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ABSTRACT: To explore the effect of periodontal disease on the
progression of diabetic kidney disease (DKD), to observe the
effects of artesunate (ART) intervention on periodontal and kidney
tissues in type 1 diabetic rats with periodontitis, and to explore the
possibility of ART for the treatment of DKD. Rat models of
diabetes mellitus, periodontitis, and diabetes mellitus with
periodontitis were established through streptozotocin (STZ)
intraperitoneal injection, maxillary first molar ligation, and P.
gingivalis ligation applied sequentially. Ten weeks after modeling,
ART gavage treatment was given for 4 weeks. Immunohistochem-
istry, reverse transcription-quantitative polymerase chain reaction
(RT-qPCR), and Western blot were used to investigate the inflammatory factors, fibrogenisis, autophagy-related factors, and
proteins in periodontal and kidney tissues, and 16S rDNA sequencing was used to detect the changes in dental plaque fluid and
kidney tissue flora. Compared to the control group, the protein expression levels of transforming growth factor β1 (TGF-β1) and
COL-IV in the periodontal disease (PD) group were increased. The protein expression of TGF-β1, Smad3, and COL-IV increased in
the DM group and the DM + PD group, and the expression of TGF-β1, Smad3, and COL-IV was upregulated in the DM + PD
group. These results suggest that periodontal disease enhances renal fibrosis and that this process is related to the TGF-β1/Smad/
COL-IV signaling pathway. Among the top five dominant bacteria in the kidney of the DM + PD group, the abundance of
Proteobacteria increased most significantly, followed by Actinobacteria and Firmicutes with mild increases. The relative abundance of
Proteobacteria, Actinobacteria, and Firmicutes in the kidney tissues of DM and PD groups also showed an increasing trend
compared with the CON group. Proteobacteria and Firmicutes in the kidney of the PD group and DM + PD group showed an
increasing trend, which may mediate the increase of oxidative stress in the kidney and promote the occurrence and development of
DN. Periodontal disease may lead to an imbalance of renal flora, aggravate renal damage in T1DM, cause glomerular inflammation
and renal tubulointerstitial fibrosis, and reduce the level of autophagy. ART delays the process of renal fibrosis by inhibiting the
TGF-β-Smad signaling pathway.

1. INTRODUCTION
As one of the most common and serious microvascular lesions
in diabetes mellitus, diabetic kidney disease (DKD) is
characterized by persistent proteinuria and the progressive
deterioration of renal function. The pathological changes are
characterized by diffuse glomerular basement membrane
thickening, mesangial matrix hyperplasia, Kimmelstiel−Wilson
nodule formation, and tubulointerstitial fibrosis, resulting in
glomerulus sclerosis and renal tubule wasting.1 The patho-
genesis of DKD is not fully understood, and it is believed to be
closely related to renal injury mediated by autophagy disorder,
oxidative stress, inflammatory response, and other factors
under high glucose conditions.1,2 Therefore, through the
establishment of the diabetic rat model, we expect to explore

autophagy dysfunction and inflammation in the DKD concrete
mechanism.
Periodontal disease (PD) is a chronic infectious disease

originated in the gingiva and is caused by bacteria in dental
plaque, and it is characterized by tooth loss and irreversible
alveolar bone loss.3 In recent years, studies have shown that
periodontal disease contributes to the development of various
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systemic diseases as a chronic inflammatory response beyond
just affecting periodontal tissue. These diseases include
diabetes mellitus, cardiovascular disease, kidney disease, etc.
In 2005, it was first confirmed that periodontal disease is
related to renal insufficiency, and the incidence of decreased
glomerular filtration rate in patients with periodontal disease is
twice of that in patients without periodontal disease,4,5

suggesting that periodontal disease may aggravate the
occurrence of chronic kidney disease (CKD). Its mechanism
may have a positive correlation with the occurrence of
bacteremia mediated by periodontal inflammatory factors and
the damage of renal endothelial cells. Sawa et al. found that
lipopolysaccharide (LPS) increases the accumulation of type I
collagen in glomeruli, causes glomerulosclerosis, and mediates
the production of urinary protein. These findings support that
periodontal disease aggravates the progression of DKD.6 Fang
et al. reported that periodontal treatment improves renal
inflammatory response and reduces the incidence of CKD.7

Periodontal treatment may reverse the development of kidney
disease by reducing the release of local inflammatory factors,

regulating the glomerular filtration rate, and decreasing serum
creatinine.8

The AMPK/mTOR pathway is one of the main pathways
regulating autophagy, where AMPK indirectly regulates
autophagy through mTOR.9 AMPK regulates mTOR both
directly and indirectly. On one hand, when intracellular energy
is reduced, AMPK, a sensitive energy signal sensor, is activated
through the phosphorylation reaction, resulting in inhibition of
mTOR. Decreased activity of mTOR leads to an enhanced
autophagy process.10 On the other hand, phosphorylated
AMPK inhibits mTOR activity and indirectly enhances
autophagy by phosphorylating the TSC1/2 complex.10

Podocyte injury is the hallmark event of glomerular disease
in the early stage of DKD.1 The activation of the mTOR
signaling pathway promotes podocyte hypertrophy to adapt to
the glomerular hyperfiltration state, but compensatory hyper-
trophy can accelerate podocyte loss, thereby forming a vicious
cycle of podocyte hypertrophy and loss.11,12 At the same time,
the decreased autophagic flux of podocytes also causes
progressive loss of renal function.1 In the middle and late

Figure 1. Establishment of a rat model of diabetic periodontitis and detection of metabolic indexes. (A) HE and methylene blue staining of
periodontal tissue. (B, C) Dynamic measurement of rats body weight. (D, E) model blood glucose dynamic measurement indicators. (F) Three-
dimensional (3D) reconstructed micro-CT images of rat periodontal tissues. (G−L) 24H blood metabolic parameters of rats. *P < 0.05, the results
of each group were compared with the CON group. ΔP < 0.05, the results of each group were compared with the DM + PD group.
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stages of DKD, the excessive proliferation, apoptosis, and
extracellular matrix (ECM) accumulation of glomerular
mesangial cells directly aggravate the degree of proteinuria
and glomerulosclerosis. Inhibition of the mTOR signaling
pathway reduces oxidative stress and increases autophagy
levels, thereby preventing the above pathological process.13

The accumulation of the glomerular extracellular matrix
(ECM) is the pathological basis of glomerulosclerosis.12,14

Plasminogen and plasminogen activator inhibitor-1 (PAI-1),
the key factors in the fibrinolytic system, play an important role
in ECM degradation, and their abnormal expression leads to
ECM accumulation, glomerulosclerosis, and renal tubulointer-
stitial fibrosis.12,15 Transforming growth factor β1 (TGF-β1) is
an important fibrogenic factor. High expression of TGF-β1
increases the production of ECM in mesangial cells and
stimulates the increase of type IV collagen (COL-IV), the main
component of ECM, thereby promoting renal interstitial
fibrosis.16,17 The imbalance of the fibrinolysis system and the
high expression of TGF-β1 causes internal environment
disorder and activates a variety of signaling pathways in the
kidney; as a result, it promotes the process of fibrosis and
aggravates the deterioration of renal function. The autophagy
activity of renal intrinsic cells such as podocytes and mesangial
cells is decreased in diabetic nephropathy model mice,18 which
weakens the ability of renal intrinsic cells to remove damaged
proteins and organelles in time, resulting in renal intrinsic cell
damage, which leads to thickening of glomerular basement
membrane and increase of ECM, and promotes renal fibrosis.19

Therefore, increasing the level of autophagy in renal tissue and

inhibiting the high expression of TGF-β may be effective
targets for delaying the progression of renal fibrosis.
Artemisinin is a sesquiterpene lactone with a peroxide group

extracted from Artemisia (a natural plant used as traditional
medicine in China).20 Artesunate (ART, C19H28O8, molecular
weight 384.42), a derivative of artemisinin, has been widely
used in clinical practice orally and intravenously as a safe and
effective antimalarial drug.21 Previous studies from our lab
have revealed that ART plays important roles in immune
status,22 anti-inflammation response, blood glucose,23 and
inhibition of bone resorption.24 However, whether ART
regulates the occurrence and development of DKD by
regulating the level of autophagy remains unknown. We
established a rat model of diabetes with periodontitis to
explore whether periodontitis could affect the progression of
DKD through the dysbiosis of microbiota. At the same time,
we performed ART intervention in rats to explore whether the
anti-inflammatory and antibacterial effects of ART are effective
for DKD and the specific mechanism behind the action of
ART.

2. MATERIALS AND METHODS
2.1. Animals. All animal procedures were approved by the

Institutional Animal Ethics and Committee of The Guangxi
Medical University (ethics number: 201808310). Male, weight
about 250 ± 20 g, Sprague-Dawley rats were used in this study
and housed in a specific-pathogen-free level laboratory for at
least 1 week before experiments. Each group of rats was kept in
a 12 h alternating light/dark cycle at 25 ± 2 °C and 60%
humidity. The rats were randomly divided into the treatment

Figure 2. Periodontal inflammation index of the model was detected. (A) IHC of the three indicators. (B−D) Quantitative analysis of the IHC
results.*P < 0.05, the results of each group were compared with the CON group. ΔP < 0.05, the results of each group were compared with the DM
+ PD group.

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

https://doi.org/10.1021/acsomega.4c00020
ACS Omega 2024, 9, 16358−16373

16360

https://pubs.acs.org/doi/10.1021/acsomega.4c00020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00020?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


group and the control group (CON) with 8 mice in each
group.
2.2. Diabetic Periodontal Disease Animal Grouping.

Seven groups include the control group (CON), the
periodontal disease group (PD), the type I diabetes mellitus
group (DM), the type I diabetic periodontal disease model
group (DM + PD), the 10 mg/kg artesunate treatment group
[DM + PD + ART (10 mg/kg)], the 30 mg/kg artesunate
treatment group [DM + PD + ART (30 mg/kg)], and the 60
mg/kg artesunate treatment group [DM + PD + ART (60 mg/
kg)] (n = 8). First, rats in the DM group were injected
intraperitoneally with STZ (60 mg/kg), and the CON group
and PD group were administrated intraperitoneally with the
same amount of PBS. After 72 h, rats were measured for blood
glucose at ≥16 7 mmol/L, eliminating noncompliant rats. One
week later, an 8-0 silk ligature was tied around the right

maxillary first molars in rats after injecting the P. gingivalis (0.1
mL) into the gums once daily from the second week to the
fifth week to establish the rats model of the PD model. Rats’
blood glucose was measured weekly. The doses of ART of 10,
30, and 60 mg/kg/d were administered intragastrically on the
fifth week after model establishment, while the other 4 groups
received PBS solution.
2.3. Periodontitis and Diabetes Assessment. Perio-

dontal bleeding index and tooth looseness were assessed every
2 days to determine the severity of periodontitis. Blood sugar
levels, body weight, food intake, stool volume, and urine
volume were measured in each group at the start of treatment
and once weekly for 4 weeks afterward. Serum levels of INS
and AGEs were detected by ELISA.
2.4. Periodontal Tissue Collection and Sample

Preparation. In the fourth week after successful modeling

Figure 3. Renal function indexes (A: ALP, B: BUN, C: Cysc, D: Scr, E: U-TP, F: β2-MG, G: UA), kidney weight (H), and KI (I) were analyzed at
the end of the experiment. *P < 0.05, the results of each group were compared with the CON group. ΔP < 0.05, the results of each group were
compared with the DM + PD group.
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of periodontal disease, the maxillary alveolar bone of the rats
was collected and fixed for 24 h (4 °C formalin). Micro-CT
scanning was performed to analyze the bone resorption of one
side of the alveolar bone (Toyo Corporation, Tokyo, Japan).
Data Viewer image editing software (Bruker, Kontich,
Belgium) performed the necessary corrections. The other
side of the maxillary alveolar bone was decalcified with 10%
ethylenediaminetetraacetic acid (EDTA) for 8 weeks,
embedded in paraffin, and cut into 4 μm serial sections for
hematoxylin and eosin (H&E) staining, methylene blue
staining, and immunohistochemical analysis.
2.5. Measurement of Serological Parameters and

Kidney Function. After 4 weeks of ART intervention, rats
were sacrificed, and samples were collected. Kidney function
can be measured by the parameter percent organ mass (organ
mass/body weight * 100). Blood samples were obtained by
cardiac puncture and promptly transported to the Affiliated
Tumor Hospital of Guangxi Medical University (Guangxi,
China) for determination of serum terminal blood glucose,

serum creatinine, urea nitrogen, endogenous creatinine
clearance, and 24 h urinary albumin levels.
2.6. Mitochondrial Morphology Observation by

Electron Microscopy. The fresh renal cortex (about 1 mm3

in area) was collected, fixed, embedded, sectioned, and stained
according to the operating procedures of a transmission
electron microscope (TEM). Finally, the renal tubular
epithelial cells were observed, and the images were collected.
2.7. Measurement of Kidney Cell Apoptosis. Apoptotic

activity was evaluated by detecting the level of apoptosis in
kidney sections made in Section 2.6 using a kit (Beijing Bioss
Biotechnology Co., Ltd., Beijing). The number of apoptotic
cells in kidney tissue was observed under a microscope (X40),
and the apoptotic index (number of apoptotic cells in visual
field/total number of cells in visual field × 100) was calculated.
2.8. Computer Molecular Docking Was Used to

Simulate the Detailed Binding Mode of ART with
AMPK, mTOR, and TGF-β1. To investigate how artesunate
interacts with TGF-β, AMPK, and mTOR, computational
simulations were performed. The optimal docking posture with

Figure 4. Periodontitis aggravates diabetic nephropathy. (A) H&E, PAS, and Masson staining of the kidney tissue. (B) TUNEL expression in the
kidney tissue of rats in each group. (C) Transmission electron microscopy (TEM) image observation of kidney tissue. (D) Gray-scale bar graph of
TUNEL. *P < 0.05, the results of each group were compared with the CON group. ΔP < 0.05, the results of each group were compared with the
DM + PD group.
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the lowest energy for the interaction of artesunate with the
above targets is presented to further investigate the detailed
binding mode of artesunate; the interaction was analyzed by
residue-by-residue free energy. The molecular docking
simulation between artesunate and each protein showed that
the docking binding energy between artesunate and each
protein was less than 0 in the initial screening results,
indicating that artesunate and each protein could bind
naturally. Among them, artesunate forms hydrophobic
interaction with amino acid residues LEU-364, PRO-314,
and ARG-85 on the active site of the TGF-β chain. These
forces enable artesunate to firmly bind to the active site of
TGF-β. In addition, as shown in the figure, artesunate is closely
bound to amino acid residues in the active sites of AMPK and
mTOR chains by hydrophobic interaction, indicating that this
study has research value.
2.9. Hematoxylin−Eosin, Methylene Blue Staining,

PAS, Masson Staining, Immunohistochemistry, and
Immunofluorescence Staining. To examine the periodon-
tal histological features, we performed HE, methylene blue
staining, and immunohistochemical staining (TNF-α, RANKL,
and OPG). To examine renal histological features, we
performed PAS, Masson staining, and immunohistochemical
staining for NF-κB, TNF-α, TGF-β, Smad2, COL-VI, AMPK,
mTOR, and P62. LC3-II was detected by immunofluorescence

staining (1:800 dilution; Cell Signaling Technology, Boston,
MA)
2.10. Reverse Transcription-Quantitative Polymerase

Chain Reaction (RT-qPCR). RT-qPCR was performed using
the method in a previous study. After data collection, the
ΔΔCt method was used to calculate the relative expression of
each mRNA after normalization to β-actin. Information on all
primers is listed in Table 1.
2.11. Western Blot. By centrifuging samples at 12,000g for

8 min at 4 °C, protein was collected from kidneys, and
quantification was performed using the Bradford method Bio-
Rad Protein Assay (Hercules, CA) following the manufac-
turer’s instructions. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was then performed on protein
extracts (50 mg protein/sample), and poly(vinylidene fluoride)
(PVDF) membranes were applied (Millipore). Primary
antibodies were applied to the blots (1:1000) except for
anti-AMPK (1:2000), anti-LC3-II (1:500), and anti-TGF-β
(1:500), followed by secondary antibodies (1:5000). To detect
specific proteins, ECL chemiluminescent substrate (Millipore,
MA) was used according to the manufacturer’s instructions.
Quantification was done with Image Quant version 5.1.
2.12. 16S Sequencing Analysis of Rat Oral Swabs and

Kidney Tissue. 16S sequencing analysis was performed on
DNA from rat oral swabs and renal aortic arch tissue, and PCR

Figure 5. Type 1 diabetes with periodontitis induced renal injury via autophagy. (A) Immunohistochemical staining of AMPK, mTOR, and P62 for
the kidney tissue (200×). (B) Immunohistochemical staining of LC3-II for the kidney tissue. (C−F) Gray-scale bar graph of
immunohistochemistry. *P < 0.05, the results of each group were compared with the CON group. ΔP < 0.05, the results of each group were
compared with the DM + PD group.
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amplification was performed only after the purity of the extract
was tested and conformity was determined. Libraries were
constructed based on purified products using Ion Plus
Fragment Library Kit 48 rxns (Thermo Fisher). The library
constructed above was checked to be qualified, and then Ion
S5TMXL from Thermo Fisher was used for sequencing.
2.13. Statistical Analysis. A one-way analysis of variance

(ANOVA) was used to examine differences among seven
groups, followed by a least significant difference post hoc test
to identify the least significant difference. Statistical analysis
was performed using SPSS v22.0 software (IBM Corp.), with a
P value of 0.05 considered statistically significant.

3. RESULTS
3.1. Establishment of Animal Models. We established

rat models with type 1 diabetes and periodontitis. In the
pathological observation of periodontal tissue, H&E staining
showed that the arrangement of collagen fibers in the PD
group was disordered, and inflammatory cells were scattered.
The methylene blue staining result suggested that there were
active osteocloblastic lacunae in the PD group. We also
observed a decrease in cortical bone, cancellous bone, and total
bone mineral density in PD by performing micro-CT (Figure
1A,D). The immunohistochemical results of periodontal

tissues showed that the positive rate of TNF-α and RANKL
was higher in the PD group, while OPG did not show that in
the PD group (Figure 2A). The pathological conditions
described above were more serious in the DM + PD group. For
the diabetic model, after 8 weeks of modeling, rats showed
excessive drinking, eating, urination, and weight loss, but the
general conditions of the rats were poor with dry fur, low
mobility, and microalbuminuria. In addition to dark red free
gingiva that was occasionally swollen and bleeding, rats in the
DM group had worse oral hygiene than rats in the CON group.
In terms of biochemical data, the expression levels of Scr,
BUN, U-TP, β2-MG, UA, FBG, and Cysc were significantly
higher in the DM and DM + PD groups than in the CON
group (Figure 3). In conclusion, the above results indicate that
the rat model was successfully established.
3.2. Periodontal Disease Aggravates the Fibrosis of

Diabetic Nephropathy by Inducing Autophagy and
Pathway. Our immunohistochemistry results showed that the
expression of NF-κB and TNF-α in kidney tissue of the PD
group was higher than that in the CON group. Compared with
nondiabetic rats (the CON and PD group), the expressions of
AMPK and LC3-II in diabetic rats (the DM and DM + PD
group) were significantly decreased, while mTOR and P62
were significantly increased. Additionally, compared with

Figure 6. Type 1 diabetes with periodontitis induced renal injury via the TGF-β/Smad signaling pathway. (A) Protein−ligand interactions and
molecular dynamics analysis of ART with AMPK, mTOR, and TGF-β. (B) Immunohistochemical staining of NF-κB, TNF-α, TGF-β, Smad3, and
COL-IV for the kidney tissue (200×). (C−G) Gray-scale bar graph of immunohistochemistry. *P < 0.05, the results of each group were compared
with the CON group. ΔP < 0.05, the results of each group were compared with the DM + PD group.
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nondiabetic rats (the CON and PD group), the expressions of
NF-κB and TNF-α in diabetic rats (the DM and DM + PD
group) were increased. The expression of fibrosis-related
proteins TGF-β, Smad3, and COL-IV in diabetic rats (the DM
and DM + PD group) was enhanced. The above pathological
changes in the DM + PD group were more obvious than those
in the DM group. These results were further confirmed by RT-
PCR and Western blot.
3.3. ART Reduces Renal Fibrosis by Increasing the

Level of Autophagy. After ART intervention, H&E staining
showed that the reticular fibers were arranged neatly and the
infiltration of inflammatory cells was reduced in the
periodontal tissue of rats with periodontal disease. Methylene
blue staining also showed that the reduction of bone resorption
lacunae in the cortical bone was more significant in the 60 mg/
kg group than in the 10/30 mg/kg group (Figure 1A). In terms
of bone resorption, the 60 mg/kg group improved more
significantly than the 10/30 mg/kg group (Figure 1D). In
immunohistochemistry, the situation of TNF-α, OPG, and
RANKL was improved, and the effect increased in a dose-
dependent manner (Figure 2).
In the kidney tissue, H&E, PAS, and Masson staining

showed that the pathological changes of renal fibrosis were
relieved after ART intervention (Figure 4A). The expressions
of inflammatory factors NF-κB and TNF-α and fibrosis-related
factors TGF-β, Smad3, and COL-IV were reduced (Figure
6A). About autophagy-related factors, AMPK, mTOR, P62,
and LC3-II were improved (Figure 5A,B). The number of
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells was also reduced (Figure 4B).

However, among the three concentration groups, 60 mg/kg
had the best outcome (Figure 6). Finally, PCR and WB results
further supported the above results (Figures 7 and 8).
3.4. Oral Flora Is Associated with the Progression of

Kidney Injury. To investigate the interaction between
periodontal and renal microflora, we performed 16S sequenc-
ing analysis on saliva samples in each group, and the result
showed that the CON group, PD group, DM group, and DM +
PD group had 111, 243, 130, and 216 unique OTUs,
respectively. In kidney tissue, compared with the CON
group, 4 OTUs were unique to the PD group, and 6 OTUs
were unique to the DM + PD group (Figure 9). This result
suggested that P. gingivalis may affect the renal flora, but the
result was not significant, which may be related to the
insufficient sample size.
After ART intervention, 17 OTUs were found to be unique

to the DM + PD + ART (30 mg/kg) group, and 4 OTUs were
unique to the DM + PD + ART (60 mg/kg) group, indicating
a decrease in the number of OTUs. In kidney tissue, the
number of OTUs increased after ART intervention, and the
microflora changed significantly in the 60 mg/kg group. The
above results suggested that ART may affect the diversity of
microflora in the oral cavity and kidneys, and 60 mg/kg ART
treatment may change the internal environment of the body
and affect the reproduction of microflora.
In the analysis of species composition, a total of 17 bacterial

phyla were detected in the kidney tissues from 7 groups of
samples. At the Phylum level, the top 5 most abundant phyla
were Proteus, Firmicutes, Bacteroides, Actinomyces, and
Fusobacterium. The dominant phyla in the gingival crevicular

Figure 7. AMPK (A), LC3 (B), mTOR (C), NF-κB (D), P62 (E), TGF-β (F) mRNA expression in kidney tissue of rats in each group. *P < 0.05,
the results of each group were compared with the CON group. ΔP < 0.05, the results of each group were compared with the DM + PD group.
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fluid of each sample are shown in Figure 10; compared to the
CON group, the proportion of Proteobacteria and Firmicutes
in the DM, PD, and DM + PD groups increased. After ART
intervention, compared to the DM + PD group, the abundance
of Proteobacteria was decreased, and the proportions of
Bacteroidetes and Firmicutes were significantly reduced. The
proportion of Proteobacteria in the DM + PD + ART (60 mg/
kg) group showed a significant downward trend.
The distribution of bacterial flora in the kidneys was roughly

the same as that in the oral cavity, suggesting that ART has the
same regulatory effect on the flora of various organs and may
inhibit the proliferation of some bacterial flora. After ART
intervention, the diversity of microbiota in both groups
decreased; in the kidney, the diversity of microbiota in the
DM + PD + ART (30 mg/kg) group was close to that in the

CON group, and the diversity of microbiota in the DM + PD +
ART (60 mg/kg) group decreased.

4. DISCUSSION
With the continuous update of the understanding of the
pathogenesis of DKD, renal tubular injury is still considered to
be an important link in the occurrence of DKD. Podocyte loss,
mesangial expansion, and reduced capillary surface are the
main features of DKD.25 In addition, clinical evidence has
shown that the renal tubules of patients with diabetes also
exhibit interstitial fibrosis, tubular atrophy, and peritubular
capillary rarefication.26 The proximal tubule is responsible for
the heavy absorption process; this is a kind of active transport
process, which requires a lot of energy, making the kidneys to
oxygen demand. Renal tubular epithelial cells in the diabetic

Figure 8.Western Blot results showed that autophagy mediated kidney damage. (A) Results of Western blot assay for the inflammatory factor NF-
κB and TNF-α. (B, C) Gray-scale bar plots of NF-κB and TNF-α protein expression. (D) Western blot results of autophagy-related factors. (E−H)
Gray-scale bar plots of mTOR, P62, AMPK, and LC3 protein expression. (I) Western blot results of fibrosis-related factors. (J, K) Gray-scale bar
plots of Smad2 and TGF-β protein expression. *P < 0.05, the results of each group were compared with the CON group. ΔP < 0.05, the results of
each group were compared with the DM + PD group.
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state are particularly sensitive to the disease due to their
dependence on aerobic metabolism and high energy demand.27

Kidney pathological changes such as renal tubular cell
apoptosis, renal tubular necrosis, the transformation of
epithelial-mesenchymal and ECM deposition, etc., can be
caused by hyperglycemia independently.28 In addition, due to
the glucose metabolism disorder caused by the hyperglycemic
state, the burden of glucose reabsorption in the proximal
tubule increases, leading to tubular hypertrophy and a large
amount of reactive oxygen species production. These burdens
lead to G1 cell cycle arrest and senescence phenotypes in
proximal tubular cells that promote interstitial inflammation
and fibrosis.27,28 Recent studies have shown that systemic low
inflammation induced by hyperglycemia induces macrophages
to secrete senescence-related secretory phenotype compo-
nents, which further promotes the escalation of inflammation
in kidney tissue, and finally directly induces senescence of renal
tubular epithelial cells and mesangial cells.29,30 Mechanistically,
it may be that the accumulation of damaged mitochondria
leads to premature cellular senescence. First, high blood sugar
in the body state offers help to the microenvironment of cell
aging. Second, telomere shortening due to oxidative stress may
be the most critical. As protectors of genome integrity,
telomere inactivation or shortening can initiate DNA double-
strand breaks and eventually lead to premature cellular

senescence.31,32 Apoptosis of renal tubular epithelial cells is
also a major feature of DKD. In vivo and in vitro evidence that
high blood sugar caused renal tubule cells to produce free
radicals and oxidative stress improves the rate of apoptosis.33

In addition, the ROS produced promoted the progression of
renal fibrosis through the activation of apoptosis signal-
regulated kinase 1, which in turn activated the downstream
p38 mitogen-activated protein kinase (MAPK).34 Ferroptosis
is a newly reported regulated cell death (RCD). Excessive ROS
production due to iron accumulation in cells disrupts the
stability of cell functions and eventually drives cells toward
death.35 As a key regulator of ferroptosis, GPX4 inactivation
will cause lipid peroxide accumulation and eventually trigger
ferroptosis.36 Recent animal experimental studies show that
GPX4 defect of proteinuria and renal interstitial edema in mice
and renal tubular cell death were significantly increased,
prompting GPX4 cells of renal tubules with renin protection.
Combined with clinical evidence from diabetic kidney biopsy
samples, GPX4 mRNA expression is significantly reduced
compared to non-diabetic patients, and ferroptosis can be
considered a form of tubular cell death.37 Pyroptosis belonging
to RCD has proven to participate in renal tubular cell death.38

Pyroptosis by protease dependency GSDMD cutting is a
congenital immune response to pathogens in the cell. In the
process of apoptosis, GSDMD cutting segments of the

Figure 9. Experimental Results of 16S sequencing. (A, B) Rank abundance curve in oral flora and kidney flora. (C) Species accumulation boxplot.
(D−F) OTU flower and Venn diagrams of oral flora and kidney flora in rats. A(kidney)/a(oral swabs): CON group. B(kidney)/b(oral swabs): DM
group. C(kidney)/c(oral swabs): PD group. D(kidney)/d(oral swabs): DM + PD group. E(kidney)/e(oral swabs): DM + PD + ART (10 mg/kg)
group. F(kidney)/f(oral swabs): DM + PD + ART (30 mg/kg) group. G(kidney)/g(oral swabs). DM + PD + ART (60 mg/kg) group.
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formation of amino-terminal permeation membrane and
membrane pore formation promote the IL-1β, IL-18 the
release of inflammatory factors, etc.39 NLRP3, as a potent
mediator of inflammation, can activate IL-1β, IL-18, and
caspase-1.40 It has been reported that hyperglycemia, hyper-
uricemia, and hyperlipidemia can activate NLRP3 to cause
pyroptosis.41 Clinical data show that the NLRP3 inflamma-
some is also activated in some intrinsic renal cells (renal
tubular epithelial cells) of renal patients. Experiments in mice
suggested that IL-1β and IL-18 were produced by renal tubular
epithelial cells.40

Autophagy is a specific cell death pathway. Responsible for
autophagosome initiation, formation, and maturation is the
family of autophagy-related genes. The occurrence of
autophagy can be summarized as autophagy body fusion
with lysosomes, and degradation by autophagy hydrolysis/

package material.42 mTOR and AMPK are the major
regulatory proteins of the autophagy process.43 Reports show
that autophagy in diabetic patients may be caused by high
glucose because the high glucose state induces the accumu-
lation of dysfunctional organelles and unfolded proteins in the
cells. Thus, the development of TGF-β-regulated fibrosis and
renal cell injury can be caused by the blockage of the process of
clearance of damaged cell contents.44 In DKD, Smad3-enabled
triggering autophagic dysfunction is promoting factors of
disease progression. The possible mechanism is that Smad3
binds and represses TFEB expression at the transcriptional
level, inhibiting lysosome formation and hindering the
clearance of damaged lysosomes, leading to lysosomal
depletion in renal tubular epithelial cells during diabetes.45

In our work, Smad3 was highly expressed in the DM group and
the DM + PD group, which was more significant in the DM +

Figure 10. Taxonomic composition analysis of oral microflora individuals and intergroups and kidney microflora individuals and intergroups in rats.
A(kidney)/a(oral swabs): CON group. B(kidney)/b(oral swabs): DM group. C(kidney)/c(oral swabs): PD group. D(kidney)/d(oral swabs): DM
+ PD group. E(kidney)/e(oral swabs): DM + PD + ART (10 mg/kg) group. F(kidney)/f(oral swabs): DM + PD + ART (30 mg/kg) group.
G(kidney)/g(oral swabs). DM + PD + ART (60 mg/kg) group.

Table 1. Primers Sequences of Target Genes and Reference Genes

gene forward primer reverse primer

β-actin GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG
NF-κB GGCAGCACTCCTTATCAAC GGTGTCGTCCCATCGTAG
TGF-β ACGTCAGACATTCGGGAAGCAGTG GCAAGGACCTTGCTGTACTGTACT
AMPK TTCTGTCTGCCGTGGACTACT CAGCCTTCCTGAGATGACCT
mTOR CCAGGAAATACCCTCTCTCCATC GAAGGTCACAAAGCCGTCTT
LC3-II CGAACAAAGAGTGGAAGATGTC AGGCTTGGTTAGCATTGAGC
P62 AGCTGCCCTCAGCCCTCT GGCTTCTCTTCCCTCC
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PD group, suggesting that periodontitis aggravated the
autophagy dysfunction triggered by Smad3 in the kidney
tissue. After ART intervention, the expression of Smad3
showed a downward trend, and 60 mg/kg ART had the best
effect, suggesting that ART can protect the stability of
autophagy by inhibiting the activation of Smad3.
AMPK is an important energy sensor, which can regulate the

body’s energy metabolism, induce apoptosis, improve inflam-
mation, regulate oxidative stress, and promote autophagy.46,47

Therefore, inhibition of AMPK can aggravate the occurrence
and development of renal fibrosis, and AMPK activation can
inhibit renal fibrosis.48−50 The inflammatory response involved
in inflammatory cytokines/cells promotes the process from
repair response to injury in the kidney, and the persistent
inflammatory response accelerates the process of renal
fibrosis.2,38,,52 TNF-α can affect the morphology and skeleton
of mesangial cells and stimulate the proliferation of mesangial
cells and the proliferation of fibroblasts, which are the main
protein source of ECM.53,54 IL-1β induces an inflammatory
response and stimulates the synthesis and secretion of TNF-α,
which synergistically promotes the development of renal
fibrosis. NF-κB is a regulatory factor of inflammation and
immune response, closely related to DN’s occurrence and
development.55,56 Under high glucose conditions, NF-κB
accumulates in the cytoplasm, leading to a large amount of
inflammation in the kidney tissue and causing glomerular and
renal interstitial fibrosis. The NF-κB signaling pathway can
participate in the pathophysiology and renal interstitial fibrosis
of early DN through a variety of mechanisms.55,57 In addition,
activated AMPK can also block the NF-κB signaling pathway,
improve the blood glucose level of diabetic rats, reduce the
expression of pro-inflammatory factors, and play an anti-
inflammatory role.58,59 Therefore, we hypothesized that AMPK
may aggravate kidney injury in type 1 diabetic rats with
periodontal disease by regulating the TGF-β and NF-κB
signaling pathways. The results of this experiment showed that
the contents of NF-κB, TNF-α, TGF-β1, and COL-IV in the
PD group were higher than those in the CON group. It is
suggested that periodontal disease may aggravate renal
inflammation and cause renal fibrosis. The expressions of
AMPK and LC3-II in the DM group and the DM + PD group
were significantly decreased; the expressions of mTOR and
P62 proteins were increased; the expressions of inflammatory
factors NF-κB and TNF-α were increased; and the expressions
of fibrosis proteins TGF-β, Smad3, and COL-IV were
increased. The changes in the DM + PD group were more
obvious than those in the DM group. These results suggest
that diabetes impairs renal function in rats and periodontal
disease may aggravate the impairment of renal function in
diabetic rats.
To further confirm our hypothesis, based on the above

experimental results, molecular docking and molecular
dynamics were used to analyze the binding site of ART with
AMPK, mTOR, and TGF-β. The molecular docking
simulation of ART and each protein showed that the binding
energy of each protein to ART was less than 0 in the initial
screening results, indicating that ART and each protein could
naturally combine, which was of research value. ART has a
strong binding ability with AMPK and mTOR, among which
mTOR has the highest score with the optimal binding energy
of −8.0 kcal/mol, while AMPK and TGF-β have a lower
binding energy with the optimal conformation of −6.30 and
−6.20 kcal/mol, respectively. As shown in the Figure 6, ART

forms hydrophobic interactions with amino acid residues LEU-
2220, SER-2221, LYS-2252, and ASN-2219 in the active site of
mTOR chain. These forces enable ART to firmly bind to the
active site of mTOR. In addition, ART binds to amino acid
residues VAL-81, PRO-79, GLN-154, and LYS-172 in the
active site of the AMPK chain through hydrophobic
interaction.
Based on “gut−kidney axis” theory to study, the strategy of

prevention and treatment of kidney diseases draw increasing
attention, and kidney disease is mainly involved in chronic
kidney diseases such as DKD.60,61 Kidney in the activation of
the renin-angiotensin system (RAS) of DKD is a key factor in
the present study that the intestinal flora can activate the
system. Studies have found that the plasma acetate level is
decreased, the activation of intrarenal RAS is inhibited, and
renal damage is alleviated after the intervention of compound
broad-spectrum antibiotics in diabetic rats, suggesting that
excessive acetate produced by intestinal flora imbalance may
cause early renal damage by activating intrarenal RAS.62 In the
condition of diabetes, the accumulation of succinic acid salt
with G protein-coupled receptors and activation of renal RAS,
eventually cause DKD.63 As gut microbes’ glycolysis
carbohydrate metabolic product, short-chain fatty acids
(SCFAs) is considered anti-inflammatory, antibacterial, anti-
fibrosis, resistant to oxidative stress, and regulation of
autophagy and renal protection effect.64 After sodium butyrate
intervention, the levels of butyrate in serum and feces of
diabetic rats are increased, and the renal damage is alleviated.65

Primary bile acids are converted into secondary bile acids by
Firmicutes organisms in the gut, and Lactobacillus, Bacter-
oides, and Roseobacter are involved in this metabolic
process.66 Animal studies suggest that it can be triggered by
the secondary bile acid method, farnesoid X receptor (FXR),
and G protein coupling bile acid receptor 1 (TGR5) and
alleviate kidney inflammation, oxidative stress, and renal
fibrosis.67 Indoxyl sulfate (lS) and p-cresyl sulfate (PCS),
produced by intestinal microbial fermentation of aromatic
amino acids, are the most important enterogenous uremic
toxins.68 In addition, intestinal microorganisms metabolize
nutrients, such as choline and carnitine, in food to produce
trimethylamine. It is then metabolized by the liver to produce
trimethylamine N-oxide (TMAO). In the DKD state, increased
levels of these enterogenous uremic toxins can increase
intestinal permeability, stimulate the immune system, induce
glomerular and tubular damage, and perpetuate inflammation,
oxidative stress, and fibrosis.69 Many studies have shown that
inflammatory response is involved in the occurrence and
development of DKD.70 In the diabetic state, the relative
abundance of butyrate-producing gut bacteria is reduced, and
the corresponding reduction of SCFAs and hyperglycemia
itself can lead to increased intestinal permeability and LPS
translocation. LPS entering the blood circulation can induce
inflammatory responses by binding to Tol-like receptor 4 in
the kidney.71 In the state of DKD, the accumulation of
enterogenous uremic toxins can aggravate the inflammatory
response and worsen the renal function. IS and PCS have been
confirmed to have a strong pro-inflammatory effect. IS and
PCS can activate intrarenal RAS and induce renal fibrosis.72

Angiotensin-converting enzyme (ACE) and angiotensin-
converting enzyme 2 (ACE2) are important regulators of
RAS under normal conditions. The balance of ACE and ACE2
was maintained in the kidney. In a diabetic state, intestinal
flora imbalance may be involved in the occurrence and
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development of DKD by breaking the balance of ACE and
ACE2 in the kidney.73 The dysbiosis of intestinal flora caused
by periodontal disease has been demonstrated by a large
amount of evidence.74 In the present study, periodontal disease
showed an effect of accelerating DN, and the possible
mechanism is that the intestinal flora imbalance caused by
oral flora imbalance disrupts the intrarenal ACE/ACE2
balance. The subsequent intestinal metabolic disorders further
aggravate this process. After analyzing the 16S rDNA genome
sequencing results, we found that compared with the DM +
PD group, the DM + PD + ART (10 mg/kg), DM + PD +
ART (30 mg/kg), and DM + PD + ART (60 mg/kg) groups
had significant changes in oral flora. The level of oral
microbiota in the DM + PD + ART (30 mg/kg) group was
similar to that in the CON group. Therefore, ART may
indirectly regulate intestinal flora by regulating the balance of
oral flora, restoring the normal metabolism of intestinal flora,
and then improving renal lesions. But ART adjusts the specific
mechanisms of oral flora; an extreme effect on the intestinal
flora also needs further experiments to confirm.

5. CONCLUSIONS
In order to determine the impact of periodontal disease on the
progression of renal damage in the diabetic state and to find
the appropriate medical treatment for this complication, we
designed and implemented this study work. Our work suggests
that periodontal disease may mediate the imbalance of renal
flora, aggravate renal damage in type 1 diabetes, cause
glomerular inflammation and renal tubulointerstitial fibrosis,
and reduce autophagy. However, ART intervention can
regulate the periodontal flora, reduce the expression of TNF-
α, OPG, RANKL, and alkaline phosphatase (ALP) in gingival
tissue, reduce alveolar bone loss, and restore bone tissue
reconstruction. In addition, a certain dose of ART can promote
the recovery of bacterial flora to normal levels, reduce renal
inflammation, inhibit renal fibrosis, and improve the level of
autophagy to delay kidney injury.
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■ ABBREVIATIONS
ALP alkaline phosphatase
AMPK AMP-activated protein kinase
ART artesunate
BMP-7 bone morphogenetic protein 7
BUN blood urea nitrogen
Cysc cystatin C
COL-IV collage type IV
CKD chronic kidney disease
DM diabetes mellitus
DKD diabetic kidney disease
ECM extracellular matrix
FBG fasting blood glucose
FPS fucoidan
IL-1β interleukin-1β
LPS lipopolysaccharide
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mTOR mammalian protein of rapamycin
NF-κB nuclear factor-κB
OPG osteoprotegerin
PAI-1 plasminogen activator inhibitor-1
PD periodontal disease
RANKL receptor activator of NF-κB ligand
Scr serum creatinine
Smad3 Sma and Mad homologue
STZ streptozotocin
TGF-β transforming growth factor-β
TNF-α tumor necrosis factor-α
T1DM type 1 diabetes mellitus
UA uric acid
β2-MG beta2 microglobulins
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