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Abstract 

Background. Ferroptosis and inflammation contribute to renal tubular injury in diabetic kidney 

disease (DKD), but the clinical significance and biological role of growth differentiation factor 15 



(GDF15) remain unclear. We investigated the association between circulating GDF15 and DKD 

severity and explored the potential role of GDF15 in modulating glucolipotoxic injury in renal 

tubular epithelial cells. 

Methods. This clinical study included 43 healthy controls, 40 patients with type 2 diabetes mellitus 

(T2DM) without DKD and 38 patients with DKD. Serum GDF15, iron-metabolism parameters, 

ferroptosis-related antioxidant markers and inflammatory cytokines were assessed. HK-2 cells were 

exposed to high glucose plus palmitic acid (HGPA) and treated with ferrostatin-1 (Fer-1) or subjected 

to GDF15 knockdown or overexpression. Cell viability, reactive oxygen species, malondialdehyde, 

glutathione, Fe²⁺ and molecular markers of ferroptosis, iron metabolism and inflammation were 

evaluated. 

Results. Circulating GDF15 levels were higher in patients with DKD and were associated with 

albuminuria, renal function indices, altered iron-related parameters, reduced circulating GPX4 and 

GSH levels, and inflammatory markers. In HK-2 cells, high glucose combined with palmitic acid 

(HGPA) increased ROS, MDA, and Fe²⁺ levels, decreased GSH, downregulated GPX4 and 

SLC7A11, and increased ACSL4 expression. These changes were accompanied by increased GDF15 

expression and NF-κB-associated inflammatory responses. GDF15 knockdown exacerbated these 

HGPA-associated alterations, whereas GDF15 overexpression attenuated them. Fer-1 partially 

alleviated the changes associated with GDF15 knockdown, supporting the involvement of 

ferroptosis-related processes in the observed cellular injury. 

Conclusions. Elevated circulating GDF15 was associated with DKD severity and renal injury, while 

cellular experiments suggested a protective role of GDF15 under glucolipotoxic stress. The observed 

effects involved ferroptosis-associated oxidative injury, iron-metabolism-related changes, and 



inflammatory signaling. Further studies are needed to establish the underlying pathways and 

determine the clinical utility of GDF15 in DKD. 
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Highlights: 

Circulating GDF15 is associated with DKD severity and renal injury. 

GDF15 modulates ferroptosis-associated injury in HGPA-treated HK-2 cells. 

GDF15 modulation is accompanied by changes in iron-related genes and NF-κB-associated 

inflammatory signaling. 

Introduction 

Among the microvascular complications of diabetes, diabetic kidney disease (DKD) is one of 

the most prevalent and is a major driver of chronic kidney disease progression to end-stage kidney 

disease [1]. Traditional research has focused primarily on glomerular injury [2]; however, 

accumulating evidence indicates that tubulointerstitial injury is closely associated with renal function 

decline and adverse renal outcomes in patients with DKD [3]. Proximal tubular epithelial cells have 

high energy demands and, under diabetic conditions, are continuously exposed to hyperglycemia, 

lipid overload, oxidative stress, and inflammation, making them important targets of diabetic 

metabolic injury. Therefore, elucidating the regulatory mechanisms underlying tubular epithelial cell 

injury under glucolipotoxic conditions may provide new insights into DKD risk stratification and 

therapeutic intervention. 

Ferroptosis is a regulated form of cell death driven by iron-dependent membrane phospholipid 

peroxidation and characterized by impaired glutathione peroxidase 4 (GPX4) activity and lipid 

peroxide accumulation. Hallmark features include intracellular accumulation of redox-active iron, 

glutathione (GSH) depletion, impaired GPX4-dependent antioxidant defense, and enhanced lipid 



peroxidation [4]. Reduced GPX4 and SLC7A11 expression, increased iron burden, and lipid peroxide 

accumulation have been observed in renal tissues from patients with diabetes, diabetic animal models, 

and high-glucose-treated tubular epithelial cells, whereas ferroptosis inhibitors such as Ferrostatin-1 

(Fer-1) can alleviate tubular injury [5, 6]. Moreover, db/db mice and HK-2 cells exposed to high 

glucose and lipid overload exhibit prominent ferroptotic features, suggesting that glucolipid 

metabolic disturbances may promote DKD progression by disrupting antioxidant defenses and iron 

homeostasis [7, 8]. Iron-dependent oxidative stress may also activate inflammatory pathways such as 

NF-κB, whereas inflammation can in turn alter iron metabolism and antioxidant capacity. Thus, 

ferroptosis, iron-homeostasis disturbance, and inflammation may jointly shape the pathological 

microenvironment of diabetic tubular injury. 

Growth differentiation factor 15 (GDF15) is a stress-responsive cytokine whose expression 

increases in response to oxidative stress, mitochondrial dysfunction, metabolic disturbance, and 

tissue injury. Previous studies have shown that circulating or urinary GDF15 levels are associated 

with DKD, reduced estimated glomerular filtration rate (eGFR), and adverse renal outcomes [9-11]. 

However, elevated GDF15 does not necessarily imply a direct pathogenic role; it may reflect tissue 

injury and renal function decline or represent a compensatory protective response. Experimental 

studies have shown that genetic deletion of GDF15 aggravates tubular and interstitial injury in mouse 

models of both type 1 and type 2 diabetes [12], although ferroptosis-related markers were not assessed. 

Conversely, GDF15 overexpression or exogenous supplementation can attenuate diabetic renal 

injury and suppress AGE/RAGE- and TLR4/MyD88/NF-κB-related inflammatory signaling [13]. 

GDF15 has also been reported to preserve Klotho expression and limit NF-κB activation in other 

models of kidney injury [14] and to inhibit ferroptosis by strengthening antioxidant defenses [15]. 

Nevertheless, whether GDF15 directly regulates glucolipotoxicity-induced ferroptosis in renal 



tubular epithelial cells, and how this process relates to iron-metabolism disturbance and 

NF-κB-associated inflammation, remain unclear. 

Against this background, we first examined circulating GDF15 in relation to renal indices, 

ferroptosis-related antioxidant markers, iron-metabolism parameters, and inflammatory mediators in 

healthy controls and patients with T2DM with or without DKD. We then used an HGPA-treated 

HK-2 cell model, together with GDF15 knockdown, GDF15 overexpression, and Fer-1 treatment, to 

investigate whether GDF15 modulates glucolipotoxic injury. This combined approach was intended 

to place the clinical associations in a functional cellular context and to explore the involvement of 

ferroptosis-associated oxidative stress, iron-related transcriptional changes, and NF-κB-associated 

inflammatory responses. 

Materials and Methods 

Main reagents 

HK-2 cells were obtained from the China Center for Type Culture Collection (CCTCC; 

GDC0152). Fetal bovine serum (FBS) was purchased from ScienCell Research Laboratories (USA; 

cat. no. 0500). Ferrostatin-1 (Fer-1; Cayman Chemical, cat. no. 17729), dimethyl sulfoxide (DMSO; 

Solarbio, cat. no. D8371), penicillin-streptomycin-glutamine supplement (Gibco, A58736-1), and 

Lipofectamine 2000 (Thermo Fisher Scientific) were used. Assay kits for malondialdehyde (MDA; 

Yakeyin, cat. no. KTB1050), glutathione (GSH; Yakeyin, cat. no. KTB1600), ferrous iron (Fe²⁺; 

Yakeyin, cat. no. KTB1116), and reactive oxygen species (ROS; Yakeyin, cat. no. KTB1910) were 

used according to the manufacturers' instructions. Horseradish peroxidase (HRP)-conjugated goat 

anti-rabbit IgG secondary antibodies and all primary antibodies were obtained from Zhengneng 

Biotechnology, including antibodies against GDF15 (R24424), GPX4 (R381958), SLC7A11 

(R382036), ACSL4 (R24265), NF-κB p65 (R25149), and phosphorylated NF-κB p65 (p-NF-κB p65; 



310013). Reagents for RNA extraction, cDNA synthesis, and quantitative real-time PCR (qRT-PCR) 

were purchased from TIANGEN Biotech, and primers were synthesized by Tsingke Biotechnology. 

GDF15 siRNAs and the negative-control siRNA (siNC) were purchased from NEORABIO, and the 

GDF15 overexpression plasmid was obtained from Yubao Biotechnology. All ELISA kits were 

supplied by Jiangsu Meimian Industrial Co., Ltd. 

Study design and participants 

This study combined a clinical cross-sectional investigation with in vitro mechanistic 

experiments. The clinical component was approved by the Ethics Committee of Hebei General 

Hospital, and all participants provided informed consent. A total of 78 patients with T2DM treated at 

Hebei General Hospital together with 43 healthy individuals undergoing routine physical 

examination as the normal control (NC) group. According to renal function and urinary albumin 

levels, patients with T2DM were classified into a T2DM without DKD group (n=40) and a DKD 

group (n=38). 

T2DM was diagnosed on the basis of a fasting plasma glucose level ≥7.0 mmol/L, a 2-h plasma 

glucose level ≥11.1 mmol/L during an oral glucose tolerance test, or a random plasma glucose level 

≥11.1 mmol/L in the presence of typical hyperglycemic symptoms; in participants without typical 

symptoms, repeat testing was required for confirmation. The T2DM group was defined by a urinary 

albumin-to-creatinine ratio (UACR) <30 mg/g and an eGFR ≥60 mL/min/1.73 m², with other renal 

diseases excluded. DKD was defined as established T2DM with UACR ≥30 mg/g and/or eGFR <60 

mL/min/1.73 m² after exclusion of other primary or secondary kidney diseases. Participants in the 

NC group had no history of diabetes or kidney disease, normal glucose and hepatic/renal function, 

UACR <30 mg/g, and eGFR ≥60 mL/min/1.73 m². 

Exclusion criteria were as follows: (1) type 1 diabetes, gestational diabetes, or other specific 



types of diabetes; (2) acute kidney injury, primary kidney disease, or urinary tract infection; (3) acute 

infection, infectious disease, or autoimmune disease; (4) severe cardiovascular, hepatic, respiratory, 

neurological, or psychiatric disease; (5) malignancy or recent radiotherapy/chemotherapy; (6) 

pregnancy or lactation; and (7) incomplete clinical data or biological samples. 

Measurement of serum biomarkers 

Peripheral venous blood was collected from each participant, and serum was separated and 

stored until analysis. Serum GDF15, GPX4, GSH, IL-1β, IL-17, IL-10, and IL-6 levels were 

measured using enzyme-linked immunosorbent assay (ELISA) kits. All procedures were performed 

strictly according to the manufacturers' instructions. 

Cell culture and treatments 

HK-2 cells were cultured in DMEM supplemented with 10% FBS, 1% L-glutamine supplement, 

and 1% penicillin-streptomycin (final concentrations, 100 U/mL and 100 μg/mL, respectively) at 

37°C in a humidified atmosphere containing 5% CO₂. Cells were used for subsequent experiments at 

approximately 70-80% confluence.Palmitic acid (PA) was prepared using a BSA-conjugation 

method. PA was dissolved in 0.1 mol/L NaOH to generate a 100 mmol/L sodium palmitate 

intermediate solution, which was then slowly added to prewarmed 10% fatty-acid-free BSA and 

incubated with shaking at 55°C for 30 min to obtain a 5 mmol/L PA-BSA stock solution. The solution 

was sterilized through a 0.22-μm filter before use. The normal-glucose (NG) group was cultured in 

DMEM containing 5.5 mmol/L glucose. The high-glucose plus palmitic acid (HGPA) group was 

treated with 30 mmol/L glucose and 0.2 mmol/L PA for 24 h. For the HGPA+Fer-1 group, cells were 

pretreated with 1 μmol/L Fer-1 for 2 h and then co-treated with HGPA for 24 h. The NG group 

received an equivalent amount of BSA vehicle, and the final DMSO concentration was kept identical 

across groups. 



CCK-8 cell viability assay 

HK-2 cells were adjusted to 5.0×10⁴ cells/mL and seeded into 96-well plates at 100 μL per well. 

Following attachment, cells were exposed to the indicated treatments for 24 or 48 h. At each endpoint, 

10 μL of CCK-8 solution was added to each well, followed by incubation at 37°C for 2 h. Absorbance 

at 450 nm (A450) was measured using a microplate reader to assess cell viability. Cell viability (%) 

was calculated as (Aexperimental − Ablank)/(Acontrol − Ablank) ×100%. 

Cell transfection 

HK-2 cells were seeded in 6-well plates and transfected at approximately 70-80% confluence 

using Lipofectamine 2000. siGDF15, siNC, the GDF15 overexpression plasmid, or the empty vector 

was separately mixed with Opti-MEM. Lipofectamine 2000 was diluted in Opti-MEM and incubated 

for 5 min at room temperature. The two solutions were then combined and incubated for 20 min at 

room temperature before being added dropwise to antibiotic-free medium. The medium was replaced 

with complete medium 6 h after transfection. At 24 h after transfection, cells were pretreated with 1 

μmol/L Fer-1 for 2 h and subsequently exposed to HGPA for 24 h. GDF15 knockdown or 

overexpression efficiency was verified by qRT-PCR and Western blotting. To identify the most 

effective GDF15-targeting sequence, HK-2 cells were transfected with siNC or one of three different 

siGDF15 sequences. After 24 h of transfection, cells were exposed to HGPA for an additional 24 h, 

and GDF15 expression was assessed by qRT-PCR and Western blotting. The siRNA producing the 

greatest knockdown was selected for subsequent experiments (Supplementary Table 1). 

GSH assay 

GSH was measured according to the manufacturer's protocol. Approximately 5×10⁶ cells from 

each group were collected, washed with ice-cold PBS, and centrifuged at 800×g for 2 min. One 

milliliter of extraction buffer was added, and cells were sonicated on ice for 5 min. After 



centrifugation for 10 min, the supernatant was collected. Blank, standard, and sample wells were 

prepared and incubated for 2 min at room temperature in the dark. Absorbance was measured at 412 

nm, and GSH content was calculated from the standard curve. 

MDA assay 

MDA was measured according to the manufacturer's protocol. Approximately 1×10⁷ cells from 

each group were collected, washed with ice-cold PBS, and lysed in 0.5 mL extraction buffer on ice 

for 5-10 min. Lysates were centrifuged at 13,000×g for 10 min at 4°C. A 100-μL aliquot of 

supernatant was mixed with 300 μL reaction solution and incubated at 95°C for 30 min. After cooling 

on ice, samples were centrifuged at 10,000×g for 10 min. A 200-μL aliquot of the supernatant was 

used to measure absorbance at 532 and 600 nm, and MDA content was calculated according to the 

manufacturer's instructions. 

Measurement of Fe²⁺ content 

Fe²⁺ content was determined according to the manufacturer's protocol. Approximately 1×10⁷ 

cells from each group were collected, washed with ice-cold PBS, and lysed in 0.5 mL extraction 

buffer on ice for 10 min, with gentle inversion every 2 min. Blank, standard, and sample tubes were 

prepared. A 200-μL aliquot of supernatant was mixed with 100 μL reagent I and incubated at 37°C for 

10 min. Subsequently, 100 μL chloroform was added, samples were vortexed for 2 min, and 

centrifuged at 10,000×g for 5 min. Two hundred microliters of the upper aqueous phase was 

transferred to a 96-well plate, absorbance was measured at 593 nm, and Fe²⁺ content was calculated 

from the standard curve. 

Measurement of intracellular ROS 

Intracellular ROS levels in HK-2 cells were measured using DCFH-DA. Cells were incubated 



with 10 μM DCFH-DA at 37°C for 30 min in the dark, washed 1-2 times, and fluorescence intensity 

was quantified using a multimode fluorescence microplate reader at excitation/emission wavelengths 

of 488/525 nm. 

Quantitative real-time PCR 

After the indicated treatments, total RNA was extracted from HK-2 cells using TRIzol reagent, 

and RNA concentration and purity were determined. Equal amounts of RNA were 

reverse-transcribed into cDNA. qPCR was performed using SYBR Green chemistry under the 

following conditions: initial denaturation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 

60°C for 30 s, after which melting-curve analysis was performed. The mRNA expression levels of 

GDF15, GPX4, SLC7A11, FTH1, TFRC, HAMP, TNF-α, IL-6, IL-1β, and NFKB1 were measured, 

with β-actin as the internal reference. Relative expression was calculated using the 2⁻ΔΔCt method. 

Each sample was analyzed in three technical replicates, and experiments were independently 

repeated three times. Primer sequences are shown in Supplementary Table 2. 

Western blot analysis 

After treatment, total protein was extracted from cells using RIPA lysis buffer supplemented 

with protease and phosphatase inhibitors, and protein concentrations were determined using the BCA 

assay. Equal amounts of protein were separated by SDS-PAGE and transferred to PVDF membranes. 

Membranes were blocked for 1 h and incubated overnight at 4°C with primary antibodies against 

GDF15, GPX4, SLC7A11, ACSL4, p-NF-κB p65, NF-κB p65, and β-actin, followed by incubation 

with HRP-conjugated secondary antibodies for 1 h at room temperature. Protein bands were 

visualized using enhanced chemiluminescence, and densitometric analysis was performed with 

ImageJ. GDF15, GPX4, SLC7A11, and ACSL4 were normalized to β-actin, whereas p-NF-κB p65 

was normalized to total NF-κB p65. Experiments were independently repeated three times. 



 Statistical analysis 

Statistical analyses were performed using SPSS version 25.0 and GraphPad Prism version 9.5. 

Continuous variables were first assessed for normality and homogeneity of variance. Normally 

distributed data are presented as mean ± standard deviation and were compared among multiple 

groups using one-way analysis of variance followed by Tukey's post hoc test. Non-normally 

distributed data are presented as median (interquartile range) and were analyzed using the 

Kruskal-Wallis test followed by Dunn's multiple-comparison test. Categorical variables are 

presented as number (percentage) and were compared using the χ² test or Fisher's exact test, as 

appropriate. Correlations between GDF15 and clinical variables were assessed using Spearman rank 

correlation and are reported as Spearman's ρ. Cell experiments were independently repeated at least 

three times. All tests were two-sided, and P<0.05 was considered statistically significant. 

Results 

Clinical characteristics and associations of GDF15 with renal injury, ferroptosis-related, and 

inflammatory markers 

Sex distribution and age did not differ significantly among the three groups (all P>0.05). 

Compared with the NC group, both the T2DM and DKD groups had higher BMI, HbA1c, and GLU 

levels, with BMI and HbA1c further increased in the DKD group (all P<0.001). Urea, Cr, and UACR 

were markedly increased, whereas eGFR was significantly reduced in the DKD group; Urea, Cr, and 

UACR showed a progressive increase across the three groups (all P<0.001). TG was higher in the 

DKD group than in the NC and T2DM groups, whereas LDL-C was lower in both the T2DM and 

DKD groups than in the NC group. No significant between-group differences were observed in TC, 

HDL-C, or AST/ALT (all P>0.05) (Table 1). 

Table 1. Comparison of baseline clinical characteristics among the study groups 



Variable NC (n=43) T2DM (n=40) DKD (n=38) P value 

Sex, male 22 (51.2%) 20 (50.0%) 21 (55.3%) 0.888 

Age (years) 52.56 ± 9.66a 53.15 ± 11.05a 54.32 ± 12.20a 0.767 

BMI (kg/m²) 22.32 ± 1.37a 26.12 ± 1.64b 28.87 ± 2.78c <0.001 

HbA1c (%) 4.70 ± 0.61a 6.90 ± 1.66b 9.36 ± 1.09c <0.001 

GLU (mmol/L) 5.42 ± 0.39a 7.17 ± 1.55b 7.95 ± 1.99b <0.001 

Urea (mmol/L) 4.74 ± 0.79a 5.29 ± 1.10b 8.40 ± 2.02c <0.001 

Cr (μmol/L) 72.90± 14.14a 

84.80 ± 

14.48b 

106.12± 17.00c <0.001 

eGFR [mL/min/1.73 m²] 100.88±13.40a 101.29±14.60a 76.22 ± 12.44b <0.001 

UACR (mg/g) 4.24 ± 2.60a 10.59 ± 3.37b 

565.46 ± 

227.48c 

<0.001 

TC (mmol/L) 4.24 ± 1.01a 4.70 ± 1.19a 4.45 ± 1.31a 0.212 

TG (mmol/L) 1.45 ± 0.32a 1.56 ± 0.67a 2.76 ± 0.70b <0.001 

HDL-C (mmol/L) 1.27 ± 0.18a 1.22 ± 0.26a 1.17 ± 0.32ᵃ 0.181 

LDL-C (mmol/L) 2.72 ± 0.59a 2.30 ± 0.60b 2.21 ± 0.85b 0.002 

AST/ALT 0.91 ± 0.31a 0.86 ± 0.23a 1.00 ± 0.35a 0.113 

Note: Different superscript letters indicate significant pairwise differences in post hoc comparisons 

(P<0.05); identical letters indicate no significant difference. 

Overall differences in GDF15, iron-metabolism parameters, ferroptosis-related antioxidant 

markers, and inflammatory factors were significant among the three groups (all P<0.001). With 



respect to iron metabolism, serum Fe was significantly lower in the DKD group, whereas FER 

increased and TRF decreased progressively across the groups. Consistent with increasing disease 

severity, GPX4 and GSH decreased from the NC group to the T2DM group and then to the DKD 

group, whereas GDF15 increased progressively (all P<0.001). The proinflammatory markers IL-1β, 

IL-17, IL-6, TNF-α, and hs-CRP increased with disease severity. IL-10 was elevated in the T2DM 

group but reduced in the DKD group (all P<0.001) (Table 2). 

Table 2. Comparison of GDF15, iron-metabolism parameters, ferroptosis-related antioxidant 

markers, and inflammatory factors 

Variable NC (n=43) T2DM (n=40) DKD (n=38) P value 

Fe (μmol/L) 18.20 ± 6.06a 15.79 ± 4.16a 11.82 ± 2.61b <0.001 

FER (ng/mL) 112.82 ± 21.52a 182.58 ± 77.17b 248.67 ± 69.14c <0.001 

TRF (g/L) 2.56 ± 0.29a 1.97 ± 0.37b 1.49 ± 0.27c <0.001 

GPX4 (ng/mL) 176.95 ± 31.96a 145.81 ± 26.82b 102.07 ± 31.49c <0.001 

GDF15 (ng/L) 602.00 ± 135.19a 1324.68 ± 321.10b 1906.65 ± 351.79c <0.001 

GSH (μmol/L) 5.54 ± 1.31a 4.40 ± 1.52b 2.90 ± 0.96c <0.001 

IL-1β (pg/mL) 1.51 ± 0.87a 2.64 ± 0.88b 4.80 ± 2.18c <0.001 

IL-17 (pg/mL) 2.50 ± 0.63a 4.52 ± 2.77b 10.48 ± 6.05c <0.001 

IL-10 (pg/mL) 3.65 ± 0.62a 5.55 ± 0.43b 2.70 ± 0.66c <0.001 

IL-6 (pg/mL) 1.71 ± 0.49a 4.57 ± 0.96b 8.18 ± 1.66c <0.001 

TNF-α (pg/mL) 2.15 ± 0.44a 9.52 ± 3.37b 13.14 ± 3.68c <0.001 

hs-CRP (mg/L) 0.82 ± 0.27a 2.87 ± 0.62b 6.77 ± 1.10c <0.001 



Note: Different superscript letters indicate significant pairwise differences in post hoc comparisons 

(P<0.05); identical letters indicate no significant difference. 

Spearman correlation analysis showed that GDF15 was positively correlated with BMI, HbA1c, 

GLU, Urea, Cr, and UACR and negatively correlated with eGFR (all P<0.001), with a particularly 

strong correlation with UACR (ρ=0.804). Among iron-metabolism and ferroptosis-related markers, 

GDF15 was positively correlated with FER and negatively correlated with Fe, TRF, GPX4, and GSH 

(all P<0.001); the negative correlations with TRF and GPX4 were relatively strong (ρ=−0.722 and 

−0.646, respectively). Regarding inflammatory markers, GDF15 was positively correlated with 

IL-1β, IL-17, IL-6, TNF-α, and hs-CRP (all P<0.001), with the strongest correlations observed for 

IL-6 and hs-CRP (ρ=0.812 and 0.811, respectively). No significant correlation was observed between 

GDF15 and IL-10 (P=0.135) (Table 3). Correlation heatmaps further illustrated the relationships of 

GDF15 with renal injury, iron metabolism/ferroptosis, and inflammatory markers (Figure 1A-C). 

Table 3. Correlations between GDF15 and clinical variables 

Varia

ble 

Age BMI HbA1c GLU Urea Cr eGFR UACR 

ρ 0.110 0.736 0.741 0.525 0.595 0.540 -0.470 0.804 

P 

value 

0.228 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Varia

ble 

TC TG HDL-C LDL-C AST/ALT Fe FER TRF 

ρ 0.051 0.505 -0.056 -0.261 0.079 -0.418 0.637 -0.722 

P 0.576 <0.001 0.540 0.004 0.387 <0.001 <0.001 <0.001 



 

 

Figure 1. Correlation heatmaps of GDF15 with renal function, iron metabolism/ferroptosis, and 

inflammatory markers. (A) Renal function-related variables. (B) Iron metabolism- and 

ferroptosis-related variables. (C) Inflammatory variables. Colors indicate the direction and 

magnitude of the correlation coefficients. 

Taken together, the clinical findings showed that circulating GDF15 was elevated in DKD and 

was associated with renal dysfunction, altered systemic iron-related indices, reduced circulating 

antioxidant markers, and inflammation. However, these cross-sectional associations do not establish 

whether GDF15 contributes to injury or represents a response to metabolic and renal stress. Because 

serum biomarkers cannot directly establish tubular ferroptosis, we next used HGPA-treated HK-2 

cells to investigate the effects of GDF15 modulation on ferroptosis-associated oxidative injury, 

iron-related gene expression, and inflammatory responses. 

value 

Varia

ble 

GPX4 IL-1β IL-17 IL-10 GSH IL-6 TNF-α hs-CRP 

ρ -0.646 0.617 0.478 -0.137 -0.557 0.812 0.733 0.811 

P 

value 

<0.001 <0.001 <0.001 0.135 <0.001 <0.001 <0.001 <0.001 



Optimization of HGPA modeling conditions and Fer-1 concentration 

CCK-8 assays showed that BSA had no significant effect on HK-2 cell viability (P>0.05). Under 

high-glucose conditions, PA reduced cell viability in a concentration- and time-dependent manner. 

After treatment with 0.2 mmol/L PA for 24 h, cell viability decreased to approximately 75% of that in 

the NG group (P<0.0001) without causing excessive cell loss. Therefore, 30 mmol/L glucose 

combined with 0.2 mmol/L PA for 24 h was selected to establish the HGPA model. DMSO had no 

significant effect on the viability of HGPA-treated cells (P>0.05), whereas 1 μmol/L Fer-1 produced 

the greatest improvement in cell viability (P<0.001) and was therefore used in subsequent 

experiments (Figure 2A-C). 

 

Figure 2. Optimization of HGPA modeling conditions and Fer-1 concentration. (A, B) HK-2 cell 

viability after treatment with different concentrations of PA for 24 or 48 h. (C) Effects of different 

concentrations of Fer-1 on the viability of HGPA-treated HK-2 cells. ns, P>0.05; ***P<0.001; 

****P<0.0001. 

HGPA induces ferroptosis-related injury, iron-homeostasis disturbance, and inflammation in 

HK-2 cells, accompanied by GDF15 upregulation 

To evaluate the effect of HGPA on ferroptosis in HK-2 cells, oxidative-stress and 

ferroptosis-related biochemical markers were first examined. Compared with the NG group, HGPA 



significantly increased intracellular MDA, Fe²⁺, and ROS levels while reducing GSH content (all 

P<0.001). Fer-1 treatment markedly reduced MDA, Fe²⁺, and ROS and significantly restored GSH 

levels (all P<0.01), indicating that HGPA induced iron-dependent oxidative injury in HK-2 cells and 

that this process was partially reversed by Fer-1 (Figure 3A-D). 

qRT-PCR and Western blot analyses showed that HGPA increased GDF15 expression, 

decreased GPX4 and SLC7A11 expression, and increased ACSL4 protein abundance; these changes 

were partially reversed by Fer-1 (Figure 3E, G-K). These findings support the notion that HGPA 

disrupts the system Xc−/GSH/GPX4 antioxidant defense axis, promotes iron-dependent oxidative 

injury, and concurrently induces GDF15 expression. 

Analysis of iron-metabolism-related genes showed that HGPA decreased FTH1 mRNA while 

increasing TFRC and HAMP mRNA; Fer-1 partially reversed these changes (all P<0.05; Figure 3F), 

indicating altered expression of genes involved in iron storage, uptake, and regulation. HGPA also 

increased TNF-α, IL-6, IL-1β, and NFKB1 mRNA levels and elevated the p-NF-κB p65/NF-κB p65 

ratio, whereas these inflammatory indices were reduced after Fer-1 treatment (Figure 3L-N). 

Collectively, HGPA induced ferroptosis-related injury, disturbed iron homeostasis, and activated 

NF-κB-associated inflammatory responses in HK-2 cells, accompanied by increased GDF15 

expression; Fer-1 partially alleviated these changes. 



 

Figure 3. HGPA induces ferroptosis-related injury, dysregulation of iron-metabolism genes, and 

inflammatory responses in HK-2 cells, accompanied by GDF15 upregulation. HK-2 cells were 

assigned to the NG, HGPA, and HGPA+Fer-1 groups. (A-D) Cellular MDA, GSH, Fe²⁺, and ROS, 

respectively. (E) mRNA expression of GDF15, GPX4, and SLC7A11. (F) mRNA expression of 

FTH1, TFRC, and HAMP. (G) Representative Western blots of GDF15, ACSL4, SLC7A11, and 

GPX4. (H-K) Densitometric quantification of the corresponding proteins. (L) mRNA expression of 

TNF-α, IL-6, IL-1β, and NFKB1. (M, N) Representative blots of p-NF-κB p65 and NF-κB p65 and 

the corresponding ratio. Data are presented as mean ± SD from three independent experiments. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

GDF15 knockdown aggravates HGPA-induced ferroptosis-related injury, iron-homeostasis 

imbalance, and inflammation 

The knockdown efficiencies of three GDF15-targeting siRNAs were evaluated under HGPA 



conditions. siGDF15-1 produced the greatest reduction in GDF15 mRNA and protein expression and 

was therefore selected for subsequent experiments (Figure 4). 

Compared with HGPA+siNC, GDF15 knockdown increased MDA, Fe²⁺, and ROS levels and 

reduced GSH, together with lower GPX4 and SLC7A11 expression and higher ACSL4 protein 

abundance (Figure 5A–K). The knockdown group also showed reduced FTH1 and increased TFRC 

and HAMP transcripts, along with elevated inflammatory gene expression and a higher p-p65/total 

p65 ratio (Figure 5F, L–N). Fer-1 partially mitigated these alterations without materially restoring 

GDF15 expression. Together, these observations suggest that endogenous GDF15 limits 

HGPA-induced injury and that ferroptosis-related processes contribute to the enhanced injury 

phenotype observed after GDF15 knockdown. 

 

Figure 4. Screening of GDF15-targeting siRNA sequences. (A) Representative Western blots of 

GDF15 protein after transfection with siNC, siGDF15-1, siGDF15-2, or siGDF15-3. (B) 

Densitometric quantification of GDF15 protein. (C) GDF15 mRNA expression. All groups were 

exposed to identical HGPA treatment. Protein expression was normalized to β-actin. Data are 

presented as mean ± SD, n=3. *P<0.05, **P<0.01. 



 

Figure 5. GDF15 knockdown aggravates HGPA-induced ferroptosis, iron-homeostasis imbalance, 

and inflammation in HK-2 cells, which are partially reversed by Fer-1. HK-2 cells were assigned to 

the HGPA+siNC, HGPA+siGDF15, and HGPA+siGDF15+Fer-1 groups. (A-D) Intracellular MDA, 

GSH, Fe²⁺, and ROS, respectively. (E) mRNA expression of GDF15, GPX4, and SLC7A11. (F) 

mRNA expression of FTH1, TFRC, and HAMP. (G) Representative Western blots of GDF15, GPX4, 

SLC7A11, and ACSL4. (H-K) Densitometric quantification of the corresponding proteins. (L) 

mRNA expression of TNF-α, IL-6, IL-1β, and NFKB1. (M, N) Representative blots of p-NF-κB p65 

and NF-κB p65 and the corresponding ratio. Data are presented as mean ± SD, n=3. *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001. 

GDF15 overexpression attenuates HGPA-induced ferroptosis-related injury, iron-metabolism 

abnormalities, and inflammation 

To investigate the regulatory effect of GDF15 on HGPA-induced HK-2 cell injury, cells were 



transfected with a GDF15 overexpression plasmid under HGPA conditions. Compared with the 

HGPA+Vector group, GDF15 mRNA and protein expression were increased in the 

HGPA+OE-GDF15 group, confirming successful establishment of the GDF15 overexpression model. 

GDF15 overexpression decreased MDA, Fe²⁺, and ROS levels and increased GSH, while 

upregulating GPX4 and SLC7A11 and downregulating ACSL4. Co-treatment with Fer-1 shifted 

these indices further toward a protective profile (Figure 6A-G, I-L). These results indicate that 

GDF15 overexpression attenuates HGPA-induced oxidative injury, lipid peroxidation, and 

ferroptosis-related phenotypes. 

GDF15 overexpression also increased FTH1 mRNA, decreased TFRC and HAMP mRNA, and 

reduced intracellular Fe²⁺, suggesting a potential role in maintaining cellular iron homeostasis. With 

respect to inflammation, GDF15 overexpression reduced TNF-α, IL-6, IL-1β, and NFKB1 mRNA 

expression and decreased the p-NF-κB p65/NF-κB p65 ratio; these indices were further reduced after 

combined Fer-1 treatment (Figure 6H, M-O). These findings support the ability of GDF15 to 

simultaneously attenuate HGPA-induced ferroptosis-related injury and NF-κB-associated 

inflammation, although they do not establish NF-κB as a direct downstream pathway through which 

GDF15 regulates ferroptosis. 



 

Figure 6. GDF15 overexpression attenuates HGPA-induced ferroptosis-related injury, 

iron-metabolism abnormalities, and inflammatory responses. HK-2 cells were assigned to the 

HGPA+Vector, HGPA+OE-GDF15, and HGPA+OE-GDF15+Fer-1 groups. (A, B) Validation of 

GDF15 overexpression. (C-F) MDA, GSH, Fe²⁺, and ROS. (G) mRNA expression of GDF15, GPX4, 

and SLC7A11. (H) mRNA expression of FTH1, TFRC, and HAMP. (I-L) Representative Western 

blots and densitometric quantification of ACSL4, SLC7A11, and GPX4. (M) mRNA expression of 

TNF-α, IL-6, IL-1β, and NFKB1. (N, O) Representative blots of p-NF-κB p65 and NF-κB p65 and 

the corresponding ratio. Data are presented as mean ± SD, n=3. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. 

Discussion 



In addition to confirming the presence of ferroptosis-related alterations and elevated GDF15 

levels in DKD, the present study integrated clinical phenotypes, glucolipotoxic stress, cellular iron 

homeostasis, and inflammatory signaling into a coherent framework. Previous studies have 

independently demonstrated that GDF15 is associated with DKD progression[16] , that GDF15 may 

alleviate diabetic renal injury, and that renal tubular ferroptosis contributes to DKD [17, 18]. However, 

these processes have largely been investigated separately. The present study integrated clinical 

observations with cellular experiments to investigate the potential role of GDF15 in diabetic kidney 

disease (DKD). We found that circulating GDF15 levels were associated with renal dysfunction, 

altered systemic iron-related parameters, reduced antioxidant markers, and inflammatory indices in 

patients with DKD. Furthermore, bidirectional manipulation of GDF15 expression in HGPA-treated 

HK-2 cells revealed corresponding changes in ferroptosis-associated oxidative injury, 

iron-metabolism-related gene expression, and NF-κB-associated inflammatory responses. By 

combining clinical associations with functional cellular observations, our findings provide additional 

evidence linking GDF15 to glucolipotoxic tubular injury. Nevertheless, the specific molecular 

pathways underlying these effects remain to be elucidated. 

The clinical findings first support the potential of GDF15 as an integrated stress-related 

biomarker of DKD. Serum GDF15 levels were significantly higher in patients with DKD than in 

healthy controls and patients with T2DM without DKD. Moreover, GDF15 was positively correlated 

with UACR, serum urea, and creatinine and negatively correlated with eGFR. These findings are 

consistent with previous studies showing that GDF15 increases with the severity of albuminuria, 

correlates positively with creatinine and BUN, and correlates inversely with eGFR [9, 11]. Prospective 

studies have further demonstrated that elevated baseline GDF15 levels can predict the progression of 

albuminuria in patients with T2DM [19, 20]. In addition, we observed negative correlations of GDF15 



with GPX4, GSH, serum iron, and transferrin, whereas positive correlations were found with ferritin 

and several pro-inflammatory markers. These associations are broadly consistent with previous 

population-based observations linking GDF15 to iron metabolism and systemic inflammation [21, 22], 

thereby providing clinical evidence supporting the biological relevance of GDF15 in DKD.  

Nevertheless, these clinical associations should be interpreted cautiously. Circulating GPX4 and 

GSH primarily reflect systemic antioxidant capacity rather than renal tissue-specific redox status, 

and their alterations may partly result from systemic oxidative stress or changes in hepatic 

metabolism rather than tubular ferroptosis per se. Furthermore, the increase in circulating GDF15 

accompanying declining eGFR may be partially influenced by reduced renal clearance and 

consequent GDF15 accumulation. Because the correlation analyses were performed across the three 

study groups, the observed effect sizes may also have been amplified by between-group gradients in 

disease severity. Accordingly, these findings should be interpreted as associations across a continuum 

of disease severity rather than evidence that elevated GDF15 itself is causally responsible for renal 

injury. The clinical data alone cannot distinguish whether increased GDF15 represents a marker of 

tissue damage, a consequence of impaired renal clearance, or an adaptive response to cellular stress. 

This uncertainty provided the rationale for subsequent functional validation at the cellular level.  

To further clarify the role of GDF15 in the diabetic renal environment while minimizing the 

influence of systemic confounders, HK-2 cells were exposed to high glucose combined with palmitic 

acid to mimic the hyperglycemic and lipid-overload conditions characteristic of DKD. Bidirectional 

manipulation of GDF15 expression together with Fer-1 rescue experiments was then used to evaluate 

the effects of GDF15 on glucolipotoxicity-induced ferroptosis, iron dyshomeostasis, and 

inflammatory responses in renal tubular epithelial cells. HGPA treatment decreased cell viability and 



increased ROS, MDA, and Fe²⁺ levels while reducing intracellular GSH. These changes were 

accompanied by downregulation of GPX4 and SLC7A11 and upregulation of ACSL4, supporting 

disruption of the System Xc⁻/GSH/GPX4 antioxidant axis, iron-dependent lipid peroxidation, and 

ACSL4-mediated activation of polyunsaturated fatty acids as key features of ferroptosis [23-26]. In 

particular, ACSL4 facilitates the incorporation of polyunsaturated fatty acids into membrane 

phospholipids, thereby increasing the availability of substrates susceptible to lipid peroxidation [27]. 

Importantly, Fer-1 partially reversed these alterations, further supporting a substantial contribution of 

iron-dependent lipid peroxidation to HGPA-induced cellular injury. 

Notably, HGPA-induced ferroptotic injury was also accompanied by marked alterations in 

iron-regulatory genes, including increased TFRC and decreased FTH1 mRNA expression [28]. Such 

transcriptional reprogramming may favor increased cellular iron uptake while reducing intracellular 

iron-storage capacity, thereby expanding the labile iron pool and providing additional catalytic iron 

for Fenton chemistry. In parallel, increased HAMP expression may represent an adaptive attempt to 

regulate iron availability by restricting iron export; however, under glucolipotoxic conditions, such a 

response may instead promote intracellular iron retention and contribute to iron overload [29]. 

Altered iron homeostasis may therefore represent an important mechanistic link between 

GDF15 and lipid peroxidation. Both HGPA exposure and GDF15 knockdown were associated with 

decreased FTH1 expression, increased TFRC and HAMP expression, and intracellular Fe²⁺ 

accumulation, whereas GDF15 overexpression shifted these parameters in the opposite direction. 

Reduced FTH1 may impair the cellular capacity to safely sequester redox-active iron, whereas 

increased TFRC may enhance iron uptake. In addition, NCOA4-mediated ferritinophagy can 

promote the release of free iron through ferritin degradation, thereby modulating cellular 



susceptibility to ferroptosis [30, 31]. Previous studies in patients with diabetes have also suggested 

associations among GDF15, renal function, and iron-regulatory parameters, although the 

relationships between GDF15 and individual iron indices appear to vary across different stages of 

disease [32, 33]. HGPA also markedly increased the p-p65/p65 ratio and enhanced the transcription of 

pro-inflammatory mediators, including TNF-α, IL-6, and IL-1β. IL-6 is known to induce HAMP 

expression, while hepcidin limits cellular iron export by promoting ferroportin degradation, 

contributing to inflammation-associated hypoferremia and potentially enhancing intracellular iron 

retention [34, 35]. These findings suggest that ferroptosis and inflammation may interact to amplify 

tubular epithelial injury, providing several potential points at which GDF15 may exert protective 

effects. 

The bidirectional manipulation of GDF15 together with Fer-1 rescue experiments provided the 

principal functional evidence supporting a protective role of GDF15 in the present study. Under 

HGPA conditions, GDF15 knockdown further suppressed GPX4 and SLC7A11 expression and 

increased ACSL4 expression, accompanied by greater accumulation of Fe²⁺, MDA, and ROS and 

more pronounced GSH depletion. In contrast, GDF15 overexpression substantially reversed these 

ferroptosis-associated changes, restored FTH1 expression, and reduced TFRC and HAMP 

transcription. Importantly, Fer-1 attenuated the downstream injury caused by GDF15 knockdown 

without restoring GDF15 expression itself, suggesting that ferroptosis-related processes constitute an 

important component of the phenotype resulting from GDF15 deficiency. Previous studies have 

shown that GDF15 expression is increased in diabetic renal tissue and in podocytes exposed to high 

glucose. GDF15 knockdown aggravated inflammation and podocyte injury, whereas GDF15 

overexpression suppressed inflammatory responses through modulation of the NEDD4L–

IKK/IκBα–NF-κB signaling axis, suggesting that increased GDF15 may serve as an endogenous 



protective response in DKD [18]. More recently, studies of acute kidney injury have demonstrated that 

GDF15 intervention simultaneously improves GSH, GPX4, SLC7A11, Fe²⁺, and MDA abnormalities 

in HK-2 cells while suppressing TLR4/MyD88/NF-κB signaling [36]. These findings further support 

the biological plausibility of an anti-ferroptotic role for GDF15, whereas the present study extends 

this protective effect specifically to the glucolipotoxic environment relevant to DKD.  

The interplay between ferroptosis and inflammatory signaling represents another important 

finding of this study. Both HGPA exposure and GDF15 knockdown increased the expression of 

TNF-α, IL-6, IL-1β, and NFKB1 and enhanced the p-NF-κB p65/NF-κB p65 ratio, whereas both 

Fer-1 treatment and GDF15 overexpression attenuated these alterations. NF-κB is a central 

transcriptional regulator integrating oxidative stress and innate immune signaling and controls the 

expression of numerous pro-inflammatory mediators [37, 38]. These observations are consistent with 

our findings and suggest that GDF15 may attenuate NF-κB-mediated inflammatory amplification, 

potentially in part by limiting labile iron accumulation and lipid peroxidation. Collectively, the data 

indicate that GDF15 influences both redox homeostasis and inflammatory signaling and raise the 

possibility of reciprocal crosstalk between ferroptotic stress and NF-κB activation. However, the 

present experiments do not establish NF-κB as a direct downstream mediator of the anti-ferroptotic 

effects of GDF15. 

Several limitations of this study should be acknowledged. First, the clinical component was 

conducted at a single center with a relatively limited sample size, precluding conclusions regarding 

the temporal or causal relationship between GDF15 and DKD progression. Potential confounding 

factors, including age, renal clearance, and pharmacological treatment, were also not fully addressed 

using multivariable models. Second, circulating GPX4, GSH, and iron-related indices reflect 



systemic alterations and cannot be considered direct evidence of ferroptosis within renal tissue. Third, 

although the cellular experiments established a functional sequence using GDF15 knockdown, 

overexpression, and Fer-1 rescue, lipid ROS measured using C11-BODIPY, mitochondrial 

ultrastructural alterations, and a second ferroptosis inhibitor were not assessed. Furthermore, FTH1, 

TFRC, and HAMP were evaluated only at the mRNA level, and specific pharmacological inhibition 

or activation of NF-κB was not performed. Future studies incorporating animal models, renal tissue 

validation, and prospective clinical cohorts, together with pathway-specific rescue experiments, are 

therefore warranted to define the causal hierarchy among GDF15, iron homeostasis, ferroptosis, and 

NF-κB signaling.  

Conclusion 

This study demonstrates that elevated serum GDF15 levels are associated with markers of renal 

injury and that GDF15 exerts protective effects in HK-2 cells exposed to glucolipotoxic stress. These 

effects may involve increased GSH levels, upregulation of GPX4 and SLC7A11, and downregulation 

of ACSL4, accompanied by attenuation of ferroptosis-associated oxidative injury and inflammatory 

responses. These findings provide experimental evidence supporting further investigation of GDF15 

and its potential therapeutic relevance in diabetic kidney disease. 
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