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Abstract 13 

Background: Diabetic kidney disease (DKD) is one of the most common 14 

microvascular complications of diabetes and also a leading cause of end-stage renal 15 

disease (ESRD).  PANoptosis is a form of programmed cell death that integrates the 16 

key characteristics of pyroptosis, apoptosis and necroptosis. Dysbiosis of the gut 17 

microbiota mediates the initiation and progression of DKD via the gut-kidney axis 18 

through a cascade mechanism involving metabolite imbalance, intestinal barrier 19 

disruption, and immune-inflammatory activation. Whether SCFAs synergistically 20 

promote renal inflammatory injury with Panoptosis in DKD is not yet known. 21 
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Purpose: This study aims to investigate the associations between PANoptosis-related 22 

proteins, SCFAs and the progression of DKD, and to explore their potential as 23 

diagnostic and therapeutic biomarkers for DKD. 24 

Methods：Serum levels of core PANoptosis-related proteins in the three groups were 25 

measured by ELISA, while serum SCFAs concentrations were determined using 26 

GC-MS. 27 

Results: ELISA revealed that PANoptosis-related proteins were significantly elevated 28 

in the DKD (P < 0.0001). PANoptosis-related proteins were positively correlated with 29 

HbA1c, BUN, duration of diabetes, and UACR (r > 0.30), and negatively correlated 30 

with eGFR (r < −0.30). GC-MS analysis demonstrated that serum acetate concentration 31 

was markedly higher in the DKD than in the pure T2DM (P < 0.05), whereas isovaleric 32 

acid showed an opposite trend (P < 0.01). Butyric acid, isobutyric acid and isovaleric 33 

acid were negatively correlated with necroptosis-associated proteins. 34 

Conclution: Panoptosis-related proteins were positively correlated with the 35 

progression of DKD； PANoptosis-related proteins were negatively correlated with 36 

isovaleric acid, isobutyric acid and butyric acid in DKD. 37 

Keywords: Diabetic Kidney Disease, Pyroptosis, Apoptosis, Necroptosis, PANoptosis 38 

Abbreviation: Gas chromatography-mass spectrometry (GC-MS); short-chain fatty 39 

acids (SCFAs); enzyme-linked immunosorbent assay (ELISA); blood urea nitrogen 40 

(BUN); estimated glomerular filtration rate (eGFR); glycated hemoglobin (HbA1c); 41 

triglycerides (TG); total cholesterol (TC); high-density lipoprotein cholesterol 42 

(HDL-C); low-density lipoprotein cholesterol (LDL-C) 43 
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1. Introduction 44 

According to the 2025 report by the International Diabetes Federation, the global 45 

prevalence of diabetes among adults was 11.11% in 2024 and is projected to rise to 46 

12.96% by 2050(1). Approximately 20% to 40% of patients with type 2 diabetes 47 

(T2DM) develop diabetic kidney disease (DKD) as a complication. In China, the 48 

overall prevalence of DKD among patients with type 2 diabetes is 21.8%. DKD is the 49 

primary microvascular complication of diabetes mellitus, characterized by persistent 50 

albuminuria, progressive decline in estimated glomerular filtration rate and ultimately 51 

leading to irreversible renal fibrosis, and has become the leading cause of end-stage 52 

renal disease (ESRD) worldwide(2). The therapeutic strategy for DKD based on strict 53 

glycemic and blood pressure management, the "four-pillar" therapy—combining renin-54 

angiotensin system blockers, sodium-glucose cotransporter 2 inhibitors, glucagon-like 55 

peptide-1 receptor agonists, and non-steroidal mineralocorticoid receptor antagonists—56 

has become the core strategy for delaying DKD progression(3,4). Although existing 57 

therapeutic drugs such as renin-angiotensin system blockers, sodium-glucose 58 

cotransporter 2 inhibitors, glucagon-like peptide-1 receptor agonists, and non-steroidal 59 

mineralocorticoid receptor antagonists have significantly improved the prognosis of 60 

patients with DKD, a considerable proportion of patients inevitably progress to ESRD. 61 

This suggests the existence of key molecular events in the pathogenesis of DKD that 62 

have not yet been fully elucidated. 63 

Accumulating evidence indicates that multiple inflammatory cell death pathways, 64 

including pyroptosis, apoptosis, necroptosis, and ferroptosis, critically drive the 65 



 

 4 

pathogenesis and progression of DKD(5). In 2019, Malireddi et al. first proposed the 66 

concept of "PANoptosis," revealing a shared regulatory network among pyroptosis, 67 

apoptosis, and necroptosis(6). PANoptosis is mediated by the PANoptosome complex 68 

and represents a unique inflammatory programmed cell death modality that integrates 69 

the core molecular features of the three classical death pathways, characterized by the 70 

release of inflammatory cytokines (IL-1β, IL-18) and damage-associated molecular 71 

patterns (DAMPs), ultimately leading to cell death and tissue injury(7,8). The DKD 72 

microenvironment, characterized by hyperglycemia and accumulated advanced 73 

glycation end-products (such as free CML), activates the RAGE/NF-κB signaling axis 74 

to upregulate NLRP3 inflammasome, thereby promoting the assembly of the RIPK1-75 

PANoptosome complex and triggering classical PANoptosis in podocytes (9). 76 

Concurrently, single-cell RNA sequencing has revealed significantly elevated 77 

expression of TNFSF10 (TRAIL) and TNFRSF10B (DR5) in podocytes from DKD 78 

patients; TNF-α stimulates autocrine TRAIL production in podocytes, which induces 79 

PANoptosis via the death receptor DR5, and podocyte-specific ablation of Tnfsf10 or 80 

Tnfrsf10b substantially attenuates kidney injury in diabetic mice (10). In renal tubular 81 

epithelial cells and interstitial cells, co-activation of apoptotic, pyroptotic, and 82 

necroptotic pathways has also been observed, suggesting that PANoptosis represents a 83 

common pathway mediating the loss of resident renal cells in DKD (11). At the gene 84 

expression level, multiple bioinformatics studies have systematically screened DKD 85 

transcriptomic datasets and identified diagnostically relevant PANoptosis-related hub 86 

genes, including CASP1, FAS, AKT3, FYN, and CD44. The expression levels of these 87 
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genes are significantly correlated with declining glomerular filtration rate and the 88 

degree of immune cell infiltration, and the risk scoring models constructed therefrom 89 

effectively distinguish DKD patients from healthy controls (11,12). From a therapeutic 90 

translation perspective, targeting key components of the PANoptosome—such as DR5-91 

Fc fusion protein, the RAGE antagonist FPS-ZM1, or NLRP3 gene silencing—has 92 

demonstrated significant efficacy in reducing proteinuria and retarding renal function 93 

deterioration in animal models, while drug repurposing analyses further suggest that 94 

nodes including CASP1 and FAS possess clear intervention feasibility (13). 95 

Collectively, PANoptosis not only holds substantial significance in the pathogenesis 96 

and progression of DKD but also opens novel avenues for early biomarker screening 97 

and precision targeted therapy for this disease. 98 

GSDMD is the terminal executor of pyroptosis. After cleavage by caspase-1, its N-99 

terminal fragment is released and forms pores in the plasma membrane, leading to cell 100 

lysis and release of pro-inflammatory cytokines. Caspase-1 initiates the classical 101 

pyroptotic pathway, and its activation level directly reflects NLRP3 inflammasome 102 

assembly. Together, GSDMD and caspase-1 form the core "NLRP3–caspase-1–103 

GSDMD" pyroptotic signalling axis, which has been shown to contribute substantially 104 

to tubular epithelial cell and podocyte injury in DKD(14,15). MLKL is a key effector 105 

of necroptosis. Following phosphorylation by the RIPK1–RIPK3 signalling axis, 106 

MLKL translocates to the plasma membrane and promotes the release of damage-107 

associated molecular patterns (DAMPs), thereby amplifying inflammation. Fang et 108 

al. identified MLKL as a core mediator of resident renal cell death in DKD(15). 109 
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Caspase-3 is the executioner caspase of apoptosis, also acts as a molecular switch that 110 

modulates pyroptosis: in the presence of GSDME, caspase-3 cleaves GSDME to 111 

convert apoptotic signals into pyroptotic responses. Bioinformatics and machine-112 

learning studies have identified CASP3 as a key predictive biomarker and therapeutic 113 

target in DKD, and these findings have been validated in animal models(11,16). 114 

Previous studies have mostly used high-glucose-stimulated renal cell lines or 115 

streptozotocin (STZ)-induced animal models. Although single-cell RNA sequencing 116 

has revealed co-activation of apoptotic, pyroptotic and necroptotic pathways in kidney 117 

tissues from patients with DKD, and bioinformatics analyses have identified 118 

PANoptosis-related hub genes including CASP1, FAS and AKT3, systematic evidence 119 

simultaneously assessing protein-level activation of these three pathways in DKD 120 

patients remains lacking(15,17). Accordingly, the current study proposes to 121 

systematically quantify serum levels of pyroptotic, apoptotic, and necroptotic effector 122 

proteins in patients with DKD, thereby furnishing direct clinical evidence for 123 

PANoptosis pathway activation during the course of DKD progression. 124 

The protective role of gut microbial metabolites—short-chain fatty acids (SCFAs)—in 125 

diabetes and its complications has garnered increasing attention. SCFAs regulate 126 

immune-inflammatory responses through activation of GPR41/GPR43 receptors and 127 

inhibition of histone deacetylases(18). In the field of DKD, serum acetate and butyrate 128 

levels are negatively correlated with DKD risk, whereas isobutyrate shows a positive 129 

correlation (19–22). One study revealed that SCFAs (butyrate, propionate and acetate) 130 

can directly bind to ASC, a key adaptor protein of the inflammasome complex, thereby 131 
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promoting inflammasome activation and further inducing pyroptosis in macrophages to 132 

eliminate Salmonella infection(23). Another study demonstrated that SCFAs/butyrate 133 

regulate necroptosis (MLKL-mediated) and apoptosis through pathways including the 134 

NLRP3 inflammasome(24); Cooper KN, et al. reported that oral pathogens trigger 135 

necroptosis in THP-1 monocytes via the RIP1/RIP3/MLKL signaling pathway, and 136 

inhibition of RIP1 or MLKL markedly reduces cell death as well as the expression of 137 

TNF-α and IL-6(25). However direct evidence regarding whether SCFAs protect the 138 

DKD kidney by regulating the expression of PANoptosis-related proteins remains 139 

lacking. 140 

In summary, PANoptosis plays an significant role in the pathogenesis of DKD, yet its 141 

interplay with gut microbial metabolite SCFAs remains unexplored. This study aimed 142 

to compare the serum levels of PANoptosis-related proteins (GSDMD, MLKL, 143 

caspase-1, caspase-3, IL-1β, IL-18) and SCFAs in the serum of different study subjects 144 

and to analyze the correlations between them. The findings may provide novel clinical 145 

evidence indicating that SCFAs are involved in the regulation of DKD progression via 146 

PANoptosis. 147 

2. Materials and methods 148 

2.1 Reagents and antibodies 149 

2.1.1 Reagents and antibodies of ELISA 150 

The ELISA kit for GSDMD(Cat#: MK4219A)、MLKL(Cat#: MK4454A)、caspase-151 

1(Cat#: MK3839A)、caspase-3(Cat#: MK3840A)、IL-1β(Cat#: MK0181A)、IL-18 152 
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(Cat#: MK0139A) was purchased from Shenzhen Huitong Biotechnology Co., Ltd 153 

(Shenzhen, China) 154 

2.1.2 Reagents and antibodies of GC-MS 155 

Standard short-chain fatty acids, including acetic acid, propionic acid, butyric acid, 156 

isobutyric acid, valeric acid and caproic acid (purity ≥ 99%), were purchased from 157 

Sigma-Aldrich, USA. 2-ethylbutyric acid (purity ≥ 98%, Sigma-Aldrich, USA) or 158 

[¹³C₂]-acetic acid-5 was used as the internal standard.  159 

The derivatization reagents were N-(tert-butyldimethylsilyl)-N-160 

methyltrifluoroacetamide (MTBSTFA) containing 1% tert-butyldimethylchlorosilane 161 

(Regis Technologies, USA) and isobutyl chloroformate (iBuCF, Aladdin, China). 162 

Organic solvents including methyl tert-butyl ether (MTBE), n-hexane, methanol, 163 

acetonitrile and isooctane were of chromatographic grade and obtained from Merck, 164 

Germany. 165 

2.2  Study design and Participants 166 

This cross-sectional study was designed to assess the association of serum PANoptosis 167 

key protein and short-chain fatty acid levels with the extent of kidney damage in 168 

patients with T2DM. A total of 65 patients diagnosed with either type 2 diabetes 169 

mellitus (T2DM) alone or T2DM with diabetic kidney disease (DKD) were recruited 170 

from November 2024 to August 2025 at the Second People’s Hospital of Yibin. After 171 

screening according to inclusion and exclusion criteria, a total of 60 patients were 172 
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eventually enrolled in the study and divided into two groups: type 2 diabetes mellitus 173 

alone group (DM, n=30) and type 2 diabetes mellitus with diabetic kidney 174 

disease group (DN, n=30). Meanwhile, 30 healthy individuals from the physical 175 

examination center of the same hospital were recruited as the control group, matched 176 

for age and gender. Demographic and clinical data including gender, age, dietary and 177 

exercise habits, smoking and drinking history, medical history, disease duration, body 178 

weight, BMI, blood pressure, and medication history were collected from all subjects. 179 

Serum laboratory indicators included HbA1c, TG, TC, HDL-C, LDL-C, urinary 180 

microalbumin, urinary creatinine, serum creatinine, BUN, and eGFR. The study design 181 

and baseline characteristics are described in Figure 1 and Table 1. All the participants 182 

provided written informed consent. 183 

2.3 Quantification of serum PANoptosis proteins and SCFAs 184 

2.3.1 PANoptosis proteins were measured by ELISA 185 

Fasting venous blood samples (5 mL) were collected from all subjects after an overnight 186 

fast of more than 8 h. The supernatant was equally divided into 300 µL aliquots, 187 

transferred into two EP tubes, and stored at −80°C in an ultra-low temperature freezer. 188 

Serum PANoptosis-related protein levels were quantified via commercial 189 

enzyme-linked immunosorbent assay (ELISA) kits following manufacturer’s 190 

instructions. Briefly, balanced serum samples and standards were incubated in 191 

microplate wells at 37 °C for specific antigen-antibody binding. After washing, 192 

horseradish peroxidase-conjugated secondary antibodies were added for further 193 
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incubation. Color development was performed with chromogenic reagents and 194 

terminated by stop solution. OD values at 450 nm were measured, and target protein 195 

concentrations were calculated via standard curves, with all samples tested in 196 

duplicate.The levels of GSDMD,MLKL, IL-1β, IL-18, caspaese-1 and caspase-3 in 197 

serum were subsequently measured. 198 

 199 

2.3.2 SCFAs were detected by GC-MS 200 

Serum SCFA levels in the DM group and DN group were determined using GC-MS. 201 

For standard preparation, short-chain fatty acid stock solutions were prepared in water 202 

or diethyl ether and serially diluted, with 4-methylvaleric acid as the internal standard. 203 

Ten standard working solutions were mixed at gradient concentrations, and stock 204 

solutions were stored at −20 °C while working solutions were freshly prepared. For 205 

metabolite extraction, samples were homogenized with phosphoric acid, internal 206 

standard and diethyl ether, centrifuged, and the supernatant was analyzed by GC-MS. 207 

MassHunter software was used for peak integration and quantification of SCFAs. 208 

3. Results 209 

3.1 PANoptosis-related proteins reflect the renal injury in T2DM 210 

Serum levels of PANoptosis-related proteins include GSDMD, caspase-1, IL-1β, IL-18, 211 

caspase-3 and MLKL, determined by ELISA in healthy subjects, T2DM and DKD. The 212 

results showed the all proteins were significantly higher in the DKD group (DN,n=30) 213 
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than in the T2DM group (DM,n=30), and higher in the DM than in the healthy control 214 

group (DN,n=30) (all p < 0.0001) (Fig. 2 A-F and Table 2). Subgroup analysis was 215 

performed based on eGFR levels, including the eGFR ≥ 60 mL/min/1.73 m² group 216 

(n=68) and the eGFR < 60 mL/min/1.73 m² group (n=22). The serum levels of 217 

PANoptosis-related proteins were significantly higher in the eGFR < 60 mL/min/1.73 218 

m² group than in the eGFR ≥ 60 mL/min/1.73 m² group (all p < 0.0001) (Fig. 3 A-F and 219 

Table 2-1) . Subgroup analysis was conducted according to UACR (Albumin-to-220 

Creatinine Ratio). Participants were divided into three groups: UACR < 30 mg/g (n=48), 221 

30 ≤ UACR ≤ 300 mg/g (n=25) and UACR > 300 mg/g (n=17). The results showed that 222 

the UACR > 300 mg/g group had the highest protein levels, followed by the 30 ≤ UACR 223 

≤ 300 mg/g group, while the UACR < 30 mg/g group had the lowest levels. No 224 

significant difference was observed between the UACR > 300 mg/g group and the 30 225 

≤ UACR ≤ 300 mg/g group. However, significant differences were found when 226 

comparing the two higher UACR groups with the UACR < 30 mg/g group (all p < 227 

0.0001) (Fig. 4 A-F and Table 2-2). 228 

3.2 PANoptosis-Related Proteins Were Positively Correlated with UACR, BUN 229 

and Scr, and Negatively Correlated with eGFR 230 

Correlations between serum levels of PANoptosis-related proteins and clinical 231 

characteristics were evaluated. The correlation matrix heatmap and detailed analyses 232 

(Fig.5A) revealed that all PANoptosis-related proteins were significantly positively 233 

correlated with HbA1c (all p < 0.0001), with correlation coefficients ranging from 234 
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0.484 to 0.541. Among them, IL-18 showed the strongest correlation with HbA1c (rs = 235 

0.541), followed by GSDMD (rs = 0.517) and caspase-3 (rs = 0.514). In addition, all 236 

PANoptosis-related proteins were significantly positively correlated with urine 237 

albumin-to-creatinine ratio (UACR) (all p < 0.0001), with correlation coefficients 238 

ranging from 0.685 to 0.800. GSDMD showed the strongest correlation with UACR (rs 239 

= 0.800), followed by caspase-1 (rs = 0.785) and MLKL (rs = 0.752). All PANoptosis-240 

related proteins were significantly negatively correlated with estimated glomerular 241 

filtration rate (eGFR). Caspase-1 (rs = -0.370, p < 0.0001) and GSDMD (rs = -0.360, p 242 

< 0.0001) had the strongest correlations with eGFR, followed by caspase-3 (rs = -0.340, 243 

p < 0.01). GSDMD was significantly positively correlated with BUN( rs = 0.350, p < 244 

0.0001) and Scr ( rs = 0.349, p < 0.001). Caspase-1 was also significantly positively 245 

correlated with BUN (rs = 0.327, p < 0.01) and Scr (rs = 0.363, p < 0.0001). All 246 

PANoptosis-related proteins were significantly positively correlated with the duration 247 

of T2DM (all p < 0.0001), with correlation coefficients ranging from 0.683 to 0.783. 248 

Caspase-1 (rs = 0.783), MLKL (rs = 0.775), and caspase-3 (rs = 0.763) showed the 249 

strongest correlations with diabetes duration. 250 

Correlation matrix analysis further demonstrated that GSDMD, MLKL, caspase-1, 251 

caspase-3, IL-1β, and IL-18 were all highly positively correlated with each other, with 252 

most correlation coefficients exceeding 0.9 (Fig.5B). This high collinearity suggests 253 

that these molecules do not vary independently but are coordinately regulated by 254 

common upstream signaling pathways, statistically supporting the biological concept 255 

of PANoptosis as an integrated cell death network. 256 
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Correlations of PANoptosis-related proteins with age and BMI were weak or not 257 

statistically significant. Only MLKL (rs = 0.204) and caspase-1 (rs = 0.218) showed 258 

weak positive correlations with BMI (p < 0.05). No significant correlations were 259 

observed between any PANoptosis-related proteins and triglycerides (TG), total 260 

cholesterol (TC), high-density lipoprotein (HDL), or low-density lipoprotein (LDL) (all 261 

p > 0.05). 262 

In summary, Serum levels of key PANoptosis-related proteins were significantly 263 

elevated in DKD patients. These protein levels were negatively correlated with eGFR, 264 

while positively correlated with UACR, BUN, and Scr. Subgroup analysis further 265 

confirmed that lower eGFR or higher UACR levels were associated with increased 266 

levels of PANoptosis-related proteins, suggesting that these proteins may reflect the 267 

severity of renal injury.  268 

3.3 Serum SCFA Profiles Differ Between DKD and T2DM Patients 269 

PCA, OPLS-DA analysis, and the permutation test of the OPLS-DA model indicated 270 

that there were distinguishable overall differences in serum SCFA profiles between 271 

patients with T2DM and those with DKD (Fig. 6 A、B、C、E). Serum levels of seven 272 

short-chain fatty acids (SCFAs), including acetic acid, propionic acid, butyric acid, 273 

isobutyric acid, caproic acid, valeric acid and isovaleric acid, were determined by gas 274 

chromatography-mass spectrometry (GC-MS) in T2DM and DKD. Samples with over 275 

50% of indicators below the Lower Limit of Quantification (LLOQ) or individual 276 

samples featuring multiple indicators below LLOQ were excluded. Finally, a total of 277 
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24 patients with T2DM (DM) and 27 patients with DKD (DN) were included in the 278 

analysis. The results showed that acetic acid exhibited the highest level of total SCFAs, 279 

followed by propionic acid, butyric acid and isovaleric acid, whereas isobutyric acid 280 

had the lowest level. There were significant differences among all SCFAs (p<0.0001), 281 

except between isobutyric acid and isovaleric acid(Fig. 7 F、G). Comparisons of serum 282 

SCFAs between the two groups revealed that the level of acetic acid was significantly 283 

higher in the DN group than in the DM group (p < 0.05). The propionic acid level was 284 

slightly higher in the DN group without statistical significance (p > 0.05). No significant 285 

differences were found in propionic acid, isobutyric acid and butyric acid between the 286 

two groups (p > 0.05). The isovaleric acid level was markedly higher in the DM group 287 

than in the DN group (p < 0.01) (Fig. 7 A-E). Subgroup analysis was performed based 288 

on estimated glomerular filtration rate (eGFR). There were 35 participants in the eGFR 289 

≥ 60 mL/min/1.73 m² group and 16 participants in the eGFR < 60 mL/min/1.73 m² 290 

group. Serum levels of acetic acid, propionic acid and butyric acid were comparable 291 

between the two groups. The levels of isobutyric acid and isovaleric acid were higher 292 

in the eGFR ≥ 60 mL/min/1.73 m² group, with no significant differences observed(Fig. 293 

8 A-E). Subgroup analysis was also conducted according to albumin/creatinine ratio 294 

(UACR), including 16 cases in the UACR < 30 mg/g group, 21 cases in the 30 ≤ UACR 295 

≤ 300 mg/g group and 14 cases in the UACR > 300 mg/g group. The 30 ≤ UACR ≤ 300 296 

mg/g group presented higher serum acetic acid and propionic acid levels than the other 297 

two groups, and the UACR > 300 mg/g group had higher levels than the UACR < 30 298 

mg/g group, yet all differences were not statistically significant. Serum isobutyric acid 299 
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and butyric acid levels were higher in the UACR < 30 mg/g group relative to the other 300 

two groups, with no significant differences. For isovaleric acid, levels in the UACR < 301 

30 mg/g and 30 ≤ UACR ≤ 300 mg/g groups were significantly higher than those in the 302 

UACR > 300 mg/g group (p < 0.01), while no difference was found between the former 303 

two groups(Fig. 8 F-J). 304 

3.4 Serum SCFAs Exhibit Generally Weak Correlations with Clinical 305 

Parameters 306 

The correlations between SCFAs and clinical characteristics as a correlation matrix 307 

heatmap (Fig.6 D). For renal function parameters, weak positive correlations were 308 

observed between some SCFAs and UACR, with isobutyric acid showing the highest 309 

correlation coefficient (rₛ=0.3). Butyric acid was weakly positively correlated with 310 

eGFR (rₛ=0.3), while other SCFAs showed no strong correlations with eGFR, BUN or 311 

Scr. Regarding glucose metabolism, weak positive correlations were found between 312 

several SCFAs and HbA1c, with isovaleric acid showing the highest correlation (rₛ=0.3). 313 

Propionic acid and isovaleric acid were also weakly positively correlated with the 314 

duration of T2DM (both rₛ=0.2). No strong correlations were observed between SCFAs 315 

and lipid parameters including TC,TG,HDL-C,LDL-C. Correlations of SCFAs with age, 316 

BMI and HBP were generally weak. Moderate positive correlations were found 317 

between different SCFAs, such as acetic acid and propionic acid (rₛ=0.5), propionic acid 318 

and butyric acid (rₛ=0.4), suggesting coordinated changes in gut microbiota-derived 319 

SCFA metabolism. 320 
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The correlation analysis between PANoptosis-related proteins and SCFAs revealed that 321 

isovaleric acid showed significant negative correlations with caspase-3(r = -0.43, P = 322 

0.001); with MLKL(r = -0.38, P = 0.005). Butyric acid and isobutyric acid also 323 

exhibited significant negative correlations with some PANoptosis markers (e.g., butyric 324 

acid with caspase-1: r = -0.36, P = 0.010; isobutyric acid with MLKL( r = -0.30, P = 325 

0.030). In contrast, acetic acid and propionic acid showed no statistically significant 326 

correlations with PANoptosis/inflammatory markers (Fig.4 B). 327 

4. Discussion 328 

In this study, we observed markedly elevated serum levels of PANoptosis-related 329 

proteins in patients with DKD. These proteins were closely correlated with renal injury 330 

biomarkers (UACR, BUN, Scr and eGFR), and their concentrations progressively 331 

increased alongside the aggravation of renal damage. Notably, coordinated alterations 332 

were identified between serum PANoptosis-related proteins and serum SCFA 333 

metabolism in our cohort. Collectively, this study indicates that PANoptosis-related 334 

proteins may serve as complementary biomarkers for inflammatory renal injury in 335 

diabetic nephropathy, with promising potential for early identification and risk 336 

stratification. 337 

Consistent with previous animal experiments and clinical studies, the present study 338 

demonstrated that serum levels of GSDMD, caspase-1, IL-1β, and IL-18 were 339 

significantly increased in patients with DKD(26,27). GSDMD、IL-18 were significantly 340 

positively correlated with HbA1c, indicating that chronic hyperglycemia is an 341 

important driving factor for the activation of the pyroptosis pathway. Mechanistic 342 
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studies have shown that high glucose can trigger NLRP3 inflammasome activation and 343 

GSDMD-mediated pyroptosis in renal tubular epithelial cells via the IRE1α/sXBP1 344 

pathway(28). GSDMD, IL-1β, IL-18 and caspase-1 showed very strong positive 345 

correlations with UACR and significant negative correlations with eGFR . As UACR 346 

is a key indicator of renal tubular injury and proteinuria, and eGFR is a core marker of 347 

renal function, these strong correlations directly indicate that the activation level of the 348 

pyroptosis pathway is closely associated with the severity of renal injury in DKD. 349 

Pyroptosis not only induces the lysis and death of renal cells but also releases 350 

pro-inflammatory factors such as IL-1β and IL-18, which recruit immune cell 351 

infiltration and form a vicious cycle of “inflammation and cell death”(29,30). In this 352 

study, the correlation coefficient between serum GSDMD levels and the UACR in 353 

patients with DKD was as high as 0.80, suggesting that this protein may serve as a 354 

potential biomarker for the diagnosis and disease severity assessment of DKD.  355 

In the study, we found that serum levels of the apoptotic executioner protein caspase-3 356 

and the necroptosis key protein MLKL were simultaneously elevated in DKD patients, 357 

suggesting a synergistic pathogenic effect between these two pathways and pyroptosis. 358 

Correlation analysis revealed that MLKL was strongly positively correlated with 359 

HbA1c and UACR , and negatively correlated with eGFR . Caspase-3 showed a 360 

correlation coefficient with UACR and HbA1c.Necroptosis is mediated by the 361 

RIPK1/RIPK3/MLKL axis and is characterized by plasma membrane rupture and the 362 

release of damage-associated molecular patterns (DAMPs, such as HMGB1), which 363 

subsequently activate the NLRP3 inflammasome in neighboring cells and indirectly 364 



 

 18 

promote pyroptosis(31,32). In the present study, MLKL exhibited strong positive 365 

correlations with both GSDMD and caspase-1. Such inter-pathway correlations suggest 366 

extensive crosstalk among these cell death pathways and provide a rationale for why 367 

simultaneously targeting multiple death pathways may achieve better therapeutic 368 

efficacy than single-pathway intervention.  369 

Traditionally, pyroptosis, apoptosis, and necroptosis have been regarded as parallel and 370 

independent cell death modalities. However, recent studies have proposed the 371 

integrated concept of “PANoptosis”(33,34). PANoptosis refers to a programmed cell 372 

death process triggered by specific stimuli, in which the above three cell death pathways 373 

are simultaneously regulated through a multifunctional molecular platform(35,36). The 374 

correlation matrix in the present study showed that the pairwise correlation coefficients 375 

among GSDMD, MLKL, caspase-1, caspase-3, IL-1β, and IL-18 were mostly above 376 

0.9 (Fig. 5B). Such high collinearity strongly suggests from a statistical perspective that 377 

these molecules do not change independently but are coordinately regulated by 378 

common upstream signaling pathways, which is consistent with the molecular network 379 

characteristics of PANoptosis. Additionally, all PANoptosis-related proteins were 380 

negatively correlated with eGFR, this support the driving role of cell death pathways in 381 

the loss of renal function. However, none of the PANoptosis-related proteins showed 382 

significant correlations with lipid profiles, including TG, TC, HDL-C, LDL-C (all P > 383 

0.05). This may suggest that the activation of these cell death pathways is relatively 384 

independent of lipid metabolism disorders and may be more specifically associated 385 

with glucose metabolism and renal injury. 386 
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 387 

Serum acetic acid levels were significantly higher in the DKD group than in the T2DM 388 

group, while isovaleric acid levels were significantly lower. No significant differences 389 

were observed in propionic acid, isobutyric acid, or butyric acid between the two groups. 390 

Acetic acid is one of the major metabolites produced by gut microbiota. To date, there 391 

have been limited studies on serum acetic acid levels in DKD patients. In a multicenter 392 

study that included a DKD control group, Koh et al. (2026) found no significant 393 

difference in serum acetic acid levels between DKD patients and healthy controls, and 394 

no studies have yet compared acetic acid levels between DKD and T2DM patients(37). 395 

In contrast, serum isovaleric acid was markedly decreased in patients with DKD. 396 

Subgroup analysis stratified by albumin-to-creatinine ratio (UACR) further showed that 397 

the level of isovaleric acid was lower in the mUACRoalbuminuria group (UACR > 300 398 

mg/g) than in the microalbuminuria group (30 ≤ UACR ≤ 300 mg/g), indicating that 399 

reduced isovaleric acid is closely associated with the severity of renal tubular injury. As 400 

a branched-chain fatty acid, decreased isovaleric acid may reflect impaired metabolic 401 

function of gut microbiota. Such metabolic disturbance can exacerbate renal damage 402 

via the gut-kidney axis, which is consistent with findings from recent studies(38). 403 

Subgroup analysis based on renal function (eGFR ≥ 60 vs eGFR < 60) revealed no 404 

significant differences in the levels of all SCFAs. This indicates that alterations in the 405 

SCFA profile are more closely correlated with UACR than with a simple decline in 406 

renal function, suggesting a specific association between SCFA dysregulation and renal 407 

tubular injury. Although SCFAs showed weak positive correlations with renal function 408 
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indicators (eGFR, BUN, Scr) and weak negative correlations with glucose metabolism 409 

markers (HbA1c, duration of T2DM),Previous meta-analyses and dietary fiber 410 

intervention studies have also reported a positive correlation between SCFAs and 411 

eGFR(39,40); Animal experiments have demonstrated that SCFAs can reduce UACR, 412 

serum urea and creatinine, which are markers of renal dysfunction, and thereby alleviate 413 

renal damage(41). The overall weak correlations may be attributed to subject selection 414 

and the relatively low concentration of serum SCFAs. 415 

The regulatory effects of gut microbiota metabolites on renal cell death pathways have 416 

attracted extensive attention in the context of DKD. Studies have shown that SCFAs 417 

can improve renal function, reduce blood glucose, alleviate fibrosis and collagen 418 

deposition, and inhibit cell apoptosis in DKD models by suppressing HDAC activity 419 

and the NF-κB signaling pathway(42).Wang et al. further demonstrated that butyric acid 420 

could enhance autophagy and attenuate renal tubular cell apoptosis in diabetic mice via 421 

the HDAC2/ULK1 axis (43). At the cellular level, Andrade-Oliveira et al. reported that 422 

SCFAs treatment reduced ROS production, NF-κB activation and nitric oxide 423 

generation in renal tubular epithelial cells, while improving mitochondrial 424 

function(44).These collective findings suggest that SCFAs may regulate the balance 425 

between cell death and survival in renal cells through multiple mechanisms. Current 426 

studies exploring the association between SCFAs and PANoptosis in the context of 427 

DKD remain limited, while a study in diabetic mouse model with periodontitis 428 

demonstrated have demonstrated that butyrate inhibits histone deacetylase 3 (HDAC3), 429 

thereby attenuating the transduction of the STAT1 signaling pathway and exerting 430 
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immunomodulatory effects, it also indicated that exogenous butyrate supplementation 431 

could effectively inhibit PANoptosis, Wenying Yang et al. provide theoretical evidence 432 

for the correlation between PANoptosis and SCFAs(45). Consistently, our study 433 

confirmed significant negative correlations: isovaleric acid with caspase-1 and MLKL, 434 

butyric acid with caspase-1, and isobutyric acid with MLKL. 435 

This study has several limitations. On the one hand, intestinal microbiota composition 436 

was not directly detected, so the microbial sources responsible for altered SCFA profiles 437 

could not be clarified, on the other hand, as a cross-sectional study, the present work 438 

cannot establish a causal relationship between SCFA dysregulation and PANoptosis 439 

pathway activation. Finally, in vitro and animal experiments were not performed to 440 

verify the regulatory effects of SCFAs on the PANoptosis pathway, and the correlation 441 

between SCFAs and PANoptosis-related proteins remains to be further validated. 442 

Future studies will adopt 16S rRNA sequencing to characterize gut microbiota 443 

composition. Combined with in vitro cellular assays, the regulatory roles of specific 444 

SCFAs in the PANoptosis pathway will be explored. In addition, animal models will be 445 

used to evaluate the therapeutic efficacy of interventions targeting gut microbiota or 446 

SCFAs for DKD. 447 

 448 

5. Conclution 449 

This study demonstrated that serum levels of PANoptosis-related proteins were 450 

markedly elevated in DKD patients and strongly associated with renal function 451 

parameters, while being negatively correlated with isovaleric acid, isobutyric acid, and 452 
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butyric acid. In contrast, the absolute values of correlation coefficients between short-453 

chain fatty acids (SCFAs) and indicators of renal function and glucose metabolism were 454 

all less than 0.4, indicating weak to moderate correlations. These weak associations 455 

suggest that , in addition to directly acting on the kidney, SCFAs may also participate 456 

in the progression of DKD through indirect pathways. Given the complexity and diverse 457 

regulatory patterns of PANoptosis, its specific mechanisms remain poorly understood. 458 

Further systematic experimental studies are therefore urgently needed to clarify this 459 

issue. 460 
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 669 

 670 

Figure 1. Study flow diagram. A total of 65 patients diagnosed with isolated type 2 671 

diabetes mellitus (T2DM) or diabetic kidney disease (DKD) were recruited from The 672 

Second People’s Hospital of Yibin between November 2024 and August 2025. After 673 

screening according to inclusion and exclusion criteria, 5 patients were excluded and 674 

60 diabetic subjects were finally enrolled, consisting of 30 patients with isolated T2DM 675 

(DM group) and 30 patients with DKD (DN group). Meanwhile, 30 age- and 676 

sex-matched healthy controls were recruited from the hospital physical examination 677 

center.  678 

 679 

 680 

Table 1 Baseline characteristics of the study subjects 681 

CHARACTERI

STIC 

NC（N=30） DM(N=30) DN(N=30) P 

AGE ,YEARS‡ 53(51,59) 56(50,60.25) 57.50(52.75,61.25) 0.179 
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SEX, MALE 

(N, %) 

16（53.3%） 16（53.3%） 17（56.7%） 0.956 

DURATION OF 

DIABETES , 

YEARS‡ 

- 0.00(0.00,0.02) 10.00(8.75,20.00) 0.000 

BMI , KG/M²‡ 23.85(23，24.95) 24.60(23.25,29.2

2) 

25.50(22.80,27.55) 0.205 

HBA1C, % † 5.56±0.282，3 10.82±2.971，3 8.75±2.721，2 0.000 

TG,  

MMOL/L‡ 

1.68（1.17，2.28） 2.09(1.21,4.87) 1.63(1.01,2.87) 0.183 

TC, MMOL/L‡ 5.15（4.41，5.83） 5.45(4.71,6.18) 4.85(3.99,5.88) 0.269 

HDL-C, 

MMOL/L‡ 

1.2（1.07，1.37） 1.15(0.99,1.40) 1.22(0.96,1.57) 0.616 

LDL-C,  

MMOL/L‡ 

3.19（2.81，4.05） 3.65(3.21,4.18) 3.14(2.33,4.13) 0.259 

BUN, MMOL/L‡ 5.56（4.79，6.65）3 5.22(4.47,6.28)3 8.70(5.35,12.39)1，2 0.000 

SCR,ΜMOL/L‡ 69.55（57.85，81.30）

3 

60.65(51.82,74.5

7)3 

97.30(69.97,187.07

)1，2 

0.000 

EGFR, 

ML/MIN/1.73 M

⁻²) † 

86.36±18.933 91.12±16.133 58.39±38.452 0.000 

URINARY 7.79(6.42,13.68)3 27.74(6.72,74.23 253.93(87.46,1898. 0.000 
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ALBUMIN, 

MG‡ 

)3 96)1，2 

URINARY 

CREATININE, 

ΜMOL/L‡ 

15.77(9.25,23.10)3 12.67(8.84,21.58

) 

6.91(4.40,11.64)1 0.001 

UACR, MG/G‡ 5.57(3.78,8.00)3 17.76(6.42,52.70

)3 

321.29(90.93,1871.

34)1，2 

0.000 

Notes: (1) ¹ P < 0.05 versus NC group; ² P < 0.05 versus DM group; ³ P < 0.05 versus 682 

DN group. (2) †: mean ± standard deviation; ‡: median (interquartile range). 683 
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 684 

Figure 2. Serum levels of PANoptosis-related proteins in three groups detected 685 

by ELISA. NC (healthy control group, n=30), T2DM (DM group, n=30), DKD (DN 686 

group, n=30)Statistical significance was set at P < 0.05. Significant differences 687 

between groups are marked with *P < 0.05, **P < 0.01, ***P < 0.001,****p<0.0001. 688 
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 689 

 690 

 691 

 692 

Table 2 Serum levels of key PANoptosis proteins in the three groups 693 

CHARACTE

RISTIC 

NC（N=30） DM(N=30) DN(N=30) P 

GSDMD,pg/m

L‡ 

1052.11（1024.52，

1104.39） 

1411.78（1382.93，

1467.70） 

1665.71（1591.55，

1716.05） 

0.00

0 

MLKL,pg/ml‡ 35.60 （ 34.50 ，

36.73） 

54.07 （ 52.83 ，

55.62） 

65.38 （ 63.20 ，

67.83） 

0.00

0 

Caspase-

1,pmol/L† 

118.298±5.768 176.908±5.078 223.553±13.315 0.00

0 

Caspase-

3,pmol/L‡ 

69.86 （ 67.30 ，

72.03） 

96.19 （ 91.56 ，

98.56） 

120.23（115.64，

124.28） 

0.00

0 

IL-1β ,ng/L† 32.90±1.16 44.51±1.30 58.51±3.28 0.00

0 

IL-18 ,ng/L† 144.45±5.45 202.83±7.50 225.36±12.32 0.00

0 

Notes: †, mean ± SD; ‡, median (IQR) 694 

 695 

 



 

 37 

 

TABLE 2-1 KEY SERUM PANOPTOSIS-RELATED PROTEINS ACROSS 

EGFR SUBGROUPS 

CHARACTE

RISTIC 

eGFR≥60

（ml/min/1.73m2

） 

(n=68) 

eGFR<60

（ml/min/1.73m2

） 

(n=22) 

Total(n=90) P 

GSDMD,pg/m

L 

1320.89±233.96 1584.84±234.59 1385.41±259.24 0.000 

MLKL,pg/mL 49.06±11.59 60.90±11.31 51.95±12.55 0.000 

Caspase-

1,pmol/L 

161.52±39.44 208.15±39.87 172.92±44.18 0.000 

Caspase-

3,pmol/L 

89.62±18.64 112.17±18.66 95.13±20.95 0.000 

IL-1β,ng/L 42.25±9.07 54.74±10.14 45.31±10.74 0.000 

IL-18,ng/L 182.72±32.77 216.12±31.61 190.88±35.39 0.000 

 696 

 697 

 698 

 699 

Table 2-2 Key serum PANoptosis-related proteins across UACR subgroups 700 

Characteristic UACR<30 30≤UACR≤3 UACR>300 Total P 
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(n=48) 00 

(n=25) 

(n=17) (n=90) 

GSDMD,pg/m

L 

1192±173.50 1559.01±123

.00 

1676.17±116

.60 

1385.41±259

.24 

0.00

0 

MLKL,pg/mL 42.84±9.19 60.74±6.95 64.77±3.50 51.95±12.55 0.03

3 

Caspase-

1,pmol/L 

139.70±28.4

4 

204.38±25.5

5 

220.44±15.8

8 

172.92±44.1

8 

0.04

5 

Caspase-

3,pmol/L 

79.63±13.25 108.46±12.5

1 

119.29±8.51 95.13±20.95 0.04

5 

IL-1β,ng/L 37.42±6.01 51.57±7.42 58.37±4.85 45.31±10.74 0.04

0 

IL-18,ng/L 167.10±30.2

7 

212.13±14.0

5 

210.00±13.8

5 

190.88±35.3

9 

0.04

0 

 701 
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 702 

Figure 3. Serum levels of PANoptosis-related proteins in different eGFR. 703 

Statistical significance was set at P < 0.05. Significant differences between groups are 704 

marked with *P < 0.05, **P < 0.01, ***P < 0.001,****p<0.0001. 705 
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 706 

 707 

Figure 4. Serum levels of PANoptosis-related proteins in different UACR. 708 
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Statistical significance was set at P < 0.05. Significant differences between groups are 709 

marked with *P < 0.05, **P < 0.01, ***P < 0.001,****p<0.0001. 710 

 711 

 712 

Figure5. Correlation of PANoptosis with clinical parameters and SCFAs 713 
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 714 

 715 

 716 

 717 
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 718 

Figure 6. Overall differences in serum SCFA levels between T2DM and DKD719 
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Figure 7. Comparison of SCFAs levels among subjects with T2DM and DKD. 

Statistical significance was set at P < 0.05. Significant differences between groups are 
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marked with *P < 0.05, **P < 0.01, ***P < 0.001,****p<0.0001. 

 

Figure 8. Comparison of SCFAs levels among different eGFR、UACR. Statistical 
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significance was set at P < 0.05. Significant differences between groups are marked 

with *P < 0.05, **P < 0.01, ***P < 0.001. 
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Supplementary Materials / Supplementary data 

 

Figure 9. Immunohistochemistry for PANoptosis proteins in mouse kidneys. NC 

(healthy control group, n=3), DKD (DN group, n=3).Statistical significance was set at 
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P < 0.05. Significant differences between groups are marked with *P < 0.05, **P < 0.01, 

***P < 0.001,****p<0.0001. 


