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A B S T R A C T   

Objective: To explore the mechanism of acupuncture to relieve diabetic proteinuria in Diabetic 
Kidney Disease (DKD). 
Methods: A total of 10 male Sprague-Dawley rats were randomly selected as the negative control 
group (NC), and a further 30 rats were fed a high-fat diet (HFD) and intraperitoneal streptozo-
tocin (STZ). The DKD model rats in the model group (DKD) and the acupuncture group (DKD +
Acu) were randomly assigned. After 4 weeks of intervention, collected urine, peripheral blood, 
and renal tissues from all rats, and assessed blood urea nitrogen, serum creatinine, triglyceride, 
24-h urine protein quantification, and blood glucose, left kidney weight, kidney body ratio index, 
then observe changes in renal histology in the rats. The renal cortex tissues of three rats from each 
group were sent for transcriptomic analysis. According to the results of transcriptomic analysis, 
various kits were used to detect SOD, MDA, GSH, GSH-px, and iron concentration. The expression 
levels of GPX4 and System Xc-, members of the antioxidative stress pathway, and TfR 1, 
SLC39A14, FTH 1, and SLC40A1, involved in iron metabolism, in the kidney tissues were 
measured by western blotting and reverse transcription-quantitative PCR. The expression of 
mesenchymal phenotype markers and podocyte-specific markers were evaluated by 
immunofluorescence. 
Results: Acupuncture promoted the levels of GSH, GSH-px, and SOD, decreased the level of MDA 
(P < 0.05), promoted the expression of GPX4 and System Xc- (P < 0.05), decreased the expression 
of TfR1 and SLC39A14 (P < 0.01), and increased the expression of FTH 1 and SLC40A1 (P <
0.05), inhibited the expression of TGF-β1, desmin, FSP-1, and α-SMA (P < 0.05), promoted the 
expression of Nephrin, Podocin, and CD2AP (P < 0.05). 
Conclusion: Improving the ability of podocytes to prevent oxidative stress and restoring iron ion 
homeostasis, can improve Ferroptosis and block epithelial-mesenchymal transition, improve 
podocyte injury, restore filtration function, and reduce proteinuria in DKD rats.  
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1. Introduction 

Diabetic Kidney Disease (DKD) refers to renal microvascular complications induced by diabetes, leading to clinical manifestations 
primarily characterized by proteinuria and progressive decline in renal function. DKD is the major reason for renal function 
impairment and End-Stage Renal Disease (ESRD) in diabetic patients [1]. The International Diabetes Federation (IDF) states that in 
2021, the global prevalence of diabetes among adults was 10.5 %, translating to 536.6 million people. Furthermore, the IDF predicts 
this figure will increase to 12.2 % (783.2 million people) by 2045 [2]. With the increasing prevalence of diabetes worldwide, DKD has 
become one of the most challenging health issues. Despite implementing various treatment approaches such as glycemic control, blood 
pressure management, the use of renin-angiotensin-aldosterone system (RAAS) inhibitors, and sodium-glucose co-transporter 2 
(SGLT-2) inhibitors in clinical practice, the overall effectiveness remains insufficient for various reasons [3]. Therefore, ongoing 
exploration of treatment modalities remains of significant importance. 

The primary mechanism underlying DKD is the loss of podocyte foot processes, leading to damage to the glomerular filtration 
barrier and the production of albuminuria. High glucose levels can trigger the growth of mesangial cells and collagen synthesis in the 
matrix, which can result in the development of pathological characteristics of DKD, including podocyte loss, thickening of the base-
ment membrane, accumulation of interstitial matrix, and fibrosis of the renal interstitium [4]. It has been found that the pathogenesis 
of DKD is linked to the activation of multiple signaling pathways, and recent evidence suggests that ferroptosis is closely associated 
with DKD [5]. 

Ferroptosis is a mode of cellular death that differs from apoptosis and is characterized by an iron-dependent environment marked 
by oxidative imbalances, compromised antioxidant functionality, and increased lipid peroxidation byproducts. Morphologically, it is 
characterized by cell membrane rupture or blebbing, mitochondrial shrinkage, increased membrane density, and decreased or the 

Fig. 1. Flowchart of the experimental setup in the present study.  
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disappearance of mitochondrial cristae [6]. The build-up of lipid peroxidation byproducts is generally considered a consequential 
aspect of ferroptosis, which can cause the breakdown of cellular membrane integrity. Upstream processes of lipid metabolism, iron 
metabolism, and oxidative stress are closely related to the downstream results of lipid peroxidation [7]. 

Traditional Chinese medicine (TCM), with its extensive history, has played a crucial role in advancing medical care. In the 
treatment of DKD, TCMs have demonstrated commendable clinical efficacy [8]. Acupuncture, an integral component of TCM, has the 
potential to enhance renal function, minimize proteinuria, regulate hypertension, and deliver therapeutic benefits for various forms of 
kidney diseases [9]. 

The efficacy of acupuncture is closely related to the selection and compatibility of acupoints. Zhang et al. [10], responsible for the 
well-established Tianjin TCM and National Well-known Veteran TCM Experts Inheritance Studio, has established the “Tiao li pi wei” 
(TLPW) acupuncture method to treat DKD through long-term clinical practice. Previous clinical studies have shown that the TLPW 
acupuncture method can improve 24-h urinary protein in patients with early DKD. Basic experimental studies have shown that this 
therapy can improve a patient’s ability to resist oxidative stress and delay the progression of DKD [11]. Additionally, by establishing a 
DKD rat model, the team found that this therapy can improve podocyte structure, enhance kidney function, and reduce urinary protein 
in rats [12]. 

The experimental workflow used in the present study (shown in Fig. 1). First, type 2 DKD was induced in rats. The rats were 
subsequently divided into treatment and control groups for further investigation. After 4 weeks of TLPW acupuncture intervention in 
the treatment group, samples were subjected to sequencing. Transcriptomic analysis revealed that several potential pathways, 
including iron ion binding, antioxidant stress, epithelial-mesenchymal transition (EMT), and actin-binding, were significantly asso-
ciated with the treatment, confirming their close relationship with ferroptosis. Subsequently, validation was conducted through animal 
experiments and molecular biology-based methods. 

It was found that TLPW acupuncture mitigated podocyte EMT, and inhibited podocyte ferroptosis through the GPX4/System Xc- 
antioxidant stress pathway and the TfR1/SLC39A14/FTH1/SLC40A1 iron ion transport pathway, improved podocyte damage, 
enhanced kidney function, and reduced proteinuria in DKD rats, providing evidence for the effectiveness of the treatment. 

2. Materials and methods 

Ethical statement 

The procedures recommended in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, 8th edition, 
2011 update) were diligently followed throughout the course of this study. The study protocol was approved by the Ethics Committee 
of the Institute of Radiation Medicine, Chinese Academy of Medical Sciences (approval no. IRM-DWLL-2019103). 

Fig. 2. Operational flowchart for the establishment of the animal model.  
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2.1. Animals 

A total of 30 male Sprague-Dawley (SD) rats [HuaFukang Laboratory Animal Company, SCXK (Beijing) 2019-0009] weighing 
between 170 and 210 g were individually housed in a windowless and temperature-controlled room at 23 ± 2 ◦C with a humidity level 
of 55 ± 10 %. The rats were provided ad libitum access to water and food and subjected to a 12h light/dark cycle (lights on at 7 a.m. to 
simulate daylight conditions). 

2.2. Grouping and intervention 

A total of 10 healthy male SD rats were randomly selected as the negative control (NC) group and fed a regular diet. The remaining 
20 rats were fed a high-fat diet (HFD). Following 18 weeks of feeding, the group of rats designated as the control received a sole 
intraperitoneal injection of 25 mg/kg citrate buffer (n = 10) (Beijing Solarbio Science & Technology Co., Ltd.). The remaining 10 rats 
that were fed an HFD were administered 25 mg/kg streptozotocin (STZ, dissolved in 0.1 M citrate buffer, pH4.3) (Millipore Sigma) and 
subsequently fed with a regular diet [13]. A total of 1 week after the injection, rats in the HFD group who consistently displayed tail 
blood glucose levels ≥16.7 mmol/l for 3 consecutive days were diagnosed with type 2 diabetes. At week 5 after injection, metabolic 
cages were used to collect urine from the rats, and 24-h urine protein quantification was measured. Rats with 24-h urinary protein 
levels ≥30 mg were considered indicative of the successful establishment of a model of DKD (shown in Fig. 2). 

2.3. Procedure of TLPW acupuncture 

The rats were placed in the supine and immobilized with a non-obstructive restraint so as not to affect respiration. Then, they were 
fixed to the operating table with adhesive tape. The specific location and needle insertion method for TLPW acupuncture were as 
follows: LI1, insert the needle vertically ~3 mm in the depression on the lateral anterior aspect of the proximal end of the radius; LI4, 
insert the needle vertically ~1 mm in the depression between the first and second metacarpal bones of the forelimb; SP10, insert the 
needle vertically ~2 mm at the lower 1/9 point of the line connecting the inner corner of the knee and the pubic symphysis on the inner 
side of the hind leg; ST36, insert the needle vertically ~3 mm below the head of the fibula on the outer side of the knee joint; S40, insert 
the needle vertically ~4 mm in the middle of the calf bone on the posterior edge of the fibula; SP9, insert the needle vertically ~2 mm 
in the depression below the posterior medial condyle of the tibia in the lower leg; SP8, insert the needle vertically ~3 mm directly 
below the medial condyle of the tibia in the lower leg; SP6, insert the needle vertically ~3 mm above the medial malleolus of the hind 
leg; LR3, insert the needle vertically ~1 mm in the depression between the first and second metatarsal bones on the dorsal surface of 
the hind paw; and CV12, insert the needle vertically ~4 mm above the navel. Except for CV12, all acupoints were needled bilaterally. 
After routine disinfection of the acupoints, the needles were inserted perpendicularly without manipulation and left for 30 min. The 
rats received one acupuncture treatment per day for 4 consecutive weeks. 

2.4. Grouping method 

Following successful modeling, rats that met the DKD modeling criteria were randomly allocated to one of two groups, a DKD group 
and a DKD + Acu group. The DKD group did not receive any other intervention, while the DKD + Acu group received daily TLPW 
needling acupuncture intervention for 30 min per session. Over 4 weeks, the random blood glucose and weight of the rats were 
measured and recorded weekly. After 4 weeks, all rats were anesthetized with 30 mg/kg pentobarbital (Huanaite Biotechnology Co., 
Ltd.) and euthanized by cervical dislocation to collect blood samples and kidney tissues for further analysis. 

2.4.1. Analysis of urine and blood-related indicators 
Tail blood was collected before modeling and weekly after intervention for biochemical tests using a blood glucose meter (Accu- 

Chek; Roche Diagnostics) to detect rat blood glucose levels. 24 h urine samples were gathered using metabolic cages to evaluate 24-h 
urinary protein levels with a urine protein quantification test kit (Beijing Solarbio Technology Co., Ltd.). 

All experimental rats were anesthetized to collect abdominal aortic blood samples in the fourth week following the intervention. 
The collected blood samples were then centrifuged at 1509.3×g for 15 min, and the resulting serum was carefully extracted and stored 
at a temperature of − 80 ◦C for further analysis. Multiple biochemical test kits (Nanjing Jiancheng Biological Engineering Research 
Institute Co., Ltd.) were used to measure blood urea nitrogen (cat.no.C013-2-1), serum creatinine (cat.no.C011-2-1), triglycerides (cat. 
no.A110-1-1), total cholesterol (cat.no.C111-1-1), total protein(cat.no.A045-2-2), and albumin levels(cat.no.A028-2-1). Anthropo-
metric measurements such as body weight, kidney weight, and kidney weight/body weight ratio were taken into account. The left 
kidney index (LKW/BW) was calculated as the left kidney weight/body weight x 100 %. 

2.5. Histopathology and immunofluorescence analysis 

Renal tissues from anesthetized rats were fixed, embedded, dewaxed and cut into slices of ~5 μM. Hematoxylin-eosin staining (HE, 
Beijing BIOSS Biotechnology Co., Ltd.), periodic acid-Schiff staining (PAS, Microscopy PAS Staining Kit, MilliporeSigma) and prussian 
blue iron staining (Prussian Blue Iron Stain Kit, Enhance With DAB, Beijing Solarbio Technology Co., Ltd.) were then performed, and 
the kidney tissue was observed under an optical microscope to assess the pathological changes. 

Some other renal tissues were fixed, dehydrated, embedded, and sliced for electron microscopy analysis. Using a transmission 
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electron microscope (Olympus Corporation), the degree of podocyte injury was assessed by observing the number, width, and 
thickness of the foot processes and the glomerular basement membrane. Additionally, using the same transmission electron micro-
scope, the size, shape, and integrity of the mitochondria were documented. 

For immunofluorescence, the paraffin sections were dewaxed and rehydrated, after which antigen retrieval was performed. The 
primary and secondary antibodies were added in sequence. Images were obtained under a microscope, and ImageJ software (National 
Institutes of Health) was used for semi-quantitative fluorescence analysis in the glomerular area. A total of three randomly selected 
fluorescence sections of the kidney from each group of rats were measured to detect the expression of TGF-β1 (cat.no. bs-0086R,1:100), 
Desmin (cat.no. bs-20702R,1:100), α-SMA (cat.no. bs-10196R,1:100), Fsp1 (cat.no. bs-3759R,1:100), nephrin (cat.no. bs- 
4866R,1:100), podocin (cat.no. bs-6597R1:100), and CD2AP (cat.no. bs-0512R,1:100) (all from Beijing BIOSS Biotechnology Co., 
Ltd.). 

2.6. Transcriptomic analysis 

TRIzol ± reagent kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract total RNA from the rat renal cortex tissue. An 
Agilent 2100 BioAnalyzer (Agilent Technologies, Inc.) to assess the integrity of the RNA and subsequently isolated the Poly mRNA from 
total RNA using Oligo (dT) 25 beads. Enriched mRNA fragments were fragmented, and cDNA was synthesized by reverse transcription 
using random primers. The constructed libraries were sequenced using the Illumina HiSeq™ 2500 (Illumina, Inc.). The mRNA 
expression levels were ranked in descending order based on counts after normalization by FPKM. 

Differentially expressed genes (DEGs) were defined as genes with a fold-change >1 and a FDR q-value <0.05, and DEGs were 
subsequently analyzed using Gene Ontology (GO) enrichment analysis. 

A gene set related to ferroptosis was downloaded from the Ferroptosis Database V2 (http://www.zhounan.org/ferrdb/current/) as 
a background gene set. A sample expression matrix and a sample phenotype classification matrix were created. The Gene Set 
Enrichment Analysis software version 4.3.2 (GSEA, http://www.broadinstitute.org/gsea/index.jsp) [14] was employed to perform 
GSEA and determine the expression of genes related to ferroptosis in an academic context. Pathways with a p-value <0.05, a FDR q 
value < 0.25, and a |normalized enrichment score| >1 were considered significantly enriched. 

An online plotting tool called Evenn (http://www.ehbio.com/test/venn#/) was utilized for the purpose of analyzing the associ-
ation between the DEGs from each group and the ferroptosis-related genes. 

2.7. Detection of serum and renal cortical homogenate lipid peroxide markers, and renal cortical iron ion concentration 

Various biochemical assay kits were used to detect SOD(cat.no.A001-3), MDA(cat.no.A003-1), GSH(cat.no.A006-2-1)(all from 
Nanjing Jiancheng Biological Engineering Institute), total iron concentration (cat.no. PB1177W96), Fe2+ concentration (cat.no. 
PB1176W96) (all from Beijing perserbio Co.,Ltd) and GSH-Px(cat.no.TE0700, Leagene) levels. 

2.8. Reverse transcription-quantitative PCR (RT-qPCR) 

Based on the target genes, primer sequences were designed and synthesized for RT-qPCR. Total RNA was extracted from rat kidney 
tissues using TRIzol ± Universal total RNA extraction reagent (Tiangen Biotechnology Co., Ltd.). A RevertAid First Strand cDNA 
Synthesis Kit (cat. no. K1622; Thermo Fisher Scientific, Inc.) was used to synthesize cDNA. PCR was performed using a TB Green® 
Premix Ex Taq™ II (Tli RNaseH Plus) kit (Takara Bio, Inc.) on a Step One Plus Real-Time PCR instrument (Applied Biosystems). After 
detecting the Cq values for each template, the 2-ΔΔCq method was used to calculate the relative expression [15]. The primer sequences 
are listed in Table 1. 

2.9. Western blot analysis 

The extraction of proteins from rat renal tissues was conducted using RIPA lysis and extraction buffer (Beijing Solarbio Technology 
Co., Ltd.). To measure the protein concentration of the samples, a BCA assay kit was used (Beyotime Institute of Biotechnology). After 
separation on a 10 % precast gel (cat.no.P01015, LABLEAD)in an electrophoresis apparatus (Bio-Rad Laboratories, Inc.), and 

Table 1 
The primers used for RT-qPCR analysis.  

GENE Forward Primer Sequence Reverse Primer Sequence 

SLC7A11 TACTGTCACTTTTTGGAGCCCTG ATTACCAGCAGTTCCACCCAGAC 
NCOA4 TGGCTCACCCCAAAACAGAC AAAGAACTGGTGCTACAATGGCTAT 
SLC3A2 GAAGGATGAAGTCAATGAAACCG ATGCTCTTTTTCTTGGCACTTTG 
GPX4 GAGGCAGGAGCCAGGAAGTAATC CACGCAGCCGTTCTTATCAATG 
SLC40A1 CCACTCTCTCTCCACTTGGGGGG ACCAGAACAGAGCCTGCCACCAC 
FTH1 TGCCAAATACTTTCTCCATCAATCTC CCAGTCATCACGGTCAGGTTTC 
TFR1 AATGGAAGACTCTGCTTTGCGACT CTTACAATAGCCCAGGTAGCCGAT 
SLC39A14 CTTTGGGGGTTTCTACCTTTTCTT TGTCCGTGATGGTGCTCGTT 
GAPDH TTCAGCTCTGGGATGACCTT TGCCACTCAGAAGACTGTGG  
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subsequently transferred to a PVDF membrane (Sinopharm Chemical Reagent Co., Ltd.), which was then blocked with 5 % skimmed 
milk in TBST (Sinopharm Chemical Reagent Co., Ltd.). Membranes were incubated with primary antibodies against System Xc- (cat.no. 
DF12509, Affinity Biosciences), GPX4 (cat.no. #59735, Cell Signaling Technology, Inc.), FTH1 (cat.no. #3998, Cell Signaling Tech-
nology, Inc.), SLC39A14 (cat.no. PA5-87880, Invitrogen; Thermo Fisher Scientific, Inc.), SLC40A1 (cat.no. ab239511, Abcam), TFR1 
(cat.no. ab269513, Abcam) (all developed in rabbit; all used at a 1:1000 dilution), and GAPDH (cat.no. UM4002, Utibody) (developed 
in mouse, used at a 1:2000 dilution) were used to incubate the membranes overnight at 4 ◦C. Subsequently, the membranes were 
incubated with secondary antibodies bs-0295G-HRP and bs-0296G-HRP(both from Beijing BIOSS Biotechnology Co., Ltd.; both 
developed in goat; both used at a 1:3000 dilution) at room temperature for 2 h. Chemiluminescent detection was performed using an 
ECL kit (MilliporeSigma), and the films were scanned and archived in a fully automated chemiluminescence imaging system (Tanon 
Technology Co., Ltd.). Densitometry analysis was performed using ImageJ 1.51j8 (National Institutes of Health) and normalized to the 
respective GAPDH band. 

2.10. Statistical analysis 

All data were analyzed using GraphPad Prism version 8.0 (GraphPad Software, Inc.) and are presented as the mean ± standard 
deviation. Differences between two groups were compared using an independent samples t-test, while differences between multiple 
groups were compared using a one-way ANOVA followed by a post-hoc Tukey’s test. P < 0.05 was considered to indicate a statistically 
significant difference. 

3. Results 

3.1. Changes in body weight, blood glucose, and 24-h urine protein levels in the DKD model 

During modeling of DKD, significant changes were observed in the body weight, blood glucose levels, and 24-h urine protein 
concentration of the DKD group. The rats in the DKD group, after being provided with a high-fat diet for 18 weeks, exhibited a 
significantly higher body weight than those in the Control group (P < 0.05). However, after treatment with low-dose STZ solution was 
injected into the peritoneal cavity of DKD rats, with each weight measurement, a slow increase in body weight was observed in the 
Control group, but gradually decreased in the DKD group. The body weight of the DKD rats became lower than that of the Control 
group rats after the 21st week (shown in Fig. 3A). In addition, compared to the control group, the blood glucose levels of rats in the 
DKD group (consistently >16.7 mmol/L) were significantly higher (P < 0.01, shown in Fig. 3B). Furthermore, in the 23rd week, the 
DKD group rats exhibited a 24-h urine protein concentration of >30 mg, a significantly higher value than that observed in the Control 
group rats (P < 0.01, shown in Fig. 3C). 

3.2. Changes in the physiological and hematological indices after intervention in each group 

After 4 weeks of intervention, the DKD + Acu group exhibited a significant reduction in the left kidney weight, kidney index, blood 
urea nitrogen, serum creatinine, triglyceride levels (shown in Fig. 4A–E), 24-h urine protein, and blood glucose levels (shown in Fig. 4b 
and c) as compared with the DKD group (P < 0.01). This indicates that TLPW acupuncture has improved on glucose and lipid 
metabolism and reduced proteinuria in DKD rats. However, there were no significant differences in total cholesterol levels, total 
protein levels, albumin levels (shown in Fig. 4F–H), and weight (shown in Fig. 4A) between the DKD + Acu and DKD groups (P > 0.05). 

Fig. 3. Physiological indicators of DKD rats induced by high-fat diet and STZ. 
Notes: (A) Body weight of the control group and DKD group from week 0–23; (B) Blood glucose levels of the control group and DKD group from 
week 0–23; (C) 24-h urinary protein quantification of the control group and DKD group at week 23.*P < 0.05 vs. Control group, **P < 0.01 vs. 
Control group; △P < 0.05 vs. DKD group, △△P < 0.01 vs. DKD group. 
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3.3. Pathological changes in each group after intervention 

HE staining, PAS staining, and transmission electron microscopy were used to assess the rat kidney tissues. Pathological staining 
results showed that the DKD group exhibited pathological features such as thickening of the glomerular basement membrane, diffuse 
thickening of the capillary wall, and mesangial expansion compared to the NC group, while compared to the DKD group, the DKD +
Acu group exhibited a decrease in the above pathological features (shown in Fig. 5A and B).Transmission electron microscopy (TEM) 
results showed that compared with the NC group, the DKD group exhibited thickening of the glomerular basement membrane, 
podocyte damage, fusion, destruction, or disappearance of foot processes. However, the DKD + Acu group showed a reduction in the 
fusion rate of foot processes, and an elevation in the number of foot processes when compared to the DKD group (shown in Fig. 5C). 

3.4. Transcriptome analysis 

RNA-seq was performed on rat kidney tissues and transcriptomic analysis was performed. A total of 3275 genes that were 
differentially expressed in the kidney tissues from the DKD group compared with the NC group were identified in the analysis. Of these 
genes, 1630 were upregulated, and 1645 were downregulated. In comparison, between the DKD group and the DKD + Acu group, there 
were 1012 DEGs, consisting of 473 upregulated DEGs and 539 downregulated DEGs (shown in Fig. 6A and B). 

GO analysis of kidney tissues from the DKD group and DKD + Acu group showed significantly enriched pathways in the TLPW 
acupuncture-treated DKD group, which were closely related to adhesion of the cell in molecular function, that is to say, which were 

Fig. 4. Measurement of kidney parameters and biochemical indicators after 4 weeks intervention 
Notes: (A) Left kidney weight (mg); (B) kidney index; (C) blood urea nitrogen (mmol/l); (D) serum creatinine (mmol/l); (E) triglycerides (mmol/l); 
(F) total cholesterol (mmol/l); (G) total protein (g/l); and (H) albumin (g/l) levels. (I) weight of the NC group, DKD group, and DKD + Acu group 4 
weeks after acupuncture intervention; (J) blood glucose levels of the NC group, DKD group, and DKD + Acu group 4 weeks after acupuncture 
intervention. (K) 24-h urinary protein quantification of the NC group, DKD group, and DKD + Acu group 4 weeks after acupuncture intervention. *P 
< 0.05 vs. Control group, **P < 0.01 vs. Control group; △P < 0.05 vs. DKD group, △△P < 0.01 vs. DKD group. 
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closely related to EMT, and then closely related to mitochondria in the cell composition, and closely associated with two critical steps 
of ferroptosis (iron ion transport and antioxidant system) as well as the binding of actin in the biological process (shown in Fig. 6C and 
D). 

Through GSEA analysis, significant enrichment of genes in ferroptosis-related pathways in the NC vs. DKD group and DKD vs. DKD 
+ Acu group was identified. 

Intersection analysis using a Venn diagram of the DEGs related to ferroptosis in the kidney tissues of the three groups of rats 
revealed that there were 83 ferroptosis-related DEGs in the NC vs. DKD group, while in the DKD vs. DKD + Acu group, there were 26 
ferroptosis-related DEGs (shown in Fig. 6G). 

Therefore, it is hypothesized that TLPW acupuncture may reduce ferroptosis in the podocyte of DKD rats through the modulation of 
antioxidant stress and control of iron ion transport pathways, which in turn, reduced foot cell damage, proteinuria, and was closely 
associated with pathways such as EMT, mitochondrial respiratory chain, and actin breakdown. 

3.5. Assessment of mitochondrial alterations and iron deposition 

Transmission electron microscopy revealed mitochondrial alterations in the DKD group compared to the NC group, characterized 
by reduced mitochondrial volume, increased membrane density, and diminished cristae. However, these changes were mitigated in the 
DKD + Acu group. Additionally, Prussian blue staining indicated an increase in iron deposition in the renal tissues of the DKD group 
relative to the NC group. In contrast, the DKD + Acu group exhibited a reduction in iron deposition compared to the DKD group (shown 
in Fig. 7). 

3.6. TLPW acupuncture alleviates ferroptosis 

The results showed that in both kidney tissue and serum, the levels of GSH, GSH-px, and SOD were significantly reduced in the DKD 
group compared to the NC group (P < 0.01), while the MDA levels were higher than that in the NC group (P < 0.01). The levels of GSH, 
GSH-px, and SOD in the DKD + Acu group were higher than those in the DKD group (P < 0.05), while the MDA levels were lower than 

Fig. 5. Pathological changes in the glomerulus in the TLPW acupuncture intervention group after 4 weeks 
Notes: (A) HE staining of the kidney tissues (scale bar, 50 μm). (B) PAS staining of the kidney tissues (scale bar, 50 μm). (C) TEM analysis of the 
kidney tissues (scale bar, 1 μm). 
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that in the DKD group (P < 0.05) (shown in Fig. 8A–H). Both the total iron concentration and the Fe2+ concentration in the kidney 
tissues of the DKD group were found to be higher than that in the NC group. However, these concentrations in the DKD + Acu group 
were lower than in the DKD group (P < 0.01, as shown in Fig. 8I and J). 

3.7. TLPW acupuncture suppresses oxidative stress pathways and regulates iron transport related pathways 

The results of western blotting showed that the relative expression of both GPX4 and System Xc-were lower in the DKD group 
compared with the NC group (P < 0.01). Meanwhile, the results of PCR showed that the relative expression of GPX4, SLC3A2 and 
SLC7A11 were lower in the DKD group compared with the NC group (P < 0.01). However, in the DKD + Acu group, these levels were 
higher than those in the DKD group (P < 0.05) (shown in Fig. 9A–C,D). 

The present study found that the DKD group exhibited higher relative expression levels of TfR1, SLC39A14 and NCOA4 in the 
kidney tissue compared with the NC group (P < 0.01). Conversely, the relative expression levels of FTH1 and SLC40A1 were lower than 
those in the NC group (P < 0.01). The results showed a noteworthy reduction in the relative expression levels of TfR1, SLC39A14 and 
NCOA4 in the DKD + Acu group compared with the DKD group (P < 0.01). Conversely, the relative expression levels of FTH1 and 
SLC40A1 were significantly higher than those in the DKD + Acu group than in the DKD group (P < 0.05) (shown in Fig. 9B–E,F). 

3.8. Immunofluorescence analysis 

According to the findings, the fluorescence intensity of TGF-β1 was observed to be higher in the DKD group than in the NC group (P 
< 0.05). However, a significant reduction in the fluorescence intensity was noted in the DKD + Acu group compared with the DKD 
group (P < 0.05). In the DKD group, the fluorescence intensity of Desmin (P < 0.05), α-SMA (P < 0.05), and Fsp1 (P < 0.01) was higher 
than the NC group. However, compared with the DKD group, the DKD + Acu group exhibited a reduction in the fluorescence intensity 
of Desmin (P < 0.01), α-SMA (P < 0.05), and Fsp1 (P < 0.05). These results suggest that TLPW acupuncture intervention can improve 
EMT in rats with diabetic nephropathy. In the DKD group, the fluorescence intensity of Nephrin (P < 0.01), Podocin (P < 0.05), and 
CD2AP (P < 0.05) was comparatively lower than that in the NC group, the fluorescence intensity of Nephrin (P < 0.01), Podocin (P <
0.01), and CD2AP (P < 0.05) in the DKD + Acu group was increased compared to the DKD group (shown in Fig. 10 and B). 

Fig. 6. Transcriptional analysis of differentially expressed genes, GO pathway analysis, and GSEA following TLPW acupuncture treatment 
Notes: (A) Analysis of the number of differentially expressed genes between the NC group (n = 5), DKD group (n = 5), and DKD + Acu group (n = 5). 
(B) Heatmap of the differentially expressed genes between the NC group (n = 5), DKD group (n = 5), and DKD + Acu group (n = 5). (C) Bar plot of 
GO enrichment analysis between the DKD group and the DKD + Acu group. (D) Scatter plot of GO enrichment analysis between the DKD group and 
DKD + Acu group. (E) Line plot of GSEA between the NC group and DKD group. (F) Line plot of GSEA between the DKD group and DKD + Acu 
group. (G) Heatmap of GSEA between the NC group and DKD group. (H) Heatmap of GSEA between the DKD group and DKD + Acu group. (I) Venn 
diagram of genes with differential expression and genes related to ferroptosis in each group. CK: NC; MK: DKD; AK: DKD + Acu. 

Fig. 7. Integrated electron microscopy and prussian blue staining of kidney tissues following 4 weeks of acupuncture treatment 
Notes: (A) TEM analysis of the kidney tissues (scale bar, 1 μm). (B) Prussian blue staining of the kidney tissues (scale bar, 100 μm). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Previous clinical and basic research has shown that acupuncture has a significant therapeutic effect on DKD [10–12], but its 
mechanism of action still remains incompletely understood and requires further investigation. 

Recent discoveries have positioned ferroptosis at the heart of DKD pathology, with evidence from animal models pointing to its 
pivotal role in the disease’s progression [16]. The underlying mechanisms involve disruptions in iron metabolism, increased lipid 
peroxidation, and depletion of antioxidant defenses, notably glutathione peroxidase 4 (GPX4) activity. These alterations not only 
underscore ferroptosis’s contribution to the worsening of DKD but also open avenues for targeted therapeutic interventions aimed at 
mitigating ferroptosis [17]. 

Ferroptosis is a form of cell death that depends on lipid peroxidation and iron accumulation, and ferroptosis promotes the 
occurrence of DKD [5]. Through transcriptomic screening, critical targets of the TLPW acupuncture were identified in the oxidative 
stress pathways, iron transport pathways, and EMT pathways, then verified their molecular mechanisms. 

Ferroptosis is intricately associated with oxidative stress. When oxidative stress occurs, a large amount of lipid peroxides are 
produced inside the cells, and the intracellular antioxidant system cannot remove lipid hydroperoxides (L-OOH) in a timely manner, 
leading to the accumulation of iron-dependent L-OOH to lethal levels, resulting in ferroptosis [18]. 

GPX4, with the assistance of reduced glutathione (GSH), alleviating lipid peroxidation and inhibiting ferroptosis [19,20]. System 
Xc-is composed of a heavy chain subunit 4F2hc (SLC3A2) and a light chain subunit xCT (SLC7A11), with SLC7A11 being the primary 
functional region responsible for cysteine/glutamate transport into the cell. Dicysteine taken up by the cell through System Xc-is 

Fig. 8. Serum and renal oxidative stress-related indicators and iron ion concentrations 
Notes: (A) Renal GSH levels. (B) Serum GSH levels. (C) Renal GSH-px levels. (D) Serum GSH-px levels. (E) Renal MDA levels. (F) Serum MDA levels. 
(G) Serum SOD levels. (H) Renal SOD levels. (I) Renal iron concentration. (J)Fe2+ concentration. *P < 0.05 vs. Control group, **P < 0.01 vs. 
Control group; △P < 0.05 vs. DKD group, △△P < 0.01 vs. DKD group. 
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Fig. 9. Expression of antioxidant and iron ion transport-related genes and proteins 
Notes: (A) PCR analysis of antioxidant genes and the ratio of antioxidant genes to GAPDH in the renal cortex. (B) Western blot of antioxidant genes 
and the ratio of antioxidant genes to GAPDH in the renal cortex. (C) PCR of iron metabolism-related genes and the ratio of iron metabolism-related 
genes to GAPDH in the renal cortex. (D) Western blot of iron metabolism-related genes and the ratio of iron metabolism-related genes to GAPDH in 
the renal cortex. *P < 0.05 vs. Control group, **P < 0.01 vs. Control group; △P < 0.05 vs. DKD group, △△P < 0.01 vs. DKD group. 
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reduced to cysteine in the cytoplasm through the consumption of NADPH [21]. System Xc-takes up cysteine from the extracellular 
environment in a 1:1 ratio and exports glutamate, thus controlling the rate of GSH biosynthesis and maintaining redox homeostasis 
[22]. Under conditions of oxidative stress, mammalian cells increase cysteine uptake through System Xc-to promote GSH synthesis 
[23], leading to increased GPX4 activity and enhanced cellular antioxidant capacity to inhibit ferroptosis. 

Our results suggest that TLPW acupuncture can enhance the expression of GPX4 and System Xc-, thereby improving antioxidant 

Fig. 10. TGF-β1, EMT (Desmin, α-SMA, and FSP1), and podocyte-specific markers (nephrin, podocin, and CD2AP) expression analysis in the renal 
cortex 
Notes: (A) Expression of TGF-β1, EMT, and podocyte-specific markers through immunofluorescence analysis. (B) Relative mean gray value of TGF- 
β1, EMT, and podocyte-specific markers.*P < 0.05 vs. Control group, **P < 0.01 vs. Control group; △P < 0.05 vs. DKD group, △△P < 0.01 vs. 
DKD group. 
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stress response and inhibiting ferroptosis. 
On the other hand, the transport of iron ions provides the material basis for ferroptosis [24]. 
TfR1 mediates iron uptake in various cells, and the number of TfR1 molecules on the cell surface is the rate-limiting step for iron ion 

entry into cells, providing a condition for increased flux with excessive accumulation of Fe2+ in the cell [25,26]. Yasumura et al. [27] 
found that in both wild-type (WT) and heterozygous transferrin receptor 1-deficient (TfR1+/− ) mice with unilateral ureteral 
obstruction-induced renal fibrosis and deoxycorticosterone acetate (DOCA)-salt-induced DKD, TfR1 ± mice had inhibited renal 
fibrosis compared with WT mice. 

SLC39A14 is a divalent iron importer located in the proximal and distal tubules and is involved in NTBI uptake in the lumen. The 
protein SLC39A14 plays a critical role in facilitating the transportation of divalent iron in the proximal and distal tubules of the 
kidneys, as well as aiding in the uptake of NTBI in the lumen. Wu et al. [28] found that SLC39A14 expression was increased in humans 
with DKD and in DKD rat models, both in vivo and in vitro. 

As ferritin heavy chain, Fth1 was degraded in the autophagic lysosome, and Fe2+ is rapidly released after the degradation, leading 
to cellular iron overload and thus promoting iron-induced cell death [29,30]. Ferroportin (SLC40A1/FPN) is the only known iron 
export membrane protein in mammals. When iron overload occurs, Fe2+ is primarily exported by SLC40A1 in the cell membrane [31]. 

The results of the present study showed that the TLPW acupuncture technique inhibited iron-induced cell death by restoring iron 
homeostasis to a certain extent by decreasing the expression of TfR1 and SLC39A14 and increasing the expression of FTH1 and 
SLC40A1. 

According to a previous study, intercellular contacts of epithelial cells inhibit ferroptosis [32]. In contrast, cells in a mesenchymal 
state are more prone to ferroptosis due to the loss of intercellular communications and the activation of EMT factors [33]. In the 
process of DKD, activated fibroblasts transform into myofibroblasts and secrete ECM, promoting renal fibrosis [34]. EMT widely 
participates in this process [35], which also becomes an essential factor leading to the thickening of the GBM and aggravating podocyte 
injury [36]. 

Hyperglycemia can participate in the progression of DKD through TGF-β1 [33]. TGF-β1 promotes cell transformation into myo-
fibroblasts through pathways such as activating the Smad complex, inducing the expression of fibrosis transcription factors and in-
tegrates with the regulatory elements in the gene promoter region to regulate the expression of EMT-related complex after entering the 
nucleus, aggravating renal fibrosis,EMT and DKD progression [37–39]. 

EMT of podocytes leads to foot process fusion, loss of slit diaphragm, reduction of slit diaphragm structural proteins such as 
Nephrin, Podocin, and CD2AP, downregulation of foot cell phenotype markers, and rearrangement of the cytoskeleton of myofibrils. 
The expression of mesenchymal cell markers such as desmin, FSP-1, and α-SMA is up-regulated [40]. Damaged foot cells detach from 
the GBM, the number of foot cells decreases, the GBM is exposed, and the glomerular filtration membrane is impaired, resulting in 
proteinuria and ultimately leading to DKD. 

The results of the present study show that the TLPW acupuncture technique can also alleviate EMT and inhibit DKD by inhibiting 
the expression of TGF-β1, desmin, FSP-1, and α-SMA, increasing the expression of Nephrin, Podocin, and CD2AP, and restoring the 
structure of foot processes in cells. 

In summary, this study demonstrated that TLPW acupuncture enhanced the antioxidant stress response of podocytes, restored iron 
homeostasis, inhibited EMT, and suppressed iron-induced cell death, leading to improvements in podocyte structure, restoration of 
filtration function, reduction of proteinuria, and prevention of the progression of DKD. 

5. Conclusion 

TLPW acupuncture improves proteinuria in diabetic kidney disease rats by inhibiting ferroptosis through GPX4/System Xc- and 
TfR1/SLC39A14/FTH1/SLC40A1 signal pathways. 
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