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Lactoferrin alleviates chronic low-grade inflammation
response in obese mice by regulating intestinal flora
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Abstract. Chronic low-grade inflammation defines obesity as a
metabolic disorder. Alterations in the structure of gut flora are
strongly associated with obesity. Lactoferrin (LF) has a biolog-
ical function in regulating intestinal flora. The present study
aimed to investigate the therapeutic and anti-inflammatory
effects of LF in obese mice based on intestinal flora. A total
of 30 C57BL/6 mice were divided into three groups consisting
of 10 mice each. Subsequently, one group was fed a normal
diet (Group K), another group was fed a high-fat diet (Group
M) and the remaining group switched from regular drinking
to drinking 2% LF water (Group Z2) after 2 weeks of high-fat
diet; all mice were fed for 12 weeks. After the experiment,
the mouse blood lipid and lipopolysaccharide levels, levels
of inflammatory factors and intestinal tight junction proteins
were assessed. Mouse stool samples were analyzed using
16S ribosomal RNA sequencing. The results showed that LF
reduced serum total cholesterol, triglycerides and low-density
lipoprotein levels, elevated high-density lipoprotein levels,
suppressed metabolic endotoxemia and attenuated chronic
low-grade inflammatory responses in obese mice. In addi-
tion, LF upregulated zonula occludens-1 and occludin protein
expression levels in the intestine, thereby improving intestinal
barrier integrity. LF altered the intestinal microbial structure
of obese mice, reduced the ratio of Firmicutes and an elevated
ratio of Bacteroidota, modifying the bacterial population to
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the increased relative abundance of Alistipes, Acidobacteriota,
Psychrobacter and Bryobacter.

Introduction

Obesity has become a marked global public health issue that
remains challenging to overcome (1,2). The number of indi-
viduals who are overweight or obese is notably increasing,
particularly in China, due to the rapid progress in socioeco-
nomic development. According to recent studies (3), it has
been revealed that >50% of the adult population in China is
suffering from obesity or being overweight due to changes in
the dietary structure of the Chinese society and the decline in
the amount of physical labor hours (4), in addition to genetic,
psychosocial and other factors (5).

Obesity is a persistent, asymptomatic inflammatory state
characterized by elevated levels of inflammatory markers
within the body (6). The uncontrolled growth of the adipose
tissue of the body severely affects blood supply; hypoxia
resulting from insufficient blood supply can stress and destroy
adipocytes, further recruiting macrophages to phagocytose the
dead adipocytes (7). The liberation of unbound fatty acids from
adipocytes triggers the activation of proinflammatory genes,
and the excessive production of inflammatory substances such
as interleukin (IL)-6, tumour necrosis factor oo (TNF-o) and
IL-1p induces a condition of persistent, mild inflammation
in the body (8,9). Adipose tissue is an endocrine organ that
regulates energy balance in the body, and persistent chronic
inflammation interferes with this activity, leading to metabolic
disorders in the body (10). Researchers have recently discov-
ered a connection between obesity-induced chronic low-grade
inflammation and various cancerous conditions, indicating
that the risks of obesity extends beyond this (11,12).

Current research suggests that dysregulation of the
microbiota-host balance may be responsible for obesity (13).
Hundreds of millions of bacteria reside in the human gut,
microorganisms that colonize the human gut shortly after birth
and work in coordination with the immune system to counter
the effects of changes in the external environment (14). It has
been demonstrated that alterations in the intestinal flora and
their metabolites trigger multiple inflammatory pathways, and
that dysregulation of bile acid metabolism, as well as endotox-
emia of intestinal origin, promotes metabolic dysfunction in
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the body, leading to insulin resistance (15,16). The structure of
the gut flora can be influenced by diet, which is considered a
notable environmental factor. Diets that are high in saturated
fatty acids have the potential to disrupt the structure of the gut
flora and affect the barrier protection of the gut (17). In recent
years, researchers have been working to find solutions to obesity
by targeting the gut flora to improve metabolic disorders (18).

Lactoferrin (LF) is a multifunctional transferrin glyco-
protein that is widely distributed in the exocrine fluids of the
human body (19). Due to its strong iron chelating ability, LF
can compete with harmful intestinal bacteria to grab iron ions
thus achieving an antibacterial effect; it has also been shown
to have antiviral, anticancer and anti-inflammatory effects
and a function in regulating of the immune system (20,21). A
previous study demonstrated that LF improves lipid metabolic
disorders in obese mice in conjunction with a high-fat diet (22).
In the present experiment, the action of LF was delayed and
the detection of blood inflammatory factors and the expression
of intestinal tight junction proteins was increased.

Materials and methods

Materials and animals. LF was acquired from The Tatua
Co-operative Dairy Company Ltd. The purity of LF was
95% with an iron saturation of 15%. The high-fat diet (energy
ratio: Protein 18.14%, fat 60.65%, carbohydrate 21.22%)
and normal diet (protein 27.5%, fat 11.1%, carbohydrate
67.4%) was obtained from Jiangsu Xietong Pharmaceutical
Bio-engineering Co., Ltd.

A total of 30 male 3-week-old C57BL/6 mice (average weight
1741 g) were obtained from SPF (Beijing) Biotechnology Co.,
Ltd. All mice were housed at a temperature of 25+1°C and 60+5%
humidity with 12 h light/dark cycle, and unrestricted availability
to food and water. Food and water were changed daily, while
animal health and behavior are monitored once a day. All proce-
dures were carried out following strict ethical guidelines, and
every effort was made to minimize animal suffering.

Euthanasia. The experimental animals exhibiting refusal to
consume food or water, lack of physical activity, rapid weight
loss within a short timeframe or any signs indicating infection
will be subjected to euthanasia. However, no such instances
were observed in this experiment.

Experimental design. After the C57BL/6J mice were acclima-
tized and fed a regular diet for 1 week, 10 mice were chosen
for the control group (Group K) and continued to be fed a
regular diet for 12 weeks. The remaining mice were randomly
divided into two groups of 10 mice each; the model group
drank purified water and was fed a high-fat diet (Group M),
while for the other group, purified water was replaced with
2% LF (23) water after 2 weeks (Group Z2). A brief 2-week
high-fat dietary intervention before LF consumption can cause
a hepato-intestinal inflammatory state and alterations in bacte-
rial populations in the host (24). The rest of the conditions for
Group Z2 were the same as for Group M, and mice were fed
until the end of week 12.

During the animal experiments, body weight changes were
recorded weekly. At the end of the animal experiment, the
experimental animals were subjected to cervical dislocation

under anesthesia. Mice were anesthetized with 40 mg/kg
pentobarbital sodium solution by intraperitoneal injection.
The death of the experimental animal was confirmed by the
cessation of breathing, disappearance of reflexes and dilation
of pupils. After the animal experiments were completed, the
mouse lipid levels, circulating lipopolysaccharide (LPS) levels,
serum inflammatory factor levels, intestinal tight junction
proteins relative expression were measured.

The analysis of fecal samples was conducted using 16S
ribosomal (r)RNA sequencing.

Sample collection. On the day prior to concluding the
experiment, the second new fecal pellet of a stressed (pres-
sure exerted on the abdomen) defecation was obtained on a
sterilized table and promptly moved to a freezing tube that
was sterile and frozen at -80°C. Following collection of fecal
samples, the animals underwent a 12-h fasting period, and
their body weight and length were measured in order to calcu-
late Lee's index (25). Mice were anesthetized with 40 mg/kg
pentobarbital sodium solution by intraperitoneal injection,
~0.8 ml blood was collected under anesthesia through heart
puncture and then the mice were euthanized by cervical dislo-
cation, and the collected samples were subsequently preserved
at -80°C for future use. The collected blood was centrifuged
at 4°C for 10 min at 1,200 x g for serum separation. Animal
tissue samples were stored at -80°C.

Serum chemistry analysis. The biochemical indices of total
cholesterol (TC; cat. no. ADS-W-ZF014) triglycerides (TG;
cat. no. ADS-W-ZF013), low-density lipoprotein (LDL;
cat. no. ADS-0428M1) and high-density lipoprotein (HDL;
cat. no. ADS-0459M1) in mouse serum were analyzed
using commercial enzyme assay kits (Jiangsu Aidisheng
Biotechnology). Serum LPS (cat. no. MM-0634M1), interleukin
(IL)-6 (cat. no. MM-0163M1), IL-1f (cat. no. MM-0040M1)
and tumor necrosis factor-a (TNF-a; cat. no. MM-0132M1)
levels were determined using enzyme-linked immunosorbent
assay kits (Jiangsu Meimian Industrial Co., Ltd.).

Reverse transcription-quantitative PCR (RT-gPCR). Briefly,
total RNA from mouse intestine tissue was extracted with
TransZol (TransGen Biotech Co., Ltd.). The first-strand
cDNA was synthesized with a cDNA synthesis kit (Takara
Bio, Inc.) through RT kit was used according to the manu-
facturer's protocol. RT-qPCR was subsequently performed
using a SYBR® Green Real-time PCR Master Mix (Toyobo
Life Science), qPCR was performed using a 7300 real-time
PCR instrument system (Thermo Fisher Scientific, Inc.). PCR
was performed in duplicate at 95°C for 3 min and subjected
to 40 cycles at 95°C for 5 sec, 60°C for 5 sec and 72°C for
15 sec. To standardize the mRNA levels of all genes, [3-actin
was employed as an internal control. The relative expression
of each gene was determined by the 244%4 method (26). The
primers used for qPCR are presented in Table SI.

Western blotting. Mouse small intestines tissue were lysed
with ice-cold lysis buffer containing RIPA buffer (Beyotime
Institute of Biotechnology) and a proteinase inhibitor cocktail
(Baiaolaibo Technology, Inc.). The lysates were sonicated
with an oscillation frequency of 20-25 kHz at 4°C for 15 sec,
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followed by centrifugation at 12,000 x g for 15 min at 4°C
and the supernatants were retained. Total protein concentra-
tion was quantified using a BCA protein assay kit (Epizyme
Biomedical Technology, Inc.). Following the total of 30 ug
protein/lane were separation of protein samples on a 10%
SDS-PAGE gel, an electrophoretic transfer was undertaken to a
PVDF membrane. This membrane was subsequently incubated
in TBS containing 0.1% Tween-20 and 5% non-fat dry milk
powder for a duration of 1 h at ambient temperature, followed
by an overnight incubation period at 4°C along with the
selected primary antibodies. The primary antibodies included
zonula occludens-1 (ZO-1; 1:500; cat. no. bs-1329R; BIOSS),
Occludin (1:500; cat. no. bs-10011R; BIOSS) and B-actin
(1:10,000; cat. no. AB0035; Shanghai Abways Biotechnology
Co.,Ltd.). After several washes, the membranes were incubated
with an appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody (1:1,000; cat. no. A0208; Beyotime
Institute of Biotechnology) for 1 h at room temperature. The
proteins bands were visualized using enhanced chemilumines-
cence kits (Sangon Biotech Co., Inc.), and the optical density
of the protein bands was quantified using the ImageJ v1.8.0
software (National Institutes of Health), using [3-actin as an
internal control.

Gut microbiota analysis. Genomic DNA was extracted from
mouse feces using hexadecyltrimethylammonium bromide,
and its purity and concentration were assessed through
agarose gel electrophoresis. A suitable quantity of genetic
material was placed into a tube designed for centrifugation,
then it was diluted with sterile water until the concentra-
tion reached 1 ng/ul. The diluted DNA sample served as a
template, and based on the attributes of the sequencing region,
specific primers were chosen for barcode primers. To guar-
antee both efficiency and precision in amplification, Phusion®
High-Fidelity PCR primers (New England BioLabs, Inc.) were
used to amplify the marker gene for 16S rRNA V4. Primers
515F (5'-GTTTCGGTGCCAGCMGCCGCGGTAA-3") and
806R (5'-CAGATCGGACTACHVGGGTWTCTAAT-3") in
the 16S V4 region were selected to amplify the DNA samples
of each bacterial 16S rRNA gene, 470 bp for length and
‘paired end’ for direction of sequencing. After the completion
of amplification, the target bands were thoroughly examined
and purified. The assembly of the library was accomplished
using the TruSeq® DNA PCR-Free Sample Preparation Kit
(New England BioLabs, Inc.). After quantification using Qubit
2.0 (Thermo Fisher Scientific, Inc.) and qPCR, the constructed
library underwent qualification before being subjected to
sequencing with NovaSeq6000 (Illumina, Inc.).

FLASH (version 1.2.11; http://ccb.jhu.edu/software/
FLASH/) was used to splice the measured sequences, and
the initial tags underwent quality filtering with specific
conditions to eliminate chimeras and obtain the ulti-
mate valid data. Following the identification of chimera,
high-quality sequences with up to 97% sequence similarity
were clustered into operational taxonomic units (OTUs) and
assigned species annotations (27). Every OTU represents
the taxonomic levels of phylum, order, family, genus and
species. QIIME (version 2) (28) underwent executions of a
diversity and P diversity investigations as a means to dissect
the intricacy within the samples. Comparing the intricacy
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Figure 1. Effect of lactoferrin intervention on body weight and the Lee's
index in obese mice. (A) Body Weight. (B) Lee's index. Data are presented as
mean + standard deviation. "P<0.05. K, control group; M, model group; Z2,
Lactoferrin-treated group.

of species diversity among samples, o diversity (Chao 1 and
Simpson's metric) and 3 diversity [weighted UniFrac § metrics
and unweighted pair-group method with arithmetic mean
(UPGMA) clustering] assess the complexity across various
samples. The linear discriminant analysis (LDA) effect size
(LEfSe) software was used to perform LEfSe (version 1.1.2)
analyses, with the LDA score screening value set at 4 (29).
Statistical analyses were performed using R statistical software
(version 3.0.3) (30). The extraction, detection, and quantitative
analysis of gut microbiota in the samples were performed by
Wuhan Metware Biotechnology Co., Ltd. (www.metware.cn).

Statistical analysis. The experiments were repeated three
times. Statistical analyses were conducted using SPSS
(version 26.0; IBM Corp.). The significance of variations
among groups was assessed using one-way analysis of vari-
ance followed by the LSD test. The Kruskal-Wallis test was
used when the data were not able to be properly transformed.
Plotting bar graphs were created using GraphPad Prism
(version 9.0; Dotmatics). Data are presented as mean + stan-
dard deviation. P<0.05 was considered to indicate a
statistically significant difference.
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Figure 2. Effect of lactoferrin intervention on serum lipid levels in obese mice. (A) TG, (B) TC, (C) LDL-C and (D) HDL-C. Data are expressed as mean + stan-
dard deviation. “P<0.01. TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; K,
control group; M, model group; Z2, Lactoferrin-treated group.
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Figure 3. Relative expression levels of ZO-1 and occludin in different groups. mRNA levels of (A) ZO-1 and (B) occludin in the intestine of mice in Group K,
M and Z2. (C) Expression levels of proteins in mouse intestine were measured by western blotting. Data are expressed as mean + standard deviation. "P<0.05.
Z0-1, zonula occludens-1; K, control group; M, model group; Z2, Lactoferrin-treated group.

Results

Impact of LF on body weight and the Lee's index in mice. As
the mice aged, their food and water consumption increased.
The Z2 group exhibited an increase in their daily water intake.

The experiment started with ~8§ mm per mouse and ended
with ~12 m per mouse. As depicted in Fig. 1A, throughout
the entire duration of the animal experiment, mice in the M
group exhibited a greater weight gain compared with those in
the K group, while the Z2 group, also subjected to a high-fat
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Figure 4. Effect of lactoferrin intervention on serum inflammatory indices in obese mice. Levels of (A) circulating LPS levels, (B) serum IL-1f, (C) IL-6 and
(D) TNF-a levels. Data are expressed as mean + standard deviation. "P<0.05 and “P<0.01. K, control group; M, model group; Z2, Lactoferrin-treated group.

diet, demonstrated a slower rate of weight gain with LF inter-
vention. Lee's index is a reliable indicator of the correlation
between the mass of body fat and the weight of the body. As
shown in Fig. 1B, the Lee's index of Group M was significantly
higher (P<0.05) compared with that of Group K, indicating
that the mouse obesity model was successfully constructed.
Compared with group M, Lee's index of Group Z2 exhibited
a significant decrease (P<0.05), suggesting that LF has a
therapeutic effect on mouse obesity. The Lee's index of mice
in Group Z2 was closer to that of mice in Group K and was
significantly different from that of mice in Group M (P<0.05).

Effect of LF on blood lipids in mice fed a high-fat diet.
A high-fat diet resulted in a significant increase in TG and
LDL-C levels (P<0.01) as well as a decrease in HDL-C levels
(P<0.01) in Group M compared with Group K, suggesting that
abnormalities of lipid metabolism existed in the mice that had
been reared on a high-fat diet (Fig. 2). After the intervention,
the results showed that LF was able to significantly reduce TG
and LDL-C levels in obese mice (P<0.01; Fig. 2A and C), but
there was no effect on TC concentration (Fig. 2B). In Fig. 2D,

the HDL-C concentration was significantly higher in both
Group K and Z2 compared with that in Group M (P<0.01).
It can be observed that the intervention of LF can improve
dyslipidemia in obese mice.

Effect of LF on intestinal tight junction proteins. In the obese
mouse model, the levels of ZO-1 and occludin expression levels
were shown to be reduced compared with those in Group K
(P<0.05; Fig. 3). After the intervention of LF, it could be observed
that the expression of ZO-1 and occludin in Group Z2 gradually
recovered, but the difference was not statistically significant.

Effect of LF on serum levels of LPS as well as inflammatory
factors. The levels of LPS in the three groups of mice were
compared to the potential relationship between chronic
low-grade inflammation in obesity and LPS stimulation
(Fig. 4A). Compared with Group K, LPS was significantly
increased in Group M (P<0.01). However, in Group Z2, there
was a decrease in LPS concentration compared with that in
Group M (P<0.05). This indicates that LF can reduce elevated
LPS levels caused by a high-fat diet.
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Figure 5. Boxplots of intergroup differences in a diversity indices. (A) Chao 1 indices. (B) Simpson's indices. ‘P<0.05. K, control group; M, model group; Z2,

Lactoferrin-treated group.

Blood LPS can activate the relevant inflammatory pathways
and promote the release of inflammatory factors (31); there-
fore, the effect of LF on the serum inflammatory factor mass
concentration in experimental mice was further investigated
(Fig. 4). Compared with Group K, the mass concentrations of
IL-1pB, IL-6 and TNF-a were elevated in Group M, and the
difference was significant (P<0.01). Compared with Group
M, the mass concentrations of IL-13, IL-6 and TNF-o were
reduced in Group Z2, with significant differences in the mass
concentrations of IL-1f and IL-6 (P<0.01). These results
indicate that consuming a diet rich in fats results in a rise in
inflammatory factors within the bloodstream, and that LF
reduces the blood mass concentration of inflammatory factors,
especially that of IL-1f and IL-6.

Effect of LF on the intestinal flora of mice on a high-fat diet
Analysis of differences between groups in the a diversity index. o.
diversity is used to indicate the abundance and variety of organ-
isms in a given specimen (32). Chao 1 and Simpson's metrics
are shown in Fig. 5; in the Chao 1 index, the difference between
group K and group M was significant, and in Simpson's index,
group K differed significantly from groups M and Z2. However,
the Chao 1 index plot shows that the total number of species in
the intestinal flora of mice in Group M was significantly lower
compared with that of Group K, and the total number of species
in the intestinal flora of mice in Group Z2 was closer to that of
the K group. From the Simpson's index plot, it can be observed
that the diversity and evenness of species distribution within the
bacterial community of Group M were significantly increased,
and the diversity and evenness of species distribution within the
community of Group Z2 were reduced, which differed signifi-
cantly from those of Group K. The diversity and evenness of
species distribution within the bacterial community of Group
72 were significantly increased.

B diversity index intergroup difference analysis. Beta diversity
is used to compare differences in species composition between
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Figure 6. Boxplot based on weighted UniFrac § diversity. K, control group;
M, model group; Z2, Lactoferrin-treated group.

communities. Fig. 6 displays the boxplot representation of the
analysis of intergroup differences in 3 diversity. It was revealed
that the intestinal flora composition of Group M differed
from that of Group K, while the intestinal flora composition
of Group Z2 was more similar to that of Group K, but the
differences between groups was not significant.

The execution of the UPGMA clustering analysis was
facilitated through an unweighted UniFrac distance matrix.
The assimilation of the clustering consequences coincided
with the proportional prevalence of species at the gateway
echelon for every specimen (Fig. 7). Group K and Z2 exhib-
ited a closer clustering, revealing a higher abundance of
Firmicutes in Group M compared with Group K and Z2. By
contrast, the proportion of Bacteroidota was relatively low.
Following the administration of LF, Group Z2 exhibited a
comparatively reduced ratio of Firmicutes and an elevated
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Figure 8. Histogram of LEfSe analysis and evolutionary branching of enteric flora. Species with an LDA score greater than a set value (default setting of 4) are
shown in the (A) LDA value distribution histogram with the length of the histogram representing the magnitude of the effect of the differing species. (B) In
the evolutionary branching diagram the circles radiating from inside to outside represent taxonomic levels from phylum to genus (or species). LDA, linear
discriminant analysis; LDA, linear discriminant analysis; LEfSe, LDA effect size; M, model group; Z2, Lactoferrin-treated group.

ratio of Bacteroidota, with the Firmicutes/Bacteroidota ratio
resembling that of Group K.

Association study of three groups of intestinal flora
compartments. Biomarkers that were statistically different
between the analyzed groups were investigated using the
LEfSe method. The results of the LEfSe histogram and
evolutionary branching diagram are shown in Fig. 8, where the
abundance of the four species of enterobacteria in the intes-
tinal flora of the two groups was compared, and the difference
was statistically significant (P<0.05). Among them, Alistipes
was significantly higher in Group Z2 compared with Group

M (P<0.05), while Desulfovibrionia, Desulfovibrioniaceae
and Desulfovibrionales were more abundant in Group M
compared with in Group Z2 (P<0.05).

Analysis of species differences between groups. To look
for species that differed between groups at different levels
of classification, a t-test test was completed between
groups (Fig. 9). At the gate level, the abundance of
Deferribacteres was increased, and the abundance of
Bacteroidata and Desulfobacterota was decreased in
Group M compared with Group K (Fig. 9A); the abundance
of Acidobacteriota was significantly higher in Group Z2
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compared with Group M (P=0.038). (C) At the genus level, t-test analysis showed a significant decrease in Dubosiella abundance in Group M compared with
Group K (P=0.022). (D) At the genus level, t-test analysis showed a relative increase in Bryobacter abundance in Group Z2 compared with Group M (P=0.024).
K, control group; M, model group; Z2, Lactoferrin-treated group.
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compared with Group M (Fig. 9B). At the genus level, the
abundance of Colldextribacter, Mucispirillum, Oscillibacter,
Lachnoclostridium and Lachnospiraceae-UCG-001 was
significantly higher in Group M compared with Group K,
while the abundance of Dubosiella and Desulfovibrio was
decreased (Fig. 9C); Group Z2 showed relatively higher
abundance of Psychrobacter and Bryobacter compared with
Group M (Fig. 9D).

Discussion

The present study investigated the impact of LF on lipid
metabolism and the composition of intestinal flora in mice that
were fed a high-fat diet. Obese mice exposed to a long-term
high-fat diet exhibited severe disruption in lipid metabolism
and a persistent low-level inflammatory reaction. Following
administration of LF, a substantial reduction in Lee's index
and serum TC, LDL and levels of inflammatory factors were
observed in obese mice; at the same time, serum HDL levels
increased. LF-treated mice have improved gut flora structure
with weight loss. The results of the current study indicated
that LF has a beneficial impact on lipid metabolism and
chronic low-grade inflammation in obese mice. Furthermore,
the mechanism of action appears to be strongly linked to gut
microbiota.

The perception of obesity has shifted, and obesity is not
only seen as a change in physical appearance but it is consid-
ered a disease. Obesity is accompanied not only by elevated
inflammatory markers, but also by a variety of metabolic
diseases, including type 2 diabetes, hypertension and dyslip-
idemia. Central obesity with increased abdominal fat is the
main type of obesity leading to metabolic disorders caused by
increased inflammatory factors in the body (33). On one hand,
macrophage activation in this obese population transforms into
a proinflammatory M1 phenotype and infiltrates target organs
in large numbers, producing inflammatory factors such as
IL-1pB, IL-6, TNF-a and others that can affect insulin receptor
signaling and generate insulin resistance, which is a key link
in the development of metabolic diseases (34-36). On the other
hand, elevated concentrations of intestinal-derived LPS in the
circulatory system are an independent risk factor for chronic
low-grade inflammation, and LPS can stimulate TLR4 to elicit
a series of inflammatory cascade responses (37,38). After
intervening with LF in mice fed a high-fat diet, a decrease in
the levels of LPS, IL-1p and IL-6 was observed in the present
study. It can be seen that LF can improve the type of central
obesity that is closely associated with increased inflammatory
factors, and the role of LF in other metabolic diseases needs to
be further explored.

The intestinal tract is exposed to a variety of stimuli from
the external environment daily despite the presence of a mucus
layer as well as a barrier layer made up of intestinal epithelial
cells that help limit the entry of intestinal contents into the
body. If the integrity of the intestinal barrier is compromised,
intestinal immune homeostasis is also implicated (39). Tight
junction proteins are intercellular junction complexes (40)
that seal the paracellular space and act as a restriction on the
exchange of substances between the gut and the body. The
results of the current study showed that the expression of ZO-1
and occludin was significantly reduced in obese mice fed a
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high-fat diet. This result is detrimental to the integrity of the
intestinal barrier and may lead to large amounts of LPS in
the intestine entering the circulation with intestinal leakage,
triggering an excessive immune response in the intestine
and promoting the expression of inflammatory factors (41).
The expression of both compact proteins increased in the LF
intervention group relative to the high-fat group, although the
difference was not significant. It can be argued that LF inter-
vention can increase the expression of intestinal tight junction
proteins as a means of limiting intestinal-sourced LPS entry
into the bloodstream and attenuating the chronic low-grade
inflammatory response at source in obese mice.

The variations in the composition of the gut microbiota
among the three mouse groups were also examined in the
present study. At the gate level, the findings indicated that the
proportion of Firmicutes/Bacteroidota in the gut of mice in
the model group was greater compared with Group K and Z2.
Although the latter two ratios are more similar, this outcome
aligns with the findings of previous studies (42-44). Research
on overweight mice has consistently indicated that obesity is
frequently accompanied by a higher Firmicutes/Bacteroidota
ratio. Additionally, there are chronic low-grade inflammatory
response in the intestines and disorders of glucose and lipid
metabolism in the body. After a more in-depth analysis of
the differences between the intestinal flora compartments
of the three groups of mice, the present study revealed that
at the phylum-to-genera level, Group M exhibited higher
levels of Deferribacteres, Colldextribacter, Mucispirillum,
Oscillibacter and Lachnoclostridium compared with Group
K. The percentage of these enteric bacteria is elevated in
patients with both obesity and intestinal inflammation, and
is strongly associated with intestinal infections (45-47). LF
intervention in mice fed a high-fat diet was followed by
changes in the structure of the intestinal flora, as shown
by the LEfSe analysis. Acidobacteriota and Alistipes were
elevated in abundance in Group Z2 compared with Group
M. Acidobacteriota are bacteria enriched in the gut of
healthy individuals (48). Alistipes is a genus in the order
Bacteroidetes, an anaerobic bacterium present in the intes-
tinal tract of healthy humans (49). A previous study has
shown that the abundance of Alistipes is reduced in the gut
of patients with non-alcoholic fatty liver disease with liver
fibrosis (50). Alistipes is also a producer of acetic and propi-
onic acids (51), which belong to a group of short-chain fatty
acids (SCFAs), a class of metabolites of intestinal flora with
anti-inflammatory properties (52). Other findings have shown
positive effects of SCFAs on both intestinal barrier integrity
and metabolic diseases as well (53-55).

These changes in intestinal flora may be closely related to the
role played by LF. In the intestinal ecosystem, LF can achieve
bacteriostatic effects through its iron chelating effect to rob iron
ions from intestinal pathogenic bacteria and inhibit the formation
of pathogenic bacterial biofilm (56), which can help host intes-
tinal microorganisms to increase the resistance of colonization
to reduce the threat of potential pathogens (57). Meanwhile, the
low-iron environment can promote the growth of probiotics (58),
activate intestinal immune cells and maintain the integrity of the
intestinal barrier (59). All of these experimental results suggest
that LF attenuates the inflammatory response in obese mice,
possibly by modulating the structure and relative abundance
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of the intestinal flora, including a reduction in the abundance
of inflammation-associated flora as well as an increase in the
abundance of short-chain fatty acid-producing flora.

In conclusion, the present study revealed that LF attenuated
the inflammatory response and reduced body weight and lipid
levels in HFD-fed mice, and that the underlying mechanisms
may be through an increase in intestinal tight junction proteins
as well as modulation of the structure and relative abundance
of intestinal flora. The current study provides a theoretical
basis for LF to be used as a safe, anti-obesity treatment.
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