A.; Plywaczewski,
R.; Stoklosa, A.; Gorecka, D.; Pyrzak, B.; Demkow, U. Proin-
flammatory cytokines Il-6 and TNF-α and the development of
inflammation in obese subjects. Eur. J. Med. Res. 2010, 15, 120.
(45) Sethi, J. K.; Hotamisligil, G. S. Metabolic messengers: tumour
necrosis factor. Nat. Metab. 2021, 3 (10), 1302−1312.
(46) Koh, Y.-C.; Yang, G.; Lai, C.-S.; Weerawatanakorn, M.; Pan,
M.-H. Chemopreventive effects of phytochemicals and medicines on
M1/M2 polarized macrophage role in inflammation-related diseases.
Int. J. Mol. Sci. 2018, 19 (8), 2208.
(47) Jang, J. E.; Ko, M. S.; Yun, J.-Y.; Kim, M.-O.; Kim, J. H.; Park,
H. S.; Kim, A.-R.; Kim, H.-J.; Kim, B. J.; Ahn, Y. E.; et al. Nitric oxide
produced by macrophages inhibits adipocyte differentiation and
promotes profibrogenic responses in preadipocytes to induce adipose
tissue fibrosis. Diabetes 2016, 65 (9), 2516−2528.
(48) Charbonneau, A.; Marette, A. Inducible nitric oxide synthase
induction underlies lipid-induced hepatic insulin resistance in mice:
potential role of tyrosine nitration of insulin signaling proteins.
Diabetes 2010, 59 (4), 861−871.
(49) Perreault, M.; Marette, A. Targeted disruption of inducible
nitric oxide synthase protects against obesity-linked insulin resistance
in muscle. Nat. Med. 2001, 7 (10), 1138−1143.
(50) Aram, G.; Potter, J. J.; Liu, X.; Torbenson, M. S.; Mezey, E.
Lack of inducible nitric oxide synthase leads to increased hepatic
apoptosis and decreased fibrosis in mice after chronic carbon
tetrachloride administration. Hepatology 2008, 47 (6), 2051−2058.
(51) Lumeng, C. N.; Bodzin, J. L.; Saltiel, A. R. Obesity induces a
phenotypic switch in adipose tissue macrophage polarization. J. Clin.
Invest. 2007, 117 (1), 175−184.
(52) Krajmalnik-Brown, R.; Ilhan, Z. E.; Kang, D. W.; DiBaise, J. K.
Effects of gut microbes on nutrient absorption and energy regulation.
Nutr. Clin. Pract. 2012, 27 (2), 201−214.
(53) Li, M.; Wang, X.; Lin, X.; Bian, X.; Jing, R.; Frelinger, A.;
Zhang, A. Comparison and analysis of gut microbiota in children with
IgA vasculitis with different clinical symptoms. Front. Pediatr. 2022, 9,
800677.
(54) Lozupone, C. A.; Hamady, M.; Kelley, S. T.; Knight, R.
Quantitative and qualitative β diversity measures lead to different
insights into factors that structure microbial communities. Appl.
Environ. Microbiol. 2007, 73 (5), 1576−1585.
(55) Avershina, E.; Frisli, T.; Rudi, K. De novo semi-alignment of
16S rRNA gene sequences for deep phylogenetic characterization of

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02514
ACS Omega 2024, 9, 28520−28533

28532

https://doi.org/10.1038/s41598-020-57615-5
https://doi.org/10.1038/s41598-020-57615-5
https://doi.org/10.1038/s41598-020-57615-5
https://doi.org/10.1002/mnfr.202100348
https://doi.org/10.1002/mnfr.202100348
https://doi.org/10.1002/mnfr.202100348
https://doi.org/10.1111/j.1365-2249.2007.03491.x
https://doi.org/10.1111/j.1365-2249.2007.03491.x
https://doi.org/10.1111/j.1365-2249.2007.03491.x
https://doi.org/10.1002/ar.22641
https://doi.org/10.1002/ar.22641
https://doi.org/10.1002/jssc.201101121
https://doi.org/10.1002/jssc.201101121
https://doi.org/10.1002/jssc.201101121
https://doi.org/10.1002/mnfr.202300370
https://doi.org/10.1002/mnfr.202300370
https://doi.org/10.1002/mnfr.202300370
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1016/j.foodres.2021.110143
https://doi.org/10.1016/j.foodres.2021.110143
https://doi.org/10.1016/j.foodres.2021.110143
https://doi.org/10.1002/mnfr.201900626
https://doi.org/10.1002/mnfr.201900626
https://doi.org/10.1002/mnfr.201900626
https://doi.org/10.1186/s12866-017-1101-8
https://doi.org/10.1186/s12866-017-1101-8
https://doi.org/10.1186/s12866-017-1101-8
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.2174/1573403X16999201210200342
https://doi.org/10.2174/1573403X16999201210200342
https://doi.org/10.1111/j.1872-034X.2007.00008.x
https://doi.org/10.1111/j.1872-034X.2007.00008.x
https://doi.org/10.1016/j.plipres.2014.02.002
https://doi.org/10.1016/j.plipres.2014.02.002
https://doi.org/10.1074/mcp.M111.015743
https://doi.org/10.1074/mcp.M111.015743
https://doi.org/10.1074/mcp.M111.015743
https://doi.org/10.3390/nu7115475
https://doi.org/10.3390/nu7115475
https://doi.org/10.3390/nu7115475
https://doi.org/10.1172/JCI24930
https://doi.org/10.1172/JCI24930
https://doi.org/10.3390/metabo5040720
https://doi.org/10.3390/biomedicines8050123
https://doi.org/10.3390/biomedicines8050123
https://doi.org/10.3390/biomedicines8050123
https://doi.org/10.1111/bcpt.12109
https://doi.org/10.1111/bcpt.12109
https://doi.org/10.1371/journal.pone.0107265
https://doi.org/10.1371/journal.pone.0107265
https://doi.org/10.4103/jrms.JRMS_142_18
https://doi.org/10.4103/jrms.JRMS_142_18
https://doi.org/10.4103/jrms.JRMS_142_18
https://doi.org/10.1186/2047-783X-15-S2-120
https://doi.org/10.1186/2047-783X-15-S2-120
https://doi.org/10.1186/2047-783X-15-S2-120
https://doi.org/10.1038/s42255-021-00470-z
https://doi.org/10.1038/s42255-021-00470-z
https://doi.org/10.3390/ijms19082208
https://doi.org/10.3390/ijms19082208
https://doi.org/10.2337/db15-1624
https://doi.org/10.2337/db15-1624
https://doi.org/10.2337/db15-1624
https://doi.org/10.2337/db15-1624
https://doi.org/10.2337/db09-1238
https://doi.org/10.2337/db09-1238
https://doi.org/10.2337/db09-1238
https://doi.org/10.1038/nm1001-1138
https://doi.org/10.1038/nm1001-1138
https://doi.org/10.1038/nm1001-1138
https://doi.org/10.1002/hep.22278
https://doi.org/10.1002/hep.22278
https://doi.org/10.1002/hep.22278
https://doi.org/10.1172/JCI29881
https://doi.org/10.1172/JCI29881
https://doi.org/10.1177/0884533611436116
https://doi.org/10.3389/fped.2021.800677
https://doi.org/10.3389/fped.2021.800677
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1128/AEM.01996-06
https://doi.org/10.1264/jsme2.ME12157
https://doi.org/10.1264/jsme2.ME12157
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


next generation sequencing data. Microbes Environ. 2013, 28 (2),
211−216.
(56) Anderson, M. J.; Willis, T. J. Canonical analysis of principal
coordinates: a useful method of constrained ordination for ecology.
Ecology 2003, 84 (2), 511−525.
(57) Legendre, P.; Anderson, M. J. Distance-based redundancy
analysis: Testing multispecies responses in multifactorial ecological
experiments. Ecol. Monogr. 1999, 69 (1), 1−24.
(58) Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L. V.; Koh, G. Y.;
Nagy, A.; Semenkovich, C. F.; Gordon, J. I. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. U.
S. A. 2004, 101 (44), 15718−15723.
(59) Santos-Marcos, J. A.; Perez-Jimenez, F.; Camargo, A. The role
of diet and intestinal microbiota in the development of metabolic
syndrome. J. Nutr. Biochem. 2019, 70, 1−27.
(60) Guo, W.; Zhang, Z.; Li, L.; Liang, X.; Wu, Y.; Wang, X.; Ma, H.;
Cheng, J.; Zhang, A.; Tang, P.; et al. Gut microbiota induces DNA
methylation via SCFAs predisposing obesity-prone individuals to
diabetes. Pharmacol. Res. 2022, 182, 106355.
(61) Cheng, Z.; Zhang, L.; Yang, L.; Chu, H. The critical role of gut
microbiota in obesity. Front. Endocrinol. 2022, 13, 1025706.
(62) Rahayu, E. S.; Mariyatun, M.; Putri Manurung, N. E.; Hasan, P.
N.; Therdtatha, P.; Mishima, R.; Komalasari, H.; Mahfuzah, N. A.;
Pamungkaningtyas, F. H.; Yoga, W. K.; et al. Effect of probiotic
Lactobacillus plantarum Dad-13 powder consumption on the gut
microbiota and intestinal health of overweight adults. World J.
Gastroenterol. 2021, 27 (1), 107−128.
(63) Arellano-García, L.; Macarulla, M.; Cuevas-Sierra, A.; Martínez,
J. A.; Portillo, M.; Milton-Laskibar, I. Lactobacillus rhamnosus GG
administration partially prevents diet-induced insulin resistance in
rats: a comparison with its heat-inactivated parabiotic. Food Funct.
2023, 14 (19), 8865−8875.
(64) Kang, T.; Ree, J.; Park, J.-W.; Choe, H.; Park, Y. I. Anti-obesity
effects of SPY fermented with lactobacillus rhamnosus BST-L. 601 via
suppression of adipogenesis and lipogenesis in high-fat diet-induced
obese mice. Foods 2023, 12 (11), 2202.
(65) Mohd Hasali, N. H.; Zamri, A. I.; Lani, M. N.; Matthews, V.;
Mubarak, A. Cheese containing probiotic Lactobacillus brevis NJ42
isolated from stingless bee honey reduces weight gain, fat
accumulation, and glucose intolerance in mice. Heliyon
2024.10:e25981 .
(66) Wang, T.; Yan, H.; Lu, Y.; Li, X.; Wang, X.; Shan, Y.; Yi, Y.; Liu,
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