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A B S T R A C T S

Objective: Diabetic kidney disease (DKD) is a common complication of diabetes mellitus. The 
pathophysiological changes in platelet function and the hypercoagulable state associated with 
DKD are closely linked to inflammatory processes. Poecilobdella manillensis (PM), a type of leech 
known for its anticoagulant and antithrombotic properties, has the potential to modulate the 
inflammatory response in DKD. This study aims to investigate the effect of freeze-dried powder of 
PM on improving inflammatory injury in rat glomerular mesangial cells and to explore its un
derlying mechanism.
Methods: Lipopolysaccharide (LPS) stimulated HBZY-1 rat mesangial cells to establish an in vitro 
DKD inflammation model. After the intervention with the water extract of freeze-dried powder of 
PM (FDPM), cell viability, NO content, and the levels of inflammatory factors such as IL-1β, IL-18, 
and TNF-α were assessed. Finally, utilizing transcriptomics technology, RT-qPCR, and Western 
blot methods, the mechanism by which FDPM improves inflammatory injury in rat glomerular 
mesangial cells was explored and preliminarily validated.
Results: FDPM effectively enhances cell viability and inhibits the production of NO and related 
inflammatory factors. Transcriptomic analysis suggests that FDPM may exert these effects by 
regulating the TXNIP/NLRP3 signaling pathway. The mRNA and protein expressions of TXNIP, 
NLRP3, and MCP-1 in the model cells were reversed by FDPM.
Conclusion: FDPM may improve the micro-inflammatory state of DKD and slow the progression of 
the disease by regulating the TXNIP/NLRP3 signaling pathway. This study provides a scientific 
basis for the clinical application of PM DKD treatment.

1. Introduction

Diabetic kidney disease (DKD) also referred to as diabetic nephropathy, is a typical kidney disease caused by diabetes mellitus and is 
a leading cause of end-stage renal disease [1,2]. The number of DKD patients worldwide is increasing annually and is expected to 
exceed 100 million by 2030 [3,4]. The pathogenesis of DKD includes metabolic abnormalities, hemodynamic disturbances, inflam
mation, and fibrosis [4,5]. Chronic low-grade inflammation is a key feature of DKD. Growing evidence suggests that immune-mediated 
micro-inflammation may play a critical role in DKD [6]. Therefore, it is crucial to identify medicines that can suppress the DKD 
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micro-inflammatory response through multi-target and multi-pathway mechanisms to effectively treat and delay the progression of 
DKD.

As a member of the Hirudinidae family, (PM) is a type of leech that has been included in the standard for Chinese medicinal 
materials in Yunnan Province [7]. Studies have shown that PM, as a blood-sucking leech, contains various active ingredients with 
anticoagulant, antithrombotic, and anti-inflammatory effects, including bufrudin, hirudin, and their analogs [7–9]. PM has obvious 
anticoagulant activity, effectively inhibiting thrombin activity, prolonging activated partial thromboplastin time (APTT), thrombin 
time (TT), and prothrombin time (PT), thereby preventing blood coagulation [10]. Poeciguameri Poecilobdella manillensis n is a 
polypeptide isolated from PM’s saliva, a serine protease inhibitor with an anticoagulant domain. It possesses analgesic and antith
rombotic activities and can be used to inhibit pain and thrombosis under inflammatory conditions [11]. Previous studies have shown 
that freeze-drying can effectively retain the anticoagulant activity of PM, making it more practical to use PM in the form of freeze-dried 
powder [12]. Additionally, related toxicology studies provide strong evidence for the clinical use of freeze-dried powder of PM [13].

During the progression of DKD, pathological conditions such as platelet aggregation and hyperactivity, endothelial dysfunction, 
and a hypercoagulable state often occur, all of which are associated with the inflammatory response [14,15]. Studies have shown that 
metabolic disorders and hemodynamic changes in DKD may activate renal micro-inflammation [16]. Therefore, we believe that 
applying PM to improve the micro-inflammatory state of DKD is feasible due to its anticoagulant and antithrombotic properties.

This study aims to investigate the effect of PM freeze-dried powder (Poecilobdella manillensis freeze-dried powder) on improving 
inflammatory injury in rat mesangial cells and explore its related mechanisms, addressing the current gap in DKD inflammation 
research related to its treatment. In this research, PM freeze-dried powder was used as the research focus, and its pharmacodynamics 
were evaluated by establishing an in vitro DKD inflammation model, using cell viability and inflammatory factor levels as indicators. 
Transcriptomic technology and molecular biology experiments were used to explore the mechanism of PM in improving DKD 
inflammation. This research provides a preliminary scientific basis for clinical workers to apply PM in mitigating the micro- 
inflammatory response in DKD.

2. Materials and methods

2.1. Preparation of PM freeze-dried powder extract

Preparation of water extract of freeze-dried powder of Poecilobdella manillensis (FDPM): 10 g of freeze-dried powder of PM (Yunnan 
Huazhi Pharmaceutical (Yuanjiang) Co., Ltd., China; Cat. No. 20221207, its composition is provided from supplier and is given as 
Supplementary Material Fig. S6) was weighed, and deionized water was added at a ratio of 1:5 (w/v). The mixture was stirred and then 
placed at 4 ◦C for 24 h, with intermittent stirring. After 24 h, the mixture was centrifuged at 16,000 rpm for 10 min, and the resulting 
supernatant was lyophilized [17].

2.2. Cell culture

The rat glomerular cell line HBZY-1 (Beijing Union Medical College Cell Culture Center, China) was cultured in low-glucose DMEM 
medium (Gibco, China; Cat. No. 12320032) supplemented with 1 % penicillin-streptomycin and 10 % fetal bovine serum (CORNING, 
USA; Cat. Nos. 35-081-CV and 30-009-CI) in a 5 % CO2 incubator at 37 ◦C (Thermo Fisher Scientific, USA). The cells adhered and 
proliferated. When the cells reached 70 %–80 %, they were used for passage or experimentation.

2.3. Establishment of in vitro model and screening of administration dose

The cells were seeded at a concentration of 4 × 104 cells/mL and incubated in a cell incubator for 24 h. Once the cells reached 70 % 
confluence, they were treated with different concentrations of LPS (Sigma Aldrich, USA; Cat. No. SMB00610) at 0.125, 0.25, 0.5, 1, and 
2 μg/mL for 12 and 24 h, respectively, with complete medium without LPS serving as the control group. After treatment, cell viability 
was assessed using a CCK-8 kit (Dalian Meilun Biological Co., Ltd., China; Cat. No. MA0218-1). According to the instructions, 
absorbance was measured at 450 nm using Epoch 2 TC microplate reader (BioTek, USA) to establish an in vitro LPS-induced in
flammatory injury model.

Cells were seeded and cultured according to the above method. FDPM was then dissolved in complete medium and administered at 
concentrations of 0.075,0.15,0.3,0.6,1.2, and 2.4 mg/mL for 12 h. After the intervention, the complete medium was used as the control 
group, and cell viability was assessed using the CCK-8 method to determine the safe dosage of FDPM.

2.4. Effects of FDPM on LPS-induced injury and inflammation in HBZY-1 cells

To assess the effect of FDPM on LPS-induced injury in HBZY-1 cells, the cells were stimulated with 1 μg/mL LPS for 24 h. Sub
sequently, the cells in each group were treated for 12 h with either a complete medium without drugs or a complete medium containing 
FDPM at high (0.3 mg/mL; FDPM-H), medium (0.15 mg/mL; FDPM-M), and low (0.075 mg/mL; FDPM-L) doses. After the inter
vention, cell viability was assessed, and the cell supernatant was collected for NO content analysis using a NO kit (Beijing Bairuiji 
Biotechnology Co., Ltd., China; Cat. No. BN27106).

The cells were seeded into 6-well plates at a density of 300,000 cells per well, and LPS and FDPM treatments as described above 
were initiated when the cells reached 70%–80 % confluence. After treatment, the supernatants from each group were collected and 
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centrifuged at 4 ◦C and 4000 rpm for 20 min. The levels of inflammatory factors IL-1β, IL-18, and TNF-α were measured in supernatants 
using ELISA kits (Quanzhou Jiubang Biotechnology Co., Ltd., China; Cat. Nos. QZ-10037, QZ-10049, and QZ-10160).

2.5. Transcriptome sequencing and analysis

When the cells reached approximately 70 %–80 % confluence, they were stimulated with 1 μg/mL LPS for 24 h, followed by 
treatment with 0.3 mg/mL FDPM (high dose) for 12 h. Subsequently, cell samples from the control group, model group, and FDPM-H 
group were sent to Shanghai Meiji Biomedical Technology Co., Ltd. for transcriptome sequencing. Total RNA was extracted from the 
cells using TRIzol reagent (Invitrogen, USA; Cat. No. 15596026CN), and RNA concentration and purity were assessed. The RNA 
Quality Number (RQN) was determined using the Agilent 5300 Fragment Analyzer systems (Agilent, USA). Samples with qualified 
RNA quality were used for cDNA library construction. High-throughput sequencing was performed using the Illumina HiSeq X Ten 
instrument (Illumina, USA). Quality control was conducted during sequencing to obtain high-quality Clean Reads. Clean Reads were 
aligned to the reference genome of the rat (Rattus norvegicus, reference genome version, Rnor _ 6.0) using HISAT2 software. The 
DESeq2 software was used to analyze differential gene expression. Genes with | log2 (Fold Change) | ≥ 1, P-adjust <0.05 were 
considered different genes.

The differentially expressed genes (DEGs) identified between the model group and the normal control group, as well as those 
identified between the FDPM-H treatment group and the model group, were analyzed using a Venn diagram. The intersection of the 
above two DEGs sets was defined as identical differentially expressed genes (IDEGs). IDEGs were categorized based on their biological 
processes (BP), cellular components (CC), and molecular functions (MF) using the Gene Ontology (GO) database (http://geneontology. 
org/). GO enrichment analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg/) were conducted 
on IDEGs with Fisher’s exact test. The P-values were adjusted by the method of the Benjamini-Hochberg, and it was considered that 
when P < 0.05, there was significant enrichment.

2.6. Quantitative real-time PCR analysis

Cells in the logarithmic growth phase were seeded at a density of 300,000 cells per well. Experimental groups included a blank 
control, a model group, and three FDPM treatment groups: low-dose (FDPM-L), medium-dose (FDPM-M), and high-dose (FDPM-H). 
Modeling and drug interventions were conducted according to the methods described previously. TRIzol was used to extract Total RNA 
from cell samples according to the manufacturer’s protocol. Reverse transcription and qPCR were performed according to the in
structions provided with the reverse transcription kit and the qPCR kit (Hunan Aikeri Bioengineering Co., Ltd., China; Cat. Nos. 
AG11707 and AG11701). The RT-qPCR cycle condition included an initial denaturation step at 95 ◦C for 3 min, followed by 40 cycles 
of denaturation at 95 ◦C for 10 s, annealing and extension at 60 ◦C for 30 s. The PCR primers for the target genes are listed in Table 1, 
with β-actin serving as the internal reference gene. Gene expression was calculated using the 2− ΔΔCT method.

2.7. Western blotting analysis

Similarly, the cells were also divided into five groups after modeling and drug intervention. Pre-cooled RIPA lysis buffer was used to 
lyse the cells, and protein concentrations were measured using the BCA protein concentration assay kit (Cell Signaling Technology, 
Inc., USA; Cat. Nos. 9806 and 7780). Equal amounts of protein were separated using SDS-PAGE with a 10 % separation gel and 8 % 
stacking gel, followed by transfer to an NC membrane (Millipore, Germany). The membrane was blocked with 5 % skimmed milk 
powder for 1 h at room temperature and then incubated overnight at 4 ◦C with primary antibodies (TXNIP, NLRP3, β-actin from 
Zenbio, China; Cat. Nos. 382206, 381207, 380624; MCP-1 from Affinity, China; Cat. No. DF7577). Primary antibodies were diluted 
according to the manufacturer’s instructions. After washing the membrane three times with TBST buffer, it was incubated with the 
corresponding HRP-labeled secondary antibody (Zenbio, China; Cat. No. 511203). The results were visualized and recorded using a 
chemiluminescence imaging system (Beijing Liuyi Biotechnology Co., Ltd., China).

2.8. Statistical analysis

Statistical analysis was performed using SPSS 22.0 and GraphPad Prism 8.1 software. Experimental results are presented as the 

Table 1 
Primer sequence information.

Primer name primer sequences（5′-3’） primer length（bp）

TXNIP F:AGTTACCCGAGTCAAAGCCG 77
R:ACTGCTGAGACCCTTGCATC

NLRP3 F:AGCTCCTCTGTGAGGGACTT 88
R:CAGCAGGAGTGTGAGGTGAG

MCP-1 F:TGATCCCAATGAGTCGGCTG 127
R:TGGACCCATTCCTTATTGGGG

β-actin F:CGCGAGTACAACCTTCTTGC 211
R:CCTTCTGACCCATACCCACC
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mean ± standard deviation (SD). One-way ANOVA was used for comparisons between groups. A P-value of less than 0.05 was 
considered statistically significant.

3. Results

3.1. Determination of in vitro modeling conditions and dosage

HBZY-1 cells were stimulated with different concentrations of LPS for 12 and 24 h, respectively. As shown in Fig. 1A and B, 
compared with 12-h stimulation, the cell viability of HBZY-1 cells stimulated for 24 h decreased in a dose-dependent manner. When the 
concentration of LPS reached 1 μg/mL, the cell inhibition rate after 12 and 24 h exceeded 20 %, with a significant difference (P <
0.001). Therefore, 1 μg/mL LPS for 24 h was selected as the modeling condition for subsequent experiments. When the concentration 
of FDPM reached 0.6 mg/mL, it began to cause severe cellular toxicity compared with the normal control group (Fig. 1C). Conse
quently, for subsequent experiments, the low, medium, and high dose groups were set at 0.075, 0.15, and 0.3 mg/mL, respectively.

3.2. FDPM improved LPS-induced HBZY-1 cell injury and inflammatory response

The results of the experiment (Fig. 2A–E) showed that the cell viability of the model group was significantly suppressed (P < 0.001) 
compared to the normal group, with an inhibition rate exceeding 25 %, indicating that the model group had stable damage after LPS 
stimulation. In comparison with the model group, as the dosage of FDPM increased, there was a dose-dependent increase in cell 
viability, suggesting that FDPM could mitigate LPS-induced injury in HBZY-1 cells. Additionally, NO production in the model group 
increased significantly (P < 0.001) following LPS treatment, accompanied by a notable rise in the levels of IL-1β, IL-18, and TNF-α, 
known inflammatory factors in the supernatant (P < 0.001). After FDPM intervention, these changes were significantly reversed (P <
0.001), with FDPM inhibiting the levels of inflammatory factors in a dose-dependent manner.

3.3. Differential gene expression analysis

As shown in Table 2 and Fig. 3B and C, there were 475 DEGs between the model group and the normal control group, with 256 
genes upregulated and 219 downregulated. Between the FDPM-H administration group and the model group, there were 874 DEGs, of 
which 446 were upregulated and 428 were downregulated. To investigate the effect of the intervention of LPS and FDPM-H on HBZY-1 
cells, the DEGs from the control group and the model group, as well as those from the FDPM-H administration group and the model 
group, were analyzed using a Venn diagram (Fig. 3A). This analysis identified 210 common differentially expressed genes (IDEGs), 
which will be the focus of subsequent analyses.

3.4. GO function annotation and enrichment analysis

According to the results of GO functional annotation (Fig. 4A), IDEGs are classified into 45 secondary functional categories under 
the GO system. Among the 20 biological process categories, IDEGs primarily concentrate on biological regulation, cellular processes, 
and response to stimuli. In the 15 cell component categories, IDEGs were significantly concentrated in cell parts, membrane parts, and 
organelles. Within the 10 molecular function modules, the majority of IDEGs were associated with binding, followed by catalytic 
activity and molecular function regulation.

A further significant enrichment analysis was conducted on the identified IDEGs. A total of 203 IDEGs were enriched into 1294 
secondary functional classes, 309 of which had significant enrichment (P-adjust <0.05). Among the 274 biological process categories, 
the top 20 items (Fig. 4B) included positive regulation of inflammatory response, cell chemotaxis, and positive regulation of immune 
effector processes, etc. The 10 cell component entries (Fig. 4C) include extracellular space, cell surface, extracellular matrix, etc. The 

Fig. 1. The in vitro modeling conditions and the safe dose range of FDPM. (A) Cell inhibition rate after 12 h of intervention with different con
centrations of LPS; (B) Cell inhibition rate after 24 h of intervention with different concentrations of LPS; (C) Screening of the safe dose range of 
FDPM. ***P < 0.001, compared with the normal control group, n = 6.
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top 20 items (Fig. 4D) enriched in the molecular functional category included MHC class I protein binding, chemokine receptor 
binding, metalloendopeptidase activity, etc. Based on the results of GO functional annotation and enrichment analysis, it is speculated 
that FDPM may improve the injury induced by LPS-induced in vitro by regulating cell metabolism, inflammatory responses, and im
mune function.

3.5. KEGG pathway enrichment analysis

To further explore the changes in the molecular levels of HBZY-1 cells following the intervention of LPS and FDPM-H, KEGG 
pathway enrichment analysis was performed on the IDEGs. The results showed that a total of 86 IDEGs were enriched into 180 
signaling pathways, with 28 pathways showing significant enrichment (P value < 0.05, Supplementary Document Table 1), as shown 
in Fig. 5. Among these, the IL-17 signaling pathway, TNF signaling pathway, JAK-STAT signaling pathway, NF-kappa B signaling 
pathway, and NOD-like receptor signaling pathway were selected for further enrichment analysis. The distribution of IDEGs within 
these pathways was observed. As shown in Fig. 6A and B, genes significantly expressed in the other four pathways were also distributed 
in the NOD-like receptor signaling pathway, suggesting that this pathway is the main focus of the study. Notably, NLRP3 emerged as 
the core gene. From the NOD-like receptor signaling pathway map (Supplementary file Figs. S1–2), it was evident that the expression of 

Fig. 2. Effects of FDPM intervention on LPS-induced HBZY-1 cell injury and inflammatory response. (A) Effect of FDPM on cell viability following 
LPS intervention (n = 6); (B) Effect of FDPM on NO content following LPS intervention (n = 6); (C) Effect of FDPM on IL-1β levels in cell supernatant 
following LPS intervention (n = 3); (D) Effect of FDPM on IL-18 levels in cell supernatant following LPS intervention (n = 3); (E) Effect of FDPM on 
TNF-α levels in cell supernatant following LPS intervention (n = 3). ***P < 0.001, compared with the normal control group; ###P < 0.001, 
compared with the model group.

Table 2 
Differentially expressed gene statistics. The treated represents the FDPM-H group.

diff_group total DEG up down

Model_vs_Control 475 256 219
Treated_vs_Model 874 446 428
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NLRP3 and MCP-1 genes increased significantly after LPS stimulation in vitro. However, following FDPM-H treatment, the TXNIP, 
NLRP3, and MCP-1 expression was effectively inhibited.

3.6. FDPM ameliorates LPS-induced cell inflammatory injury by regulating the TXNIP/NLRP pathway

The relative mRNA expression (Fig. 7A–C) and protein expression (Fig. 7D–G) of TXNIP, NLRP3, and MCP-1 were measured across 
all groups. The results showed that both mRNA and protein expression levels of these markers were significantly higher in the model 
group compared to the control group (P < 0.001 for mRNA, P < 0.05 for protein). However, treatment with different doses of FDPM 
significantly reversed these changes to varying degrees, suggesting that FDPM effectively inhibits the LPS-induced mRNA and protein 
expression of TXNIP, NLRP3, and MCP-1 in HBZY-1 cells.

4. Discussion

Growing evidence suggests that the occurrence of DKD is not only linked to abnormal hemorheology and hyperglycemia but also to 
the activation of innate immune system activation and persistent micro-inflammatory state in diabetic patients [18,19]. As a result, 
chronic micro-inflammation, driven by the infiltration of immune cells and cytokines into renal tissue, has gradually emerged as a 
significant hallmark of DKD. Drugs that target innate immune signaling pathways and inflammatory signaling pathways may offer 
therapeutic potential for DKD [20]. The anticoagulant and anti-inflammatory properties of hirudin are closely related to the treatment 
of diabetes and its complications [21,22]. PM contains bufrudin, hirudin, and hirudin analogs [8,23], making it a promising candidate 
for treating DKD.

To investigate the protective effects of FDPM against inflammatory injury of glomerular mesangial cells during DKD treatment, this 
study established an inflammatory injury model in vitro [24] by using the LPS to stimulate glomerular mesangial cells, thereby 
mimicking the inflammatory environment of glomerular mesangial cells in diabetic nephropathy. Our findings demonstrated that 
FDPM can improve LPS-induced cell injury, significantly inhibiting the production and release of IL-1β, IL-18, TNF-α, and NO, which 
suggests that FDPM possesses notable anti-inflammatory properties. Transcriptomics, a research method that explores the tran
scriptional activities and regulatory mechanisms of cells or genes at a comprehensive level [25], has become an increasingly popular 
approach for studying disease pathology and the pharmacodynamic mechanism of traditional Chinese medicine [26]. To explore the 
molecular mechanism underlying FDPM ’s effects on LPS-induced inflammatory injury in HBZY-1 cells in vitro, we identified 210 IDEGs 
by high-throughput transcriptome sequencing.

Fig. 3. (A) Venn diagram of genes expressed differently; (B) Volcanic diagram of difference of expression in model group and normal control group; 
(C) Volcanic diagram of difference of expression in FDPM-H administration group and model group.
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Fig. 4. (A) GO function secondary classification annotation of IDEGs; (B) IDEGs were enriched in the first 20 items of biological processes (BP); (C) 
IDEGs were enriched in the top 20 items of cellular components (CC); (D) IDEGs were enriched in the first 20 items of molecular functions (MF).

Fig. 5. KEGG enrichment analysis of IDEGs.
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Fig. 6. (A) KEGG pathway enrichment chord diagram comparing the model group with the normal control group; (B) KEGG pathway enrichment 
chord diagram comparing the FDPM-H administration group with the model group. On the right side, the pathway information related to significant 
enrichment of the differential genes is displayed. On the left side, the pathway genes are sorted by log2FC in descending order.
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Numerous studies have demonstrated a close association between the TXNIP/NLRP3 signaling pathway and DKD. In vitro, LPS 
stimulation of glomerular mesangial cells has been shown to induce the expression and release of TXNIP, NLRP3, IL-1β, TNF-α, and IL- 
18 in a dose-dependent and time-dependent manner, indicating that LPS can trigger inflammation and exacerbate renal damage 
through the TXNIP/NLRP3 pathway [24]. Similarly, research has revealed that punicalagin can mitigate the inflammatory state of 
diabetic nephropathy by establishing a diabetic mouse model, potentially through the down-regulation of NOX4 expression and in
hibition of pyroptosis mediated by the TXNIP/NLRP3 pathway [27]. Additionally, Schizandrin A has been found to inhibit the 
expression of TXNIP and NLRP3 proteins in DKD mice, reducing IL-1β levels in the kidneys and thereby offering renal protection [28]. 
Furthermore, by blocking the TXNIP/NLRP3 inflammatory pathway in diabetic nephropathy, vitamin D3 has been shown to protect 
renal tubular epithelial cells from fibrosis and apoptosis [29]. Therefore, based on previous studies, the TXNIP/NLRP3 axis in the 
NOD-like receptor signaling pathway was selected as the target pathway for this investigation.

The NLRP3 inflammasome, composed of NLRP3, ASC, and pro-caspase-1, is a crucial component of the innate immune system, 
playing an essential role in DKD [30,31]. In glomerular mesangial cells affected by DKD, the NLRP3 inflammasome can be activated by 
hyperglycemia, oxidative stress, and other factors, leading to an inflammatory response that exacerbates glomerular damage [32]. 
During the formation of NLRP3 inflammasome, pro-Caspase-1 is recruited and cleaved to produce active Caspase-1, which then 
promotes the conversion of pro-IL-1β and pro-IL-18 into the active pro-inflammatory cytokines IL-1β and IL-18, thereby triggering 
immune response [33]. TXNIP, an early gene inducible by diabetes and hyperglycemia [34,35], is critical for NLRP3 inflammasome 
activation [36,37]. In the context of diabetes and oxidative stress, TXNIP plays a vital role in innate immunity by activating the NLRP3 
inflammasome and facilitating the release of IL-1β [38]. Renal exposure to stimuli such as lipopolysaccharide or high glucose is known 
to activate the NLRP3 inflammasome, or promote the binding of TXNIP to the NLRP3 inflammasome, leading to the release of IL-1β and 
IL-18, thereby exacerbating the inflammation response associated with diabetic nephropathy [39,40].

During DKD, there is an increase in the levels of inflammatory cytokines such as IL-1β, IL-18, TNF-α, and MCP-1 in the kidney [41]. 
IL-1β, a key inflammatory mediator, is involved in cellular activity and immune response regulation [42]. It can also impair the 
kidney’s filtration function by damaging the junctions and adhesions of glomerular endothelial cells [43]. IL-18 participates in 
adaptive immunity by regulating T-cell activation and differentiation [44]. As another important inflammatory factor in the kidney, 
IL-18 induces the expression of pro-inflammatory and oxidative stress-related genes [45], while also mediating the production of other 
inflammatory factors [46]. TNF-α, highly expressed in the blood and urine of diabetic patients, acts as a pro-inflammatory factor, 

Fig. 7. Effects of FDPM on TXNIP/NLRP pathway in LPS-induced cellular inflammatory injury. (A) Relative expression of TXNIP mRNA in each 
group; (B) Relative expression of NLRP3 mRNA in each group; (C) Relative expression of MCP-1 mRNA in each group; (D) Western blot bands of 
TXNIP, NLRP3, and MCP-1 proteins; (E) Relative content of TXNIP protein in each group; (F) Relative content of NLRP3 protein in each group; (G) 
Relative content of MCP-1 protein in each group. *P < 0.05, ***P < 0.001, compared with the normal control group; #P < 0.05, ##P < 0.01, ###P <
0.001, compared with the model group, n = 3. The original Western blot bands are shown in Figs. S3(A–D)-S5 (A–D) in the supplemental file.
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influencing the recruitment and activation of leukocytes, thereby exacerbating inflammation and DKD [47]. Additionally, prolonged 
TNF-α activity promotes the secretion of IL-1, IL-6, and IL-8, further aggravating the inflammatory response [48]. MCP-1, mainly 
produced by activated monocytes/macrophages [49], plays a critical role in recruiting these cells to the glomeruli, making it an 
essential component of the inflammatory response [50]. In DKD, MCP-1 is produced by mesangial cells and is recognized as a key 
mediator in the disease’s inflammatory process [51,52]. Its expression can be increased by high glucose levels and glycated albumin 
[53], and additional stimuli, such as TNF-α, can further promote MCP-1 expression [54].

5. Conclusions

Our study demonstrated that FDPM intervention could significantly reduce the mRNA and protein expression levels of TXNIP and 
NLRP3 following LPS-induced inflammatory injury in mesangial cells. Additionally, it decreased the expression levels of relevant pro- 
inflammatory factors IL-18, IL-1β, and TNF-α, while also significantly inhibiting MCP-1, a downstream target of these inflammatory 
factors. Based on these findings, we speculate that FDPM may inhibit the inflammatory cascade triggered by the NLRP3 inflammasome 
by regulating the TXNIP/NLRP3 pathway, thereby improving the micro-inflammatory response in DKD. In summary, our study has 
investigated the molecular mechanism of freeze-dried powder of PM in treating DKD, addressing gaps in research on the pharma
cological activity and molecular mechanism of PM, and providing a further basis for the clinical application of PM in DKD treatment.
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