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Abstract
Background: Porphyromonas gingivalis (Pg.) is the main pathogenic bacterium
of periodontitis. Studies have found that Pg. can affect systemic diseases in-
cluding type 2 diabetes mellitus (T2DM) through the oral-intestinal pathway,
but its specific mechanism is not yet fully understood.

Objective: To investigate whether Pg. affects T2DM by altering the intestinal
mechanical barrier and immune barrier.

Methods: Forty SPF-grade mice were randomly selected, with 24 used to estab-
lish a T2DM model. Among the successfully modeled mice, 16 were selected
and divided into a model group (DM group, n=8) and a model plus Porphy-
romonas gingivalis group (PD group, n=8). The remaining 16 mice were divided
into a control group (N group, n=8) and a Pg. group (n=8). After modeling,
mouse body weight and fasting plasma glucose (FPG) were observed. At week
5, an oral glucose tolerance test (OGTT) was performed, OGTT curves were
plotted, and the area under the curve (AUC) was calculated. From week 7,
the Pg. group and PD group were administered Pg. bacterial suspension by
gavage for 5 consecutive weeks. Lipopolysaccharide (LPS) was measured by
enzyme-linked immunosorbent assay, colonic tight junction proteins and inflam-
matory factors were detected by real-time fluorescence quantitative PCR, and
mouse colonic tissue lesions were observed by hematoxylin-eosin (HE) staining.
Pearson or Spearman correlation analysis was used to explore the relationship
between mouse FPG and colonic tight junction protein mRNA expression and
serum LPS content.

Results: Before gavage, during weeks 2-6, the DM group had higher body weight
than the N and Pg. groups, the PD group had higher body weight than the N
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group, and during weeks 3-6, the PD group had higher body weight than the
Pg. group. During weeks 9-11, the N and Pg. groups had higher body weight
than the DM and PD groups, and at week 11, the PD group had lower body
weight than the DM group. During weeks 3-6, the PD group had higher FPG
than the N and Pg. groups, and during weeks 4-6, the DM group had higher
FPG than the N and Pg. groups. During weeks 7-11, the Pg. group had lower
FPG than the DM and PD groups, the PD group had higher FPG than the
N group, and at weeks 10 and 11, the PD group had higher FPG than the Pg.
group. The DM group had higher AUC than the N and Pg. groups, the PD
group had higher AUC than the N, DM, and Pg. groups, and the PD group
had higher LPS than the N and DM groups. The PD group had lower zonula
occludens-1 (ZO-1) than the N group, the DM group had lower Occludin than
the N group, the PD group had lower Occludin than the N, DM, and Pg. groups,
the PD group had lower interleukin (IL)-17A than the N and Pg. groups, the N
group had higher IL-10 than the DM, Pg., and PD groups, the PD group had
higher tumor necrosis factor (TNF-𝛼) than the N, DM, and Pg. groups, and the
Pg. and PD groups had higher Toll-like receptor 4 (TLR4) than the N group.
Correlation analysis results showed that FPG was positively correlated with
LPS and negatively correlated with Occludin (P<0.05). Pathological results
showed that the Pg. and DM groups had connective tissue hyperplasia in the
lamina propria with focal lymphocyte infiltration, and the PD group had focal
lymphocyte infiltration in the lamina propria.

Conclusion: Pg. may aggravate glucose metabolism disorders in T2DM mice
by destroying the intestinal mechanical barrier and immune barrier, leading to
LPS entering the bloodstream.
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Abstract

Background: Porphyromonas gingivalis (Pg.) is the primary pathogen asso-
ciated with periodontitis. Studies have found that Pg. can influence systemic
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diseases including type 2 diabetes mellitus (T2DM) through the oral-intestinal
pathway, though the specific mechanisms remain incompletely understood. Ob-
jective: To investigate whether Pg. affects T2DM by altering intestinal me-
chanical and immune barriers. Methods: Among 40 SPF-grade mice, 24 were
randomly selected to establish a T2DM model. Sixteen successfully modeled
mice were divided into a model group (DM group, n=8) and a model plus Por-
phyromonas gingivalis group (PD group, n=8). The remaining 16 mice were
divided into a control group (N group, n=8) and a Pg. group (n=8). Follow-
ing modeling, body weight and fasting plasma glucose (FPG) were monitored
weekly. At week 5, oral glucose tolerance tests (OGTT) were performed, curves
were plotted, and area under the curve (AUC) was calculated. From week 7,
the Pg. and PD groups received gavage administration of Pg. bacterial suspen-
sion for 5 consecutive weeks. Lipopolysaccharide (LPS) levels were measured
by enzyme-linked immunosorbent assay. Colonic tight junction proteins and in-
flammatory factors were detected by real-time quantitative PCR. Colonic tissue
lesions were observed via hematoxylin-eosin (HE) staining. Pearson or Spear-
man correlation analysis was used to explore relationships between FPG and
colonic tight junction protein mRNA expression and serum LPS content. Re-
sults: Before gavage (weeks 2-6), DM group body weight was higher than N
and Pg. groups, while PD group weight exceeded N group and was higher than
Pg. group during weeks 3-6. During weeks 9-11 post-gavage, N and Pg. groups
had higher body weight than DM and PD groups, with PD group lower than
DM group at week 11. FPG in PD group was higher than N and Pg. groups
during weeks 3-6 pre-gavage, and DM group FPG exceeded N and Pg. groups
during weeks 4-6. During weeks 7-11 post-gavage, Pg. group FPG was lower
than DM and PD groups, while PD group was higher than N group and ex-
ceeded Pg. group at weeks 10 and 11. DM group AUC was higher than N and
Pg. groups, while PD group AUC exceeded all other groups. PD group LPS
levels were higher than N and DM groups. PD group tight junction protein 1
(ZO-1) was lower than N group. DM group occludin was lower than N group,
while PD group occludin was lower than N, DM, and Pg. groups. PD group
interleukin (IL)-17A was lower than N and Pg. groups. N group IL-10 was
higher than DM, Pg., and PD groups. PD group tumor necrosis factor (TNF-𝛼)
was higher than N, DM, and Pg. groups. Pg. and PD groups Toll-like receptor
4 (TLR4) was higher than N group. Correlation analysis showed FPG was pos-
itively correlated with LPS and negatively correlated with occludin (P<0.05).
Pathological results showed connective tissue hyperplasia with focal lymphocyte
infiltration in the lamina propria of Pg. and DM groups, with more pronounced
focal lymphocyte infiltration in PD group. Conclusion: Pg. may aggravate
glucose metabolism disorders in T2DM mice by disrupting intestinal mechanical
and immune barriers, leading to LPS translocation into the bloodstream.

Keywords: Diabetes mellitus, type 2; Glucose metabolism disorders; Porphy-
romonas gingivalis; Intestinal tight junction proteins; Intestinal immunity
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Introduction

Periodontitis (PD) is a chronic inflammatory disease of periodontal tissues
caused by plaque microbial infection. It represents a major cause of tooth
loss in adults and is closely associated with various metabolic, inflammatory,
and autoimmune diseases including type 2 diabetes mellitus (T2DM), hyper-
lipidemia, atherosclerotic vascular disease, and rheumatoid arthritis [1]. T2DM
is the fastest-growing metabolic disease globally [2], characterized by relative
insulin deficiency and insulin resistance, with mortality rates second only to
cardiovascular disease and cancer. Research has demonstrated a bidirectional
relationship between periodontitis and T2DM, wherein T2DM constitutes a
significant risk factor for periodontitis, while periodontitis may also influence
T2DM development and progression [3,4].

Recent studies have confirmed that periodontitis-specific microbiota can affect
systemic multi-organ diseases through the intestinal microbiota and intestinal
barrier, following an “oral-gut-multi-organ”pattern, including conditions such
as colitis, arthritis, encephalopathy, diabetes, and hyperlipidemia [5-7]. Por-
phyromonas gingivalis (Pg.), the primary pathogen in periodontitis, can enter
the intestine through swallowing, altering intestinal microbial composition and
triggering inflammatory responses in organs including the liver, spleen, and gut
[8]. The anaerobic and high-pH environment of the colonic mucosa facilitates
Pg. adhesion [9]. Once dysbiosis occurs and pathogenic bacteria dominate,
host intestinal immune status and barrier function become compromised, allow-
ing bacterial toxins and metabolites to enter systemic circulation and damage
distant tissues and organs [10], thereby increasing the risk of other systemic
diseases characterized by low-grade inflammation. However, the specific mech-
anisms by which Pg. disrupts intestinal barrier integrity and immune balance
remain incompletely understood.

Humans secrete 1.0-1.5 L of saliva daily. Under physiological conditions, sali-
vary microbiota rarely reaches the intestine due to gastric acid and alkaline bile
protection. However, the salivary microbiota of periodontitis patients differs
significantly from that of orally healthy individuals [11,12], with substantially
higher abundance of pathogenic bacteria such as Pg. in periodontal disease
patients [13]. Young adults with severe periodontitis (ages 21-23) swallow ap-
proximately 1012-1013 Pg. organisms daily [14]. Due to its acid resistance, Pg.
may survive gastric acid to reach the intestine and disrupt intestinal homeostasis
[10].

The intestinal barrier comprises microbial, mucus, physical, and immune com-
ponents that constitute the first line of defense against external pathogens. Dis-
ruption of any barrier layer may lead to“leaky gut,”allowing intestinal bacteria
and metabolites to enter the bloodstream and exacerbate various systemic dis-
eases including arthritis, liver disease, encephalopathy, T2DM, inflammatory
bowel disease (IBD), and obesity [7,15-17]. This study established a T2DM
mouse model and simulated Pg. entry into the intestine through swallowing in
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periodontitis patients via gavage administration, observing changes in intestinal
inflammation and tight junction proteins and their relationship with glycemic
changes to explore whether Pg. affects glucose metabolism by altering intestinal
immune and mechanical barrier function.

Materials and Methods

1.1 Experimental Animals and Materials 1.1.1 Animals and
Reagents
From May 2022 to February 2023, forty 6-8-week-old male C57BL/6J mice
(SPF grade, 20-22 g) were purchased from Beijing Huafukang Bioscience
Co. (Animal License No. 110322220102485742). Mice were acclimated for one
week under a 12-hour light/dark cycle at (24$±1)°𝐶𝑎𝑛𝑑(60±$10)% humidity
with free access to food and water. All animal experiments were conducted at
the Laboratory Animal Center of Guizhou Medical University and approved by
the Institutional Animal Care and Use Committee (Approval No. 2201457).

Key reagents included: streptozotocin (STZ) (Solarbio, Cat. No. S8050);
Porphyromonas gingivalis strain (ATCC33277) (Beina Biology, Cat.
No. BNCC236547); mouse lipopolysaccharide (LPS) ELISA kit (Huamei
Biology, Cat. No. CSB-E09308H); brain heart infusion (BHI) solid medium
(Solarbio, Cat. No. LA0360); Trizol (Takara, Cat. No. 9108); cDNA reverse
transcription kit (Prime Script™ RT Master Mix, Takara, Cat. No. RR036A);
TB Green Premix Ex Taq (Takara, Cat. No. RR820A); and HE staining kit
(Wuhan Servicebio, Cat. No. G1003). Major instruments included: Roche
Accu-Chek glucose meter; real-time quantitative PCR system (Bio-RAD);
Infinite F50 microplate reader (TECAN); anaerobic chamber (AW500TG,
ELECTROTEK); low-speed centrifuge (Thermo Fisher); and high-speed
cryogenic tissue grinder (Wuhan Servicebio).

1.2 Experimental Procedures 1.2.1 Animal Grouping and Modeling
After one week of acclimation, 24 mice were randomly selected for T2DM mod-
eling using a random number table method. Mice received a high-fat diet (stan-
dard 60% fat-derived energy purified diet) for 4 weeks with free feeding. The
remaining 16 mice were divided into control (N group, n=8) and Pg. groups
(n=8) and fed control diet (35% fat-derived energy diet) during the same pe-
riod. T2DM model mice received intraperitoneal injections of 30 mg/kg 2%
STZ three times within one week. The N group received equivalent volume of
0.1 mmol/L citrate buffer (pH=4.5). Successful T2DM modeling was defined
as two fasting blood glucose measurements $�$11.1 mmol/L or random glucose
$�$16.7 mmol/L. Twenty-one successful models were obtained, from which 16
were randomly divided into model (DM group, n=8) and model plus Porphy-
romonas gingivalis (PD group, n=8). After successful modeling, all groups were
switched to 35% fat-derived energy diet.
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1.2.2 Pg. Preparation
Porphyromonas gingivalis was cultured on BHI solid plates at 37°C in anaer-
obic conditions (80% N2, 10% H2, 10% CO2) for 7 days, then transferred to
BHI liquid medium for 16-18 hours of enrichment. During logarithmic growth
phase, bacteria were centrifuged at 3,500 rpm for 5 minutes (radius 8.6 cm),
supernatant was discarded, and bacterial pellets were resuspended in sterile
phosphate-buffered saline (PBS). Suspension absorbance was measured and con-
centration adjusted to 1$×10^{9}$ CFU/mL.

1.2.3 Gavage Administration and Monitoring
From week 7, Pg. and PD groups received 200 �L of Pg. suspension (1$×10^{9}$
CFU/mL) by gavage twice weekly for 5 consecutive weeks. DM and N groups
received equivalent volume of sterile PBS. General condition (mental status,
activity, fur appearance, bedding moisture) was monitored daily or every other
day post-modeling and post-gavage. Body weight and FPG were measured
weekly. At week 5, OGTT was performed after 12-hour overnight fasting: mice
received 25% glucose solution at 2 g/kg, and blood glucose was measured via
tail vein at 0, 30, 60, 90, and 120 minutes using a glucose meter. OGTT curves
were plotted and AUC calculated.

1.2.4 Sample Collection
After 5 weeks of gavage, mice were anesthetized with 1.25% tribromoethanol (0.2
mL/10 g) via intraperitoneal injection. Cardiac blood was collected, followed
by euthanasia with 5% chloral hydrate (0.2 mL/10 g). Colonic tissue (prox-
imal to cecum) was harvested: portions were fixed in 4% paraformaldehyde,
and portions were placed in RNA stabilization solution at -80°C for subsequent
analysis.

1.2.5 Serum LPS Measurement
Cardiac blood was collected in 1.5 mL tubes, stored overnight at 4°C, then
centrifuged at 1,000×g for 15 minutes at 2-8°C. Supernatant was collected, and
LPS levels were determined following the mouse LPS ELISA kit instructions.
Absorbance at 450 nm was measured using an automated microplate reader,
and standard curves were used to calculate concentrations.

1.2.6 Quantitative PCR (qPCR) Analysis
Colonic tight junction proteins and inflammatory factors were measured by
qPCR. Approximately 0.1 g colonic tissue was ground using a cryogenic tissue
grinder. Total RNA was extracted using Trizol method and quantified using
a micro-volume nucleic acid analyzer. RNA was reverse-transcribed to cDNA
using the reverse transcription kit. qPCR was performed using TB Green™
Premix Ex Taq™ II with glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as internal reference. Each sample was run in triplicate, and relative mRNA ex-
pression was calculated. Primers were synthesized by Sangon Biotech; sequences
are shown in Table 1 .

1.2.7 Histopathological Examination
Fixed colonic samples underwent gradient ethanol dehydration, routine paraffin
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embedding, and sectioning. HE staining was performed, and colonic tissue
lesions were observed under light microscopy.

1.3 Statistical Analysis Data were analyzed using SPSS 27.0 software
and graphed using GraphPad Prism 9.0. Normally distributed continuous
data are expressed as mean±standard deviation (x̄±s). Comparisons among
multiple groups were performed using repeated measures ANOVA or one-way
ANOVA, with pairwise comparisons using LSD test or Bonferroni correction.
Non-normally distributed data are expressed as median (P25, P75), with
pairwise comparisons using Kruskal-Wallis H test. Pearson or Spearman
correlation analysis was used to examine relationships between FPG and
colonic tight junction protein mRNA expression and serum LPS levels. P<0.05
was considered statistically significant.

Results

2.1 General Condition and Body Weight N and Pg. groups exhibited
vigorous activity, soft and glossy fur, and dry bedding. DM and PD groups
showed depressed mental status, reduced activity, moist bedding, dull fur, pun-
gent odor, and increased food and water intake.

Pre-gavage body weight comparisons during weeks 2-6 showed significant differ-
ences (P<0.05). DM group weight was higher than N and Pg. groups during
weeks 2-6, while PD group weight exceeded N group and was higher than Pg.
group during weeks 3-6. No significant differences were observed among groups
at week 1 (P>0.05) (Table 2 ).

Post-gavage repeated measures ANOVA revealed significant interaction between
group and time (F=32.544, P<0.01), with significant main effects of group
(F=23.272, P<0.01) and time (F=42.092, P<0.01). During weeks 9-11, N and
Pg. groups had higher body weight than DM and PD groups, with PD group
lower than DM group at week 11 (Table 3 ).

2.2 Blood Glucose Parameters Pre-gavage FPG comparisons during weeks
3-6 showed significant differences (P<0.05). PD group FPG was higher than
N and Pg. groups during weeks 3-6, while DM group exceeded N and Pg.
groups during weeks 4-6. No significant differences were found during weeks 1-2
(P>0.05) (Table 4 ).

Post-gavage repeated measures ANOVA indicated significant group-time inter-
action (F=2.187, P=0.021), with significant main effects of group (F=358.936,
P<0.01) and time (F=6.371, P<0.01). During weeks 7-11, Pg. group FPG was
lower than DM and PD groups, while PD group was higher than N group and
exceeded Pg. group at weeks 10 and 11 (Table 5 ).
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OGTT analysis showed significant group-time interaction (F=3.902, P=0.013),
with significant main effects of group (F=52.580, P<0.01) and time (F=63.235,
P<0.01). At all time points (0-120 min), DM group glucose was higher than
N and Pg. groups, while PD group exceeded N, DM, and Pg. groups. At 120
minutes, Pg. group was higher than N group (Table 6 ).

OGTT AUC and serum LPS comparisons revealed significant differences among
groups (P<0.01). DM group AUC was higher than N and Pg. groups, while
PD group AUC exceeded all other groups. PD group LPS levels were higher
than N and DM groups (Table 7 ).

2.3 Colonic Tight Junction Protein and Inflammatory Factor mRNA
Expression Significant differences were observed among groups for ZO-1, oc-
cludin, IL-17A, IL-10, TNF-𝛼, and TLR4 (P<0.05). PD group ZO-1 was lower
than N group. DM group occludin was lower than N group, while PD group
occludin was lower than N, DM, and Pg. groups. PD group IL-17A was lower
than N and Pg. groups. N group IL-10 was higher than DM, Pg., and PD
groups. PD group TNF-𝛼 was higher than N, DM, and Pg. groups. Pg. and
PD groups TLR4 were higher than N group (Table 8 ).

2.4 Correlation Analysis Correlation analysis revealed that FPG was pos-
itively correlated with LPS (r=0.635, P<0.01) and negatively correlated with
occludin (r=-0.377, P<0.01) (Table 9 ).

2.5 Histopathological Findings HE staining of colonic sections showed nor-
mal crypt depth and morphology in N group, with abundant intestinal glands
and no obvious inflammatory cells. Pg. and DM groups exhibited connective
tissue hyperplasia in the lamina propria with focal lymphocyte infiltration and
occasional interstitial lymphocytes. PD group showed more pronounced focal
lymphocyte infiltration in the lamina propria, mild submucosal edema, sparse
connective tissue arrangement, shallow colonic crypts, and atypical crypt mor-
phology (Figure 1 [Figure 1: see original paper]).

Discussion

The intestinal barrier comprises microbial, mucus, physical, and immune compo-
nents that form the first line of defense against external pathogens. Disruption
of any barrier layer may lead to “leaky gut,”allowing intestinal bacteria and
metabolites to enter the bloodstream and exacerbate systemic diseases including
arthritis, liver disease, encephalopathy, T2DM, inflammatory bowel disease, and
obesity [7,15-17]. This study demonstrates that Pg. gavage impairs intestinal
immune and mechanical barrier function, reducing glycemic control and insulin
sensitivity in T2DM mice and further aggravating glucose metabolism disorders
on top of hyperglycemia.
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Intestinal immune regulatory cells serve as a“bridge”between gut microbiota and
diabetes. Destruction of immune balance is accompanied by disruption of T lym-
phocyte and cytokine homeostasis, adversely affecting immune status, glucose-
lipid metabolism, and insulin sensitivity by influencing pancreatic, hepatic, and
other endocrine organs [18]. CD4+ T helper (Th) cells play a crucial role in
maintaining intestinal immunity, with balance between CD4+IL-17+ Th17 cells
and CD4+CD25+Foxp3+ regulatory T cells (Treg) forming the foundation of
immune homeostasis. Intestinal immune imbalance typically manifests as al-
tered Th17/Treg ratios and related cytokines, with increased Th17-associated
pro-inflammatory factors (IL-6, TNF-𝛼, IL-17A, IL-17F) and decreased Treg-
associated anti-inflammatory factors (TGF-𝛽, IL-10). This study found that
Pg. gavage in T2DM mice increased colonic pro-inflammatory factor TNF-𝛼
expression while further reducing anti-inflammatory IL-10 gene expression. HE
staining revealed more pronounced inflammatory pathological changes in the
colonic lamina propria and interstitium of PD group compared to DM and Pg.
groups, suggesting more significant Th17/Treg imbalance and intestinal immune
homeostasis disruption.

IL-10 not only exerts anti-inflammatory effects in immune responses but also
plays a protective role in diabetes development. Yuan et al. [19] found sig-
nificantly reduced Th17/Treg cell percentages and related cytokines (primarily
IL-10 and TGF-𝛽) in T2DM patients. STZ-induced non-obese diabetic mice
treated with bacterial strains carrying IL-4 and IL-10 coding plasmids showed
effective reduction of hyperglycemia and pancreatic islet destruction [20]. We
hypothesize that reduced IL-10 after Pg. gavage may affect blood glucose not
only through intestinal immunity but also via direct effects of IL-10 on glucose
metabolism.

Intestinal Th17/Treg immune imbalance is typically accompanied by increased
IL-17A. In collagen-induced arthritis models, oral Pg. administration shifts in-
testinal immune patterns toward Th17 dominance with altered gut microbiota,
aggravating arthritis symptoms [21]. However, IL-17A can exert both pro- and
anti-inflammatory effects in various tissues [22]. In the intestine, IL-17A pro-
motes epithelial cell proliferation, upregulates antimicrobial peptides and tight
junction protein expression, thereby protecting intestinal mucosa from pathogen
infection [23]. IL-17A or IL-17 receptor inhibitors can impair intestinal barrier
function and exacerbate colitis [24]. Additionally, reduced intestinal Th17/IL-17
in high-fat diet mice correlates with increased body weight, glucose intolerance,
and insulin resistance [25]. Studies have demonstrated that reduced gut micro-
biota diversity and decreased IL-17/IL-22 are associated with metabolic diseases
including insulin resistance [26].

Besides Th17 cells, natural killer cells, 𝛾𝛿 T cells, CD8+ T cells, and other
cell types also secrete IL-17. In this study, colonic IL-17A showed a decreasing
trend in diabetic mice after Pg. gavage, consistent with changes in tight junction
proteins, suggesting Pg. may affect IL-17 secretion by other immune cells to
influence colonic tight junction proteins, though specific mechanisms require
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further investigation.

Toll-like receptors (TLRs) are pathogen-associated molecular pattern recogni-
tion receptors expressed not only on innate immune cells and specialized antigen-
presenting cells but also on CD4+ T cells. TLR4 activation can trigger NF-�B
signaling, causing intestinal Th17/Treg imbalance and insulin resistance [27,28],
thereby affecting diabetes progression.

Occludin and ZO-1 are major protein components of intestinal tight junctions
[29] and serve as key indicators of intestinal mechanical barrier function. This
study found reduced colonic occludin mRNA expression in both DM and PD
groups compared to N group, with more pronounced reductions in both tight
junction proteins in PD group. These findings indicate that both diabetes alone
and Pg. gavage alone can affect intestinal mechanical and immune barriers,
while combined Pg. gavage in T2DM mice causes more severe barrier disruption
and immune imbalance, with significantly increased serum LPS levels. The
negative correlation between blood glucose changes and occludin/ZO-1 mRNA
expression, and positive correlation with LPS levels, further support that LPS
translocation due to intestinal barrier disruption may be a key factor mediating
glycemic changes.

In summary, Pg. gavage disrupts colonic mechanical and immune barriers, with
more severe effects in hyperglycemic conditions, potentially leading to LPS
translocation into the bloodstream and further impairing glycemic regulation
and insulin sensitivity in diabetic mice. In vitro studies have shown that LPS
can regulate insulin signaling in adipocytes through X-box binding protein 1
modulation of insulin receptor substrate 1, phosphoinositide-dependent protein
kinase 1, and protein kinase B pathways [30], suggesting LPS may be an im-
portant target through which Pg. affects distal organ glucose-lipid metabolism
via the gut. The mechanisms of Pg.-induced intestinal barrier disruption may
involve both direct effects of altered intestinal microbiota and metabolites [31]
and indirect effects through broken immune balance (reduced IL-17A and IL-10,
increased TLR4 and TNF-𝛼). The specific mechanisms by which Pg. affects
diabetes development through the oral-intestinal axis, and how LPS influences
systemic glucose-lipid metabolism after entering circulation, require further ex-
ploration.
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