&® frontiers | Frontiers in Clinical Diabetes and Healthcare

@ Check for updates

OPEN ACCESS

EDITED BY
Arrigo Francesco Giuseppe Cicero,
University of Bologna, Italy

REVIEWED BY
Milica B. Markelic,

University of Belgrade, Serbia
Vesna Otasevic,

University of Belgrade, Serbia

*CORRESPONDENCE
Nikolaos Papanas
papanasnikos@yahoo.gr

RECEIVED 01 July 2025
ACCEPTED 17 September 2025
PUBLISHED 15 October 2025

CITATION
Panou T, Gouveri E, Rizzo M, Popovic DS and
Papanas N (2025) Ferroptosis and pyroptosis
in diabetes mellitus: emerging therapeutic
potential of GLP-1 receptor agonists.

Front. Clin. Diabetes Healthc. 6:1657710.

doi: 10.3389/fcdhc.2025.1657710

COPYRIGHT

© 2025 Panou, Gouveri, Rizzo, Popovic and
Papanas. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Clinical Diabetes and Healthcare

TYPE Review
pUBLISHED 15 October 2025
D01 10.3389/fcdhc.2025.1657710

Ferroptosis and pyroptosis in
diabetes mellitus: emerging
therapeutic potential of
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Ferroptosis and pyroptosis are two emerging forms of regulated cell death. The
former encompasses cell death by excessive accumulation of lipid
hydroperoxides in an iron-dependent way. The latter pertains to inflammation-
associated cell death following activation of caspase-1, caspase-11/4/5 through
gasdermin D (GSDMD). Recent evidence confirms the implication of ferroptosis
and pyroptosis in diabetes mellitus (DM) and its complications, notably diabetic
kidney disease (DKD), and also in metabolic-dysfunction associated liver disease
(MASLD). The aim of this narrative review was to summarise current experimental
evidence on the potential beneficial actions of glucagon-like peptide-1 receptor
agonists (GLP-1RAs) in DM and diabetic complications via reduction of
ferroptosis and pyroptosis. Data points to their therapeutic potential in DKD
and MASLD. Treatment with GLP-1RAs was comparable with ferrostatin-1 (Fer-1),
a well-known-ferroptosis inhibitor: ferroptosis-associated markers (e.g. Acyl-
CoA Synthetase Long Chain Family Member 4, ASCL4) were decreased and
factors alleviating ferroptosis were increased. Similarly, caspase-1, GSDMD,
interleukin-1B (IL-1B) and/or nucleotide-binding oligomerization domain,
leucine-rich repeat-containing receptor-containing pyrin domain 3 (NLPR3),
which induce pyroptosis, were restored following GLP-1RAs therapy. The
pleiotropic effects of GLP-1RAs included improvements in inflammatory
markers, fibrosis-associated indices, mitochondrial ultrastructure and oxidative
stress. Nevertheless, these positive effects mediated by GLP-1RAs are almost
exclusively based on experimental models. Therefore, clinical trials are required
to explore these promising outcomes in clinical practice.
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Introduction

Apoptosis has long been considered the only way of regulated
cell death and has been characterized by organised cell structure
collapse, ranging from the cell membrane to every single organelle
(1). Accumulating experimental evidence has pointed to alternative
ways of cell death beyond apoptosis, mainly necroptosis, ferroptosis
and pyroptosis (2). Particularly ferroptosis and pyroptosis have
gathered great interest during the last years due to their role in
several conditions, including diabetes mellitus (DM) and diabetes-
related complications (3). Clinical evidence supports the efficacy of
glucagon-like peptide receptor agonists-1 (GLP-1RAs) in chronic
kidney disease (4, 5) or metabolic dysfunction associated liver
disease (MASLD) (6). The beneficial eftects of GLP-1RAs on renal
function are well-established, but their use in MASLD per se is not
strongly encouraged (7, 8). However, the impact of novel
antidiabetic medications on ferroptosis and pyroptosis has not
been extensively studied. Partly the positive effects of GLP-1RAs
in clinical studies may be explained through the incretin effect (9,
10). Nevertheless, the overall benefit conveyed by these drugs
cannot be fully explained, as not all underlying pathophysiologic
mechanisms have been elucidated (11).

Ferroptosis is a novel form of non-apoptotic regulated cell death
(12). Since its introduction in 2012, ferroptosis has attracted the interest
of researchers across various fields, most notably in cancer research
(13). Initially, Erastin, a RAS-selective lethal (RSL) molecule was
identified as a ferroptosis-inducer (12). Targets of Erastin, VDAC2
and VDAC3 (VDAC, voltage-dependent anion channel) were localised
in the mitochondria, and so it was suggested that Erastin triggered
ferroptosis through production of reactive oxygen species (ROS) (12).
Erastin was found further to inhibit a heterodimer, composed of
glutamate/cystine antiporter solute carrier family 7 member 11
(SLC7A11) and solute carrier family 3 member 2 (SLC3A2),
involved in cysteine-dependent glutathione (GSH) synthesis (12).
Furthermore, ferrostatin-1 (Fer-1) was proposed as ferroptosis-
specific inhibitor which mainly acted as lipid ROS scavenger (12).
Additional mediators and inhibitors have also been discussed:
glutathione peroxidase 4 (GPX4) suppresses effectively phospholipid
hydroperoxides through their reduction; acyl-CoA synthetase long
chain family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) promote ferroptosis through selectively
ligating long chain polyunsaturated fatty acids (e.g. arachidonic,
adrenic acid) with coenzyme A (13, 14). Second-line mediators, such
as ferroptosis suppressor protein 1 (FSP1), protect cells from
ferroptosis upon GPX4 suppression or deletion (15, 16). Further
pathways include the 5 adenosine monophosphate-activated protein
kinase (AMPK) pathway and the E-cadherin-neurofibromin 2 (NF2)-
Hippo-Yes-associated protein (YAP) pathway, both of which inhibit
ferroptosis (17-19). Of note, the impact of glucose in ferroptosis
induction is of paramount significance, because erastin cannot
promote ferroptosis in the absence of glucose (19). Glucose
starvation has been shown to suppress ferroptosis, and so
hyperglycemia in DM may induce the exactly opposite effect (13).

Pyroptosis is an alternative form of regulated cell death.
Initially, pyroptosis was considered a way for caspase-1
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mediated death in response to certain pathogens (20).
Nevertheless, the capacity of the recently discovered caspase-11/
4/5 in identifying intracellular lipopolysaccharide renders
pyroptosis a general non-cell specific type of regulated cell death
mediated by innate immunity (20). Gasdermin D (GSDMD) is
widely regarded the common substrate for both caspase-1 and
caspase-11/4/5 (21, 22). More recent evidence confirms the crucial
role of gasdermins. These attach to cell membranes, form pores,
impair the osmotic balance of the cell by promoting cell swelling
and effectively trigger cell lysis (20). Gasdermins promote
secretion of inflammatory cytokines, such as interleukin (IL)-1f3
and IL-18 (23). Of note, gasdermins are not exclusively activated
through inflammasome nucleotide-binding oligomerization
domain, leucine-rich repeat-containing receptor-containing
pyrin domain 3 (NLPR3) or caspases (20).

In this context, the aim of the present narrative review was to
summarise current experimental evidence on the potential
beneficial actions of GLP-1RAs in DM and diabetic complications
via reduction of ferroptosis and pyroptosis.

Search strategy

We searched Scopus, PubMed/MEDLINE, and Google Scholar
for articles without time restriction, using combinations of the
following key words: “ferroptosis”, “pyroptosis”, “diabetes mellitus”
and “glucagon-like peptide-1 receptor agonists”. All types of articles
(clinical trials, meta-analyses, case-control studies, observational
studies, cross-sectional studies, prospective/retrospective studies,
cohort studies, comparative studies, randomised studies,
experimental studies) were included. Only articles in English

were considered.

Experimental data on ferroptosis

The effect of GLP-1RAs on ferroptosis has been mostly studied
in diabetic kidney disease (DKD) and MASLD experimental
models. The majority of the experimental studies utilised both an
experimental animal mode (mostly db/db mice) and also a selected
cell line. Experimental data of GLP-1RAs are presented in Table 1.

Tian et al. (25) have included 3 study arms: 13 subjects with
DKD on semaglutide and 15 subjects on insulin in the control arm.
Furthermore, they used a streptozocin (STZ)-induced mouse model
of DKD on high-fat diet and HK2 cells (25). The latter cell line
comprises human proximal tubular cells and is usually assessed as
an experimental model for DKD (29). The benefit of semaglutide
was evident in multiple parameters evaluated, as a significant
improvement was found in glycated hemoglobin (HbA,.), waist-
to-hip ratio, serum creatinine, uric acid, urinary albumin/creatinine
ratio (UACR), N-acetyl-B-D-glucosaminidase (NAG), Retinol
Binding Protein (RBF) and transferrin (25). Improved renal
function was confirmed by magnetic resonance imaging:
improved renal blood flow, reduced fat accumulation around the
kidneys, decreased hypoxia in both the cortex and the medulla, as
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TABLE 1 Studies on the effect of GLP-1RAs on ferroptosis.

Animal/experimental

model and study
design

Major outcomes

10.3389/fcdhc.2025.1657710

Conclusions

Song et al. (2022) (24)

db/db mice
HepG2 cells

-Diminished glucose, AST and ALT were assessed with liraglutide
treatment in db/db mice

-Liver fibrosis was ameliorated: fibrotic areas were decreased, collagen I,
TGF-P and collagen III levels were insignificantly decreased compared
with baseline in db/db mice

-Increased expression of SOD, GSH-PX and GSH and decreased
expression of MDA, 4-HNE and NOX4 were assessed in db/db mice
-Iron deposition was attenuated by reduced expression of TfR1 and
increased expression of FPN1 in db/db mice

-Significantly increased SLC7A11 expression and NRF2/HO-1/GPX4
pathway activity were documented in liver specimens in db/db mice
-Labile iron pools and intracellular lipid reactive oxygen species
triggered under high glucose levels were decreased with liraglutide, Fer-1
and DFO

-Increased GPX4 and SLC7A11 were found in the western blot analysis
in the cells treated with liraglutid

Iron accumulation, oxidative
stress and ferroptosis were
ameliorated with liraglutide in
a T2DM mouse model

Tian et al. (2025) (25)

Shen et al. (2024) (26)

28 subjects with DKD over a
period of 28 weeks

-15 subjects in the control arm
on insulin

-13 subjects on semaglutide
STZ-induced diabetic (C57BL/6
mice) model of DKD on high-
fat diet

HK2 cells

STZ-induced diabetic mice
Proximal tubular cells

-Significantly improved HbA ., waist-to-hip ratio, serum creatinine and
uric acid levels, UACR, NAG, RBF, transferrin were observed among
semaglutide users in the clinical substudy

-MRI revealed significantly improved renal blood flow, reduced fat
accumulation around the kidneys, decreased hypoxia in both the cortex
and the medulla, as well as water fractional anisotropy in the clinical
substudy

-GSH was significantly increased in the group receiving semaglutide,
while Fe,,, MDA and 4-HNE were reduced in the clinical substudy

-In the mouse model, semaglutide increased anti-ferroptosis proteins
(SLC7A11, GPX4, FSP1, FTHI, and FPN1) in a similar way as Fer-1,
and reduced TfR1

-Semaglutide restored Fe,,, MDA and 4-HNE in renal tissue and GSH;
NAG and KIM-1 were decreased

-The initial histopathologic changes were attenuated by semgalutide and
Fer-1

-Inflammatory markers (IL-1B, TNF-o,, IL-6, MCP-1 and NF-kB p65
phosphorylation) were decreased and anti-inflammatory markers (such
as IL-10) increased with semaglutide; similar results were obtained in
HK-2 cells

-Semaglutide led to restored levels of TGF-, Smad2/3 phopshorylation,
E-cadherin, 0-SMA and vimentin; similar results were obtained in HK-2
cells

-In HK2 cells, semaglutide treatment resulted in decreased Fe,, levels,
restored TfR1, FPN1 and FTH1 levels and in increased HK-2 cells
viability in ferroptosis-imitating conditions (through erastin and RSL3)
-Semaglutide treatment resulted in increased mRNA expression of KLB
through phosphorylation PKA and CREB)

-AMPK/SIRT1/NRF2 pathway mediated the actions of semaglutide in
ferroptosis under concomitant high glucose levels; KLB knockdown
suppressed the effects of semaglutide on the phsosphorylation of

LKBI and AMPK and subsequent mediators

-Similar results were obtained for siRNA experiments resulting in KLB
silencing

-Similar promising results were observed with liraglutide and
dulaglutide

-Exendin-4 administration resulted in significant improvement of ACR,
KIM-1 and NGAL in the mouse model

-Ferroptosis was significantly improved with exendin-4, as increased
expression of ACSL4, reduced expression of GPX4, lipid peroxidation
and increased oxidative stress were attenuated in the mouse model;
similar outcomes were obtained in proximal tubular cells

-Lipid droplets accumulation in the tubule driving ferroptosis was
ameliorated with exendin-4 treatment; PLIN2 expression was also
improved in proximal tubular cells

-Exendin-4 reversed decreased LKB1 and AMPK phosphorylation,
elevated SREBP1 and diminished PPARa. expression in proximal

-The beneficial action of
semaglutide in DKD was
mediated by ferroptosis
inhibition

-Tubular cell ferroptosis was
ameliorated by exendin-4

Frontiers in Clinical Diabetes and Healthcare

03

(Continued)

frontiersin.org


https://doi.org/10.3389/fcdhc.2025.1657710
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
https://www.frontiersin.org

Panou et al.

TABLE 1 Continued

Animal/experimental

model and study
design

Major outcomes

10.3389/fcdhc.2025.1657710

Conclusions

tubular cells

-Restored ATP production and mitochondrial respiration capacity were
found in proximal tubular cells

-Dorsomorphin counteracted the actions mediated by exendin-4,
including the effect on lipid peroxidation in proximal tubular cells
-The effects of exendin-4 were also suppressed with the use of Dyngo-
4a, a dynamin-dependent endocytosis inhibitor and EIPA, a
macropinocytosis inhibitor in proximal tubular cells

db/db mice treated with
dulaglutide
db/m mice in the control arm

Deng et al. (2025) (27)

db/db mice
db/m mice in the control arm
HK-2 cells

Chen et al. (2025) (28)

-Dulaglutide resulted in decreased KLW/BW ratio, serum creatinine and
UACR.

-Dulaglutide improved histopathological traits

-The actions of dulaglutide were mediated by decreased expression of
fibrosis-associated genes Colla2 and Col4a2 and of inflammation-
related genes, such as Ccl2, Ccl6 and Cxcl12

-Dulaglutide resulted in significantly decreased ACSL4, SLC7A11, and
Ptgs2 expression and insignificantly reduced Chacl expression
-Increased GPX4 expression and decreased ACSL4 expression were
present with dulaglutide treatment

-Mitochondrial morphology was improved in TEM

-4-HNE expression was reduced with dulaglutide

-Dulaglutide treatment led to a significant decrease in the expression of
several inflammatory markers (IL-6, TNF-a,CCL2, CXCL1, CXCL2,
TGF-B, and iNOS) and to decreased F4/80 macrophage infiltration
-Both expression of fibrosis-associated genes (Collal, Col3al,
Fibronectin, and Acta2) and protein levels of 0-SMA, Collagen I, and
Fibronectin were restored with dulaglutide

-Dulaglutide attenuated increased expression of p-ERK and p-STAT3
and ferroptosis-driven renal cell deat

-Liraglutide resulted in significant reduction in blood glucose, pyruvate
tolerance, HOMA-IR, systolic and diastolic blood pressure, cholesterol,
KLW/BW ratio, left kidney weight, creatinine, albumin, BUN levels, 3-2

-Ferroptosis, inflammation and
renal fibrosis were reduced
with dulaglutide

-Liragluite attenuated
ferroptosis through the Fspl-
CoQ10-NAD(P)H pathway

microglobulin and NAG in db/db mice

-Renal fibrosis was significantly decreased with liraglutide in db/db mice
-Liraglutide resulted in increased expression of T-SOD and CAT and
decreased activity of serum 8-OHdG, and decreased MDA, lipid
peroxidation, NOX-4,4-HNE and 12-Lox in db/db mice

-Liraglutide reversed reduced GSH, GSH-PX, GPX-4 and Fspl levels
and restored GPX-4 levels in histopathological specimens in db/db mice
-Increased ratios of NAD,/NADH and CoQ10(H2 )/CoQ10 were also
observed upon liraglutide administration in db/db mice

-In HK-2 cells exposed to high glucose, liraglutide or Fer-1
administration significantly improved mitochondrial ultrastructure and
mitochondrial membrane potential, fluorescence absorption of the lipid
perodixation sensor of BODIPY 581/591 Cl1, restored GPX-4, 4-HNE
and Fspl expression and the ratios of NAD,/NADH and CoQ10(H2)/
CoQ10

-Inhibition of Fspl through iFspl partially obstructed the beneficial
actions of liraglutide and Fer-1: reduced GPX-4 and Fspl expression
and decreased NAD,/NADH and CoQ10(H2 )/CoQ10 ratios were
observed

AST, aspartate transaminase; ALT; alanine transaminase; TGF-, Transforming Growth Factor-B; SOD, Superoxide dismutase; GSH-PX, Glutathione peroxidase; GSH, glutathione;MDA,
malondialdehyde; 4-HNE, 4-hydroxy-2-nonenal; NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; TfR1, transferrin receptor protein 1; FPN1, ferroportin 1; SLC7A11, solute
carrier family 7 member 11; NRF2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; Fer-1, ferrostatin-1; DFO, deferoxamine mesylate; HbA I, glycated hemoglobin; UACR,
urinary albumin/creatinine ratio; NAG, N-acetyl-&#xD835;beta-D;-D-glucosaminidase; RBP: retinol binding protein; MRI, magnetic resoncance imaging; FTHI, ferritin heavy chain 1; FSP1,
ferroptosis suppressor protein 1; IL, interleukin; TNF, tumour necrosis factor; MCP-1, monocyte chemoattractant protein-1; o-SMA; alpha smooth muscle actin; RSL3, RAS-selective lethal small
molecule 3;PKA, protein kinase A; CREB, cyclic adenosine monophosphate -response element-binding protein; AMPK, 5' adenosine monophosphate-activated protein kinase; SIRT1, sirtuin 1;
KLB, B-Klotho; LKB1, liver kinase B1; siRNA, small interfering ribonucleic acid; STZ, streptozocin; DM, diabetes mellitus; ACR, albumin/creatinine ratio; KIM-1, Kidney Injury Molecule-1;
ACSL-4, Acyl-coenzyme A Synthetase Long Chain Family Member 4; PLIN2, perilipin 2; SREBP1, sterol regulatory element-binding protein 1;PPAR0, peroxisome proliferator-activated receptor
alpha; ATP, adenosine triphosphate; EIPA, 5-N-ethyl-N-isopropylamiloride; Chacl, ChaC Glutathione Specific Gamma-Glutamylcyclotransferase 1; iNOS, Inducible Nitric Oxide Synthase;
ERK, extracellular signal-regulated kinase; STAT, signal transducer and activator of transcription; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; KLW/BW, kidney weight/
body weight; T-SOD, total superoxide dismutase; CAT, catalase; 12-Lox, 12-lipoxygenase; NAD,/NADH, nicotinamide adenine dinucleotide oxidised/reduced form ratio; CoQ10(H2)/CoQ10,
ubiquinol/ubiquinone ratio; NAD(P)H, Nicotinamide Adenine Dinucleotide (Phosphate); Ptgs2, prostaglandin-endoperoxide synthase 2; CXCR, chemokine (C-X-C motif) ligand; CCL2, C-C
motif ligand 2; DKD, diabetic kidney disease.
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well as water fractional anisotropy were common among
semaglutide users (25). GSH was significantly elevated in the
liraglutide group, while Fe*’, malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE) levels were reduced (25). MDA and 4-
HNE are markers of lipid peroxidation and routinely assessed in
ferroptosis (30). In mice, semaglutide administration markedly
enhanced the expression of several anti-ferroptosis proteins,
including SLC7A11, GPX4, FSP1, ferritin (FTH1) and ferroportin
(FPN1) and also reduced TFRI1 levels (25). Of note, these outcomes
were also seen in the group receiving Fer-1, regarded the main, yet
not exclusive ferroptosis inhibitor (31). Semaglutide treatment
reduced increased Fe?*, MDA and 4-HNE in renal tissue, and
enhanced GSH. NAG and kidney injury molecule 1 (KIM-1) levels
were also significantly diminished (25).

Moreover, Tian et al. (25) observed histopathological
improvement upon semaglutide administration: the initially
assessed deposition of collagen fibers and expansion of mesangial
matrix in DKD was ameliorated following either semaglutide or
Fer-1 treatment (25). In HK-2 cells treated with semaglutide,
decreased Fe**, restored TFR1, FPN1 and FTH1 were observed,
along with increased HK-2 cells viability under ferroptosis-
imitating conditions (25). The benefit of semaglutide was not
restricted to ferroptosis-associated indices. Semaglutide alleviated
inflammation in mice and in HK-2 cells: IL-1, tumour necrosis
factor (TNF)-o,, IL-6, monocyte chemoattractant protein 1 (MCP-
1) and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) p65 phosphorylation were downregulated, while anti-
inflammatory markers (such as IL-10) were increased (25).
Furthermore, fibrosis-associated markers, such as transforming
growth factor (TGF)-B, Smad2/3 phopshorylation, E-cadherin,
alpha smooth muscle actin (0-SMA) and vimentin were
significantly improved (25). Finally, increased mRNA levels of -
Klotho (KLB) were seen. This was attributed to the phosphorylation
of protein kinase A (PKA) and cyclic adenosine monophosphate
(cAMP)-response element-binding protein (CREB) (25).
Semaglutide exerted its actions also through counteracting
oxidative stress in the AMPK/sirtuin 1 (SIRT1)/nuclear factor
erythroid 2-related factor 2 (NRF2) pathway (25). KLB
knockdown suppressed the effects of semaglutide on the
phosphorylation of liver kinase § 1 (LKB1) and AMPK and the
subsequent mediators and similar results were observed with the
use of small interfering ribonucleic acid (siRNA) promoting KLB
silencing (25). Significant results were also obtained with liraglutide
and dulaglutide (25). Based on these outcomes, the effect of
semaglutide on ferroptosis in DKD is primarily mediated by KLB
(25), which is crucial as major anti-aging hormone (32).

Chen et al. (28) examined db/db mice and HK-2 cells treated
with liraglutide and heterozygous db/m mice as controls.
Liraglutide showed promising results in terms of renal function: it
induced significant decreases in blood glucose, gluconeogenesis,
improvements in Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR), systolic and diastolic blood pressure,
serum cholesterol, kidney coefficient (kidney weight/body weight,
KLW/BW) ratio, left kidney weight, creatinine, blood urea nitrogen
(BUN), B-2 microglobulin, NAG and albumin (28). Renal fibrosis
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was evaluated through several histopathology stains (e.g. Masson’s
staining, Sirius red stain and reticulocyte fiber stain) and through
expression patterns of Collagen-I, Collagen-III and TGF-f: it was
significantly ameliorated with liraglutide (28). Liraglutide enhanced
total superoxide dismutase (T-SOD) and catalase (CAT), and
decreased the activity of serum 8-hydroxy-2-deoxyguanosine (8-
OHdG), MDA and lipid peroxidation, nicotinamide adenine
dinucleotide (phosphate) (NAD(P)H) Oxidase 4 (NOX-4),4-HNE
and 12-lipoxygenase (12-Lox), thereby mitigating iron-associated
oxidative stress (28). A shift towards increased ratios of
nicotinamide adenine dinucleotide oxidised/reduced form ratio
(NAD"/NADH) and ubiquinol/ubiquinone ratio (CoQ10(H,)/
CoQ10) was seen (28). In histopathologic specimens, liraglutide
improved GSH, GSH-Px, GPX-4 and Fsp1 expression (28). In HK-2
cells exposed to increased glucose, either liraglutide or Fer-1
administration significantly improved mitochondrial
ultrastructure and function (28). In particular, these agents
improved mitochondrial membrane potential, fluorescence
absorption of the lipid perodixation sensor BODIPY 581/591
Cl1, GPX-4, 4-HNE, Fspl and the ratios of NAD"/NADH and
CoQ10(H,)/CoQ10 (28). These benefits were reversed upon
inhibition of Fspl by iFspl, suggesting that liraglutide acts
through the Fsp1-CoQ10-NAD(P)H pathway (28).

A further experimental study with a similar design assessed the
potential of exendin-4 in DKD (26). Exendin-4 administration led
to a significant improvement of albumin-creatinine ratio (ACR),
KIM-1 and NGAL (26). The effects on ferroptosis-associated
indices were also significant: in primary tubular epithelial cells,
exendin-4 administration increased GSH and GPX4 (26).
Moreover, it reduced expression of ACSL4 (26) The presence of
lipid droplets in renal tubule, both in spatial and quantitative terms
was significantly attenuated with exendin-4 (26). Expression of
perilipin 2 (PLIN2), a lipid droplet associated protein, was
improved with exendin-4 (26). Restored LKB1 and AMPK
phosphorylation was confirmed with exendin-4 (26). In this
study, mitochondrial function optimization was documented
through enhanced adenosine triphosphate (ATP) production and
respiration capacity, elevated sterol regulatory element-binding
protein 1 (SREBP1) and decreased peroxisome proliferator-
activated receptor alpha (PPARo) expression (26). These
mediators are involved in liver lipid synthesis (33).
Simultaneously, glycolysis was ameliorated in tubular cells, thus
demonstrating an overall benefit in energy regulation with exendin-
4 (26). All these effects were mainly mediated by the AMPK
pathway: use of the AMPK inhibitor dorsomorphin counteracted
these actions (26). Dyngo-4a, a dynamin-dependent endocytosis
inhibitor, and 5-N-ethyl-N-isopropylamiloride (EIPA), a
macropinocytosis inhibitor, also suppressed the actions of
exendin-4 (26).

Dulaglutide was a further GLP-1RA studied for potentially
alleviating renal fibrosis in db/db mice (27). The beneficial effects
of dulaglutide on renal function were confirmed, as KLW/BW ratio,
serum creatinine levels, UACR and improved histopathological
traits were observed (27). These effects were promoted by
downregulation of fibrosis-associated genes Colla2 and Col4a2
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and of inflammation-related genes, such as Ccl2, Ccl6, and CxclI2
(27). Dulaglutide administration significantly decreased expression
of ACSL4, SLC7A11 and furthermore of a downstream mediator
promoting accumulation of lipid peroxides and ferroptosis,
prostaglandin-endoperoxide synthase 2 (Ptgs2). It also
insignificantly reduced Glutathione Specific Gamma-
Glutamylcyclotransferase 1 (Chacl) (27). The latter was found to
drive GSH degradation and subsequently cystine-starvation
induced ferroptosis (34). GPX4 expression was increased with
dulaglutide, contributing to prevention of renal tubular
mitochondrial damage (27). The protective role of dulaglutide in
mitochondrial morphology was confirmed through transmission
electron microscopy (TEM) assessment: it improved decreased
density, disrupted cristae and indications of degradation or
disappearance (27). Oxidative stress was reduced, as evidenced by
diminished 4-HNE (27). Beyond these effects, dulaglutide holds also
anti-inflammatory properties (downregulation of IL-6, TNF-o,, C-C
motif ligand 2 (CCL2), chemokine (C-X-C motif) ligand (CXCL)1,
CXCL2), TGF-B, and inducible nitric oxide synthase (iNOS) and
diminished F4/80 macrophage infiltration (27). In line with other
studies, protein levels of a-SMA, Collagen I, and Fibronectin and
the expression of fibrosis-associated genes (Collal, Col3al,
Fibronectin, and Acta2) were restored with dulaglutide (27).

A further work assessed the potential utility of liraglutide in
alleviating ferroptosis in the liver by studying db/db mice and
HepG2 cells (24). HepG2 cells pose a human hepatocellular
carcinoma cell line which is widely regarded as a reliable in vitro
model for MASLD, previously known as NAFLD (35). Liraglutide
significantly improved glucose, alanine transaminase (ALT),
aspartate transaminase (AST) and liver fibrosis (24). Fibrotic
areas decreased (24). Collagen I, TGF-B and collagen III were
insignificantly diminished (24). The impact of liraglutide on
ferroptosis was significant: on the one hand, there were increased
expression of SOD, GSH-PX and GSH, while one the other hand
decreased MDA, 4-HNE and NOX4 were seen (24). Iron
distribution was also affected, and this was mediated by
diminished expression of TfR1 and increased expression of FPN1
(24). Liver sections exhibited increased SLC7A11 expression and
NRF2/HO-1/GPX4 pathway activity (24).

Experimental data on pyroptosis

The effect of GLP-1RAs on pyroptosis has also been studied in
MASLD and DKD. Experimental data of GLP-1RAs are presented
in Table 2.

In HepG2 cells, liraglutide reduced oil red o (ORO)-stained
lipid droplets (36). As a glucagon-like peptide-1 receptor (GLP-1R)
antagonist, exendin 9-39, prevented this decrease in ORO-stained
lipid droplets (36, 39). Liraglutide contributed also to increased cell
viability (36). The optimal concentration of liraglutide was assessed
at 100 nM (36). Palmitic acid (PA) and lipopolysaccharide (LPS),
used for MASLD induction, increased GSDMD expression (36).
The number of cells stained by PI was significantly reduced with
liraglutide, and this was prevented by exendin 9-39 (36). GSDMD is
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regarded as a major factor leading to a shift from apoptosis to
pyroptosis in DKD (40). Liraglutide reduced NLPR3 and caspase-1
P20 expression, and it ameliorated expression of NLRP3, caspase-1,
caspase-1 p20 and IL-1B (36). In mitochondria, liraglutide
improved ATP production and reduced proton leak (36).
Liraglutide enhanced phosphatase and tensin homolog-induced
kinase 1 (PINK1)-FL and Parkin, A2-isoform in cytosol,
optineurin (OPTN) and NIP3-like protein X (NIX) expression,
the colocalisation of PINK1/Parkin and the presence of green-
labelled mitochondria (36), which are essential against
mitochondrial damage (41). The diminished expression of NLPR3
and GSDMD induced by liraglutide was counteracted by 3-
methyladenine (3-MA) or siRNA against PINK1 pre-
treatment (36).

The impact of liraglutide on pyroptosis and its potential
implications in diabetic nephropathy were examined by Shi et al.
(37). Overall, 4 groups of male-specific pathogen-free C57BL/6]
mice were included: diabetic nephropathy group, diabetic
nephropathy group on liraglutide, diabetic nephropathy group on
insulin degludec and control group (37). Decreased 24-h urinary
protein and total cholesterol was found in mice on liraglutide in
contrast to those on insulin degludec (37). Histopathologic evidence
pointed to hyperplastic thylakoid stroma and increased glomerular
volume, and traits were significantly ameliorated compared to the
group on insulin degludec and to baseline (37). Furthermore,
liraglutide resulted in significantly higher levels of the podocyte
markers NPHS2 and nephrin in renal immunohistochemical
assessment (37). This was not seen in mice treated with insulin
degludec or untreated mice (37). There was significantly enhanced
GLP-1R expression in glomerular and renal tubular epithelium
among mice on liraglutide compared with insulin degludec and
with baseline (37). Expression of several pyroptosis-related markers,
such as NLRP3, IL-1B, cleaved GSDMD and cleaved caspase-1, was
subsequently decreased (37).

Wu et al. (38) studied in glomerular endothelial cells (GEnCs)
and male C57BL/6] and ApoE” mice. They treated GEnCs with
1000 nmol/L liraglutide and 80 nmol/L loxenatide, a novel GLP-
1RA similar to exenatide with a longer half-time (42). At baseline,
decreased ABCA1 expression was found in GEnCs exposed to high
glucose and high cholesterol and also following administration of
4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS), an
ABCAL1 inhibitor (38). ABCAl deficiency has been previously
associated with glomerular cholesterol accumulation and
dysregulated endothelial function in diabetic kidney disease (43).
This was associated with increased expression of caspase-1,
GSDMD, IL-1f, enhanced release of lactate dehydrogenase
(LDH) and increased cholesterol accumulation (38). Elevated
circular ribonucleic acid 8411 (circ8411) expression was
documented in the group exposed to high cholesterol, but not
under high glucose and cholesterol levels (38). Moreover, siRNAs
targeting circ8411 resulted in decreased ABCA1 expression (38).
This led to increased expression of caspase-1, GSDMD and IL-1f,
increased release of LDH and enhanced cholesterol accumulation
(38). There was a protective role of circ8411 against pyroptosis:
circ8411 knockdown resulted in increased micro ribonucleic acid
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TABLE 2 Studies on the effect of GLP-1RAs on pyroptosis.

Animal/experimental Major outcomes Conclusions
model and study design
Yu et al. (2019) (36) = HepG2 cells -Liraglutide reduced ORO-stained lipid droplets, and this effect was -Liraglutide blocked progression of
prevented with exendin 9-39 MASLD through NLPR3-induced
-PA/LPS-induced GSDMD expression and the number of cells pyroptosis inhibition

stained by PI were found significantly reduced with liraglutide; this
effect was inhibited by exendin 9-39

-NLPR3 and caspase-1 p20 expression was decreased with
liraglutide; liraglutide ameliorated the expression of NLRP3, caspase-
1, caspase-1 p20, and IL-1fB; exendin 9-39 prevented the actions of
liraglutide

-Liraglutide attenuated the reduction in basal respiration and ATP
production and the increase in proton leak

-Liraglutide maintained respiratory capacity at a higher rate
-Liraglutide promoted the presence of functional mitochondria,
while exendin 9-39 suppressed this effect

-Liraglutide enhanced PINK1-FL and Parkin, A2-isoform in cytosol,
OPTN and NIX expression, colocalisation of PINK1/Parkin, as well
as green-labelled mitochondria; these effects were suppressed by
exendin 9-39

-Decreased expression of NLPR3 and GSDMD mediated by
liraglutide was counteracted by 3-MA or siRNA against PINKI pre-

treatment

Shi et al. (2023) (37) = male-specific pathogen-free -Liraglutide resulted in decreased 24-h urinary protein and total -Liraglutide exerted its
C57BL/6] mice cholesterol in contrast to insulin degludec renoprtoective action by
-control arm -Differences in serum creatinine, urea nitrogen and the renal weight/ | counteracting pyroptosis in
-diabetic nephropathy group body ratio were insignificant between the different groups diabetic nephropathy
-diabetic nephropathy group -Histopathological renal injury was alleviated with liraglutide, as
treated with liraglutide compared to both insulin degludec and baseline
-diabetic nephropathy group -Liraglutide significantly increased podocyte markers NPHS2 and
treated with insulin degludec nephrin in renal immunohistochemical assessment; this contrasted

with mice treated with insulin degludec or not receiving any type of
treatment

-Liraglutide significantly increased GLP-1R expression in glomerular
and renal tubular epithelium, as compared to insulin degludec or
baseline

- Significantly decreased expression of NLRP3, IL-1, cleaved
GSDMD and cleaved caspase-1 was observed following liraglutide
treatment

-These markers were increased in the diabetic group not receiving
treatment or treated with insulin degludec

Wou et al. (2024) (38) = Male C57BL/6] and ApoE” mice -Decreased ABCA1 expression was found in GEnCs exposed to high | -GLP-1RAs alleviated pyroptosis
GEnCs glucose and high cholesterol levels and following DIDS through RXRoi-circ8411-miR-23a-
administration 5- ABCA1 pathway

-Decreased ABCA1 expression was associated with increased
expression of caspase-1, GSDMD and IL-1B, as well as with LDH
release and with enhanced cholesterol accumulation in GEnCs
-Increased circ8411 expression was observed after exposure to high
cholesterol levels, but not after concomitant exposure to high glucose
and high cholesterol levels

-siRNAs targeting circ8411 resulted in decreased ABCAI expression,
increased expression of caspase-1, GSDMD, IL-1p, increased release
of LDH and enhanced cholesterol accumulation

-circ8411 knockdown resulted in decreased miR-23a-5p
-miR-23a-5p mimic reduced ABCAL1 expression, and this effect was
blocked by overexpression of circ8411

-RXRo. decreased circ8411 and ABCAL1 expression

-Liraglutide and loxenatide treatment increased ABCA1 expression
in GEnCs, reduced cholesterol accumulation along with expression
of caspase-1, GSDMD and IL-1P and LDH release; these actions
were mediated by increased RXRo and circ84111 expression and by
decreased miR-23a-5p expression

-siRNA targeting circ8411 suppressed the effects of GLP-1RA on
ABCAL1 expression

-Histological assessment of kidneys from ApoE”" with DM indicated
that liraglutide and loxenatide treatment alleviated renal mesangial

(Continued)
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TABLE 2 Continued

Animal/experimental

model and study design

Major outcomes

10.3389/fcdhc.2025.1657710

Conclusions

hyperplasia and renal tubular vacuolar degeneration

-Renal indices (creatinine, BUN and UTP) were decreased with

liraglutide and loxeantide treatment, as compared with baseline
-In ApoE-/- mice with DM, ABCAL1 and circ8411 expression was
increased and miR-23a-5p was decreased; these changes were

reversed by GLP-1RAs administration

-ABCAL1 expression was not affected by insulin administration

ORO, Oil Red O; PA, palmitic acid; LPS, lipopolysaccharide; GSDMD, gasdermin D; PI, propidium iodide; NLPR3, nucleotide-binding oligomerization domain, leucine-rich repeat-containing
receptor-containing pyrin domain 3; IL, interleukin; PINK1-FL, PINK1 precursor; PINK1, phosphatase and tensin homolog-induced kinase 1; OPTN, optineurin; NIX, NIP3-like protein X;
siRNA, small-interfering ribonucleic acid; 3-MA, 3-methyladenine; GLP-1R, glucagon-like peptide-1 receptor; DIDS, 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid; LDH, lactate
dehydrogenase; miR, micro ribonucleic acid; circ8411, circular ribonucleic acid 8411; DM, diabetes mellitus; BUN, blood urea nitrogen; GLP-1RA, glucagon-like peptide-1 receptor agonist;

UTP, urinary protein quantityt; GEnCs, glomerular endothelial cells; ABCA1, adenosine triphosphate-binding cassette transporter A; RXRa, retinoid X receptor alpha.

(miR)-23a-5p; miR-23a-5p mimic reduced ABCAI expression,
which could be blocked by circ8411 overexpression (38).
Liraglutide and loxenatide administration led to increased ABCA1
expression in GEnCs, culminating in decreased cholesterol
accumulation, expression of caspase-1, GSDMD, IL-1p and
release of LDH (38). These actions were mediated by increased
retinoid X receptor alpha (RXRar) and circ84111 expression and by
decreased miR-23a-5p expression: circ8411, a circular ribonucleic
acid suppressed the effects of GLP-1RA on ABCA1 expression (38).
Histological assessment of kidneys from ApoE”" with DM indicated
that liraglutide and loxenatide alleviated renal mesangial
hyperplasia and renal tubular vacuolar degeneration (38). In
ApoE-/- mice with DM, ABCA1 and circ8411 expression was
increased, and miR-23a-5p was decreased. These changes were
reversed by GLP-1RA administration (38).

Discussion

This review has summarised experimental and earliest clinical
evidence on the emerging effects of GLP-1RAs on ferroptosis and
pyroptosis in diabetes. Mechanisms underlying the therapeutic
effect of GLP-1RAs on ferroptosis and pyroptosis are summarised
in Tables 3 and 4.

Only one study included subjects with DKD (25). All other
studies focusing on ferroptosis used exclusively experimental
models: HK2 cells (25, 28), HepG2 cells (24) and C57BL6 db/db
mice (25, 27, 28). A variety of GLP-1RAs has been used:
semaglutide (25), liraglutide (24, 25, 28), dulaglutide (25, 27) and
exendin-4 (26). From a methodological perspective, randomisation
was present in all studies, and all mice in the experimental arms
were treated with fixed drug doses (24-28). This is a notable
contrast to the only study encompassing subjects with DKD, as a
dose escalation in the insulin detemir (from 0.2 U to 2.0 U) and in
the semaglutide (from 0.25 mg to 0.5 mg) groups was noted (25).
Mice were mostly 8 to 10 weeks old. Their number varied
considerably between 18 and 40 mice across the different studies
and dependent on study arms (24-28). Similar conditions were used
for cell cultures (24, 25, 28). Ferroptosis was induced in cell cultures
with the use of erastin (24), RSL3 (28) and suppressed with the use
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of Fer-1 (24, 28). Iron chelators (such as deferoxamine mesylate)
(24) and other mediators (such as iFspl) (28) were also applied.

Overall, studies have followed a similar approach. Researchers
confirmed that certain commonly used indices in clinical practice
(e.g. glucose, UACR) were not within normal range and were restored
upon GLP-1RAs treatment (24-28). Some studies also included
kidney-specific biomarkers, indicative of renal injury such as NAG
(25, 26). Other studies have assessed the effect of GLP-1RAs from an
imaging, mainly using magnetic resonance imaging for subjects with
DKD (25) and a histopathological perspective through the use of
various stains (including hematoxylin and eosin, Masson, Periodic
acid-Schiff, Sirius red, reticular fiber stain solution, elastic fiber stain
solution, and Perls) (24-28). Researchers also have looked at the effect
of GLP-1RAs on ferroptosis-associated markers, oxidative stress and
inflammation. Even TEM was applied for the monitoring of
therapeutic effects of GLP-1RAs on mitochondrial ultrastructure
and beyond (24, 26-28).

The effect of GLP-1RAs on ferroptosis may be seen as promising.
Some studies showed a similar effect compared to Fer-1, an
established ferroptosis inhibitor, or of deferoxamine (DFO) (25,
28). Ferroptosis-similar conditions were either confirmed through
markers or induced through the use of known ferroptosis triggering
molecules, such as erastin (25). In all studies, treatment with GLP-
1RAs resulted in elevated anti-ferroptosis factors, such as GSH (24—
26, 28), GSH peroxidases (24, 28) and particularly GPX4 (24, 26-28),
FSP1 (24, 28), FPN1 (24, 25), FTH1 (24, 25) and reduced ferroptosis-
associated markers, such as TFR1 (24) or ASCL4 (26, 27).

SLC7A11 has been instrumental in an anti-ferroptosis defense,
typically increased upon GLP-1RAs administration (24, 25).
Conversely, SLC7A11 was regarded indicative of ferroptosis by a
single study and GLP-1RAs treatment led to decreased levels along
with other related markers (27). SLC7A11 levels may, in general,
vary due to their dependence on other mediators, e.g. GPX4.
Nevertheless, this outcome may be attributed to study design, as
other discordant results have been reported: decreased GPX4 and
increased ASCL4 expressions were found at protein level in db/db
mice treated with dulaglutide (27). Researchers themselves
attributed the decreased levels of SLC7A11 either to study
variability or to previously unrecognised feedback mechanisms
(27). These inconsistent findings regarding SLC7A11 render its
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TABLE 3 Overview of mechanisms underlying the therapeutic effect of GLP-1RAs on ferroptosis.

Pathway

Condition

Effect on factors

promoting
ferroptosis

Effect on factors

suppressing
ferroptosis

Other effects

Reference

KLB/AMPK/ DKD Decreased Fe’* and TFR1 Increased GSH, SLC7A11, -Decreased MDA and 4-HNE (25)
SIRT1/ NRF2 GPX4, FSP1, FTH1 and - Decreased IL-1B, TNF-0,, IL-6, MCP-1 and
pathway FPN1 reduced NF-xB p65 phosphorylation

-Increased IL-10

-Decreased TGF-f, E-cadherin, a-SMA, vimentin

and reduced Smad2/3 phosphorylation,
Fsp1-CoQ10- DKD N/A Increased GSH, GSH-Px, -Increased T-SOD and CAT (28)
NAD(P)H GPX4 and Fspl -Decreased 8-OHdG, MDA and lipid peroxidation,
pathway NOX-4,4-HNE and 12-Lox

- Decreased TGF-f, Collagen-I, Collagen-III
-Increased NAD*/NADH and CoQ10(H,)/CoQ10

AMPK-fatty acid DKD Decreased ACSL4 Increased GSH and GPX4 -Decreased PLIN2 (26)

metabolism -Increased LKB1 and AMPK phosphorylation
pathway -Decreased SREBP1 and PPARo
p-ERK and p- DKD Decreased ASCL4, Ptgs2, Increased GPX4 -Decreased 4-HNE (27)

STAT3 pathways Chacl and SLC7A11 - Decreased IL-6, TNF-o, CCL2, CXCL1, CXCL2,
TGF-B, iNOS and diminished F4/80 macrophage
infiltration

-Decreased a-SMA, Collagen I, and Fibronectin

NRF2/HO-1/ Decreased TfR1

GPX4 pathway

MASLD Increased GSH-PX, GSH,

SLC7A11 and FPN1

-Decreased Collagen I, Collagem III and TGF-3 (24)
-Decreased MDA, 4-HNE and NOX4
-Increased SOD

TGF-f, Transforming Growth Factor-B; SOD, Superoxide dismutase; GSH-PX, Glutathione peroxidase; GSH, glutathione;MDA, malondialdehyde; 4-HNE, 4-hydroxy-2-nonenal; NOX4,
nicotinamide adenine dinucleotide phosphate oxidase 4; TfR1, transferrin receptor protein 1; FPN1, ferroportin 1; SLC7A11, solute carrier family 7 member 11; NRF2, nuclear factor erythroid 2-
related factor 2; HO-1, heme oxygenase-1; Fer-1, ferrostatin-1; DFO, deferoxamine mesylate; FTH1, ferritin heavy chain 1; FSP1, ferroptosis suppressor protein 1; IL, interleukin; TNF, tumour
necrosis factor; MCP-1, monocyte chemoattractant protein-1; o-SMA; alpha smooth muscle actin; RSL3, RAS-selective lethal small molecule 3;PKA, protein kinase A; AMPK, 5' adenosine
monophosphate-activated protein kinase; SIRT1, sirtuin 1; KLB, B-Klotho; ACSL-4, Acyl-coenzyme A Synthetase Long Chain Family Member 4; SREBP1, sterol regulatory element-binding
protein 1;PPAR0, peroxisome proliferator-activated receptor alpha; ATP, adenosine triphosphate; Ptgs2, prostaglandin-endoperoxide synthase 2; Chacl, Glutathione Specific Gamma-
Glutamylcyclotransferase 1; iNOS, Inducible Nitric Oxide Synthase; ERK, extracellular signal-regulated kinase; STAT, signal transducer and activator of transcription; T-SOD, total superoxide
dismutase; CAT, catalase; 12-Lox, 12-lipoxygenase; NAD*/NADH, nicotinamide adenine dinucleotide oxidised/reduced form ratio; CoQ10(H2)/CoQ10, ubiquinol/ubiquinone ratio; NAD(P)H,
Nicotinamide Adenine Dinucleotide (Phosphate); CXCR, chemokine (C-X-C motif) ligand; CCL2, C-C motif ligand 2; MASLD, metabolic-dysfunction associated liver disease; DKD, diabetic
kidney disease; LKB1, liver kinase B1.

TABLE 4 Overview of mechanisms underlying the therapeutic effect of GLP-1RAs on pyroptosis.

Condition Other effects Reference

Pathway

Effect on pyroptosis-
associated factors

Mitophagy MASLD -Decreased NLPR, IL-1B and caspase- -Increased number of MitoGreen (functional) (36)
1p20 mitochondria
-Decreased GSDMD -Increased PINK1, Parkin (and their colocalisation), A2-

isoform in cytosol, OPTN, NIX

Enhanced GLP-1R expression DKD -Decreased NLPR3, IL-1P and cleaved | -Increased NPHS2 and nephrin (37)
in kidney caspase-1

-Decreased cleaved GSDMD
RXRa/circ8411/miR-23a-5p/ DKD -Decreased caspase-1 and IL-1B -Decreased release of LDH (38)

ABCA1 pathway -Decreased GSDMD

GSDMD, gasdermin D; NLPR3, nucleotide-binding oligomerisation domain, leucine-rich repeat-containing receptor-containing pyrin domain 3; IL, interleukin; PINK1-FL, PINKI precursor;
PINK1, phosphatase and tensin homolog-induced kinase 1; OPTN, optineurin; NIX, NIP3-like protein X; GLP-1R, glucagon-like peptide-1 receptor; LDH, lactate dehydrogenase; miR, micro
ribonucleic acid; circ8411, circular ribonucleic acid 8411; GEnCs, glomerular endothelial cells; ABCA1, adenosine triphosphate-binding cassette transporter A; RXRo, retinoid X receptor alpha;
NPSH2, podocin; MASLD, metabolic-dysfunction associated liver disease; DKD, diabetic kidney disease.

future use as a marker for evaluating the anti-ferroptosis potential ~ CAT (28). Metabolic status of cells improved, mainly due to
of GLP-1RAs rather unfeasible, although increased levels following
treatment with GLP-1RAs should be expected. Furthermore,
oxidative stress was significantly ameliorated, as evidenced by the
decreased levels of MDA (24, 25, 28), 4-HNE (24, 25, 27, 28), Fe**

(24), NOX-4 (24, 28) and the elevated levels of SOD (24, 28) and

mitochondria-specific outcomes (increased ratios of NAD"/
NADH and CoQ10(H,)/CoQ10, enhanced ATP production and
mitochondrial respiration) (26, 28). Lipid metabolism was also
restored, as indicated through restored PLIN2 (26) and
diminished lipid peroxidation (26, 28).
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Furthermore, GLP-1RAs exhibited both anti-inflammatory and
anti-fibrosis properties (e.g. TGF-), also affecting certain collagen
types such as Collagen-I or Collagen-III and respective genes, such
as Colla2 and Col4a2 (24, 25, 27, 28). The significance of the AMPK
pathway was considered in counteracting oxidative stress (AMPK/
SIRT1/NRF2 pathway) and in association with LKB1 (25, 26). The
benefit upon GLP-1RAs administration was prevented through
AMPK inhibitor dorsomorphin (26). Inhibition of endocytosis
and micropinocytosis also inhibited the positive effect of GLP-
1RAs (26). The decrease in phosphorylated extracellular signal-
regulated kinase (p-ERK) and phosphorylated signal transducer and
activator of transcription 3 (p-STAT3) was suggested as a major
underlying mechanism responsible for the effect of dulaglutide in
renal fibrosis (27). All studies have identified potential signaling
pathways mediating the effects of GLP-1RAs on ferroptosis (24-28).
Nevertheless, the effect following inhibition of these pathways was
examined only in a few of these studies (24, 25, 28). Consequently,
not all studies confirmed the suggested mechanisms underlying the
effects of GLP-1RAs on ferroptosis.

To date, only a limited number of studies have assessed the effect of
GLP-1RAs on pyroptosis in diabetes-associated conditions. Studies on
diabetic kidney disease and MASLD have been conducted (36-38).
Two cell-based studies including HepG2 and GeNCS and two
experimental studies, featuring C57BL/6] mice were conducted (36—
38). In these studies, liraglutide was the main GLP-1RA applied (36—
38). Furthermore, exendin 9-39 (due to its inhibitory effect) (36),
insulin degludec (37) and loxenatide (38) were used. In terms of
pyroptosis, liraglutide was associated with diminished GSDMD (36).
Liraglutide ameliorated the presence of lipid droplets and enhanced cell
viability in the cell model for MASLD (36). In mice, a similar trend
towards diminished GSDMD was noted with liraglutide and was
associated with restored podocyte markers and improved renal
morphology (37). Interestingly, circ8411 was a major protective
molecule against pyroptosis (38) and ABCA1 expression was
significantly improved with liraglutide (38). Pyroptosis indices,
including caspase-1 or IL-1f3, were improved with GLP-1RAs (36-38).

Importantly, the cell culture-based study on MASLD examined
different liraglutide doses (50 nM, 100 nM, 200 nM and 500 nM) and a
fixed exendin 9-39 dose at 100 nM (36). 50 nM exendin 9-39 reversed
100 nM liraglutide and thus this dose was determined as the optimal
liraglutide dose for the experiments conducted (36). Due to the
particular focus on MASLD, ORO stain was extensively used and
TEM was also applied (36). The latter was true for the study including
8-week old C57BL/6] mice randomised to 400 pg/kg liraglutide, 1-2 U
insulin degludec and placebo (37). These 24 mice, 8 in each treatment
arm, were randomly selected after receiving specific diet and STZ (37).
Histopathological assessment was based on hematoxylin and eosin and
PAS stains (37). The third available study on pyroptosis encompassed a
STZ-induced DKD model with 7 treatment arms: wild-type control
group (WT-NC), a diabetic C57BL/6] group, an ApoE-/- group, a
diabetic ApoE-/- group and three ApoE-/- groups featuring mice with
DM treated with liraglutide, loxenatide or insulin (38). The cell-culture
study also used various cell cultures with different conditions: a low
glucose control group (5.5 mmol/L), a high glucose group (HG, 25.5
mmol/L), a high cholesterol group (400 pg/ml) and a combined high
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glucose and high cholesterol group (38). In order to substantiate further
the proposed underlying mechanism, inhibitors reversing the
therapeutic effects were mostly used, similarly to the studies on
ferroptosis (36, 38).

In general, GLP-1RAs hold the most notable therapeutic potential
by targeting ferroptosis and pyroptosis. Preliminary outcomes provide
an insight into their effect beyond traditional mechanisms of action.
Such promising experimental findings pave the way for clinical trials
for DKD or MASLD. Metformin has also been studied for its effect in
ferroptosis regarding [-cells per se and beyond (44). It has shown an
anti-ferroptosis effect in gestational diabetes mellitus and in MASLD
models (45-47). The anti-pyroptosis potential of metformin, albeit less
studied, is obvious in terms of promising outcomes in diabetic
cardiomyopathy through AMPK/mTOR pathway (48). Conversely,
the benefit of metformin in MASLD has been attributed to pyroptosis
induction, again through the AMPK pathway (49). However, in cancer
research, metformin has been used as an agent inducing ferroptosis in
various cancer types, such as lung or breast cancer (50, 51). Data on
dipeptidyl peptidase-4 inhibitors (DPP-4is) and on sodium-glucose
cotransporter-2 inhibitors (SGLT-2is) are extremely scarce (52-55). In
a colorectal cancer cell model with tumor suppressor TP53 depletion,
several DPP-4is (including vildagliptin, alogliptin and linagliptin)
suppressed erastin-induced ferroptosis-mediated cell death, thus
pointing to a therapeutic potential beyond DM (52).

Regarding SGLT-2is, the potential utility of dapagliflozin in
ameliorating DKD has been demonstrated (53, 54). It was
accomplished via ferroptosis suppression by targeting NRF2 and
TGF-P signaling pathways or hypoxia inducible factor 1o. (HIF1o)
and heme oxygenase 1 (HO-1) axis (53, 54). Similar effects have
been shown with empagliflozin in DKD through AMPK/NRF2
pathway (55). The utility of DPP-4is in pyroptosis has not gained
much interest with the exception of a type 1 diabetes mellitus
(T1DM) model which showed that vildalgiptin and linagliptin
attenuated lung injury (56). The effect of SGLT-2is in pyroptosis
has been assessed in multiple studies, showing some beneficial
effects in podocyte pyroptosis in DKD through common
pathways (57, 58). Alleviation of skeletal mass loss in a DKD
model through dapagliflozin has also been reported (59). Single
studies showed promising outcomes in MASLD with canagliflozin
and in cardiomyopathy with empagliflozin (60, 61). Nevertheless,
the benefit observed in early studies with SGLT-2is is mostly
mediated by identical pathways, e.g. in podocytes. Conversely, the
potential of GLP-1RAs in both pyroptosis and ferroptosis is based
on several and diverse signaling pathways. Consequently, GLP-
1RAs have hitherto yielded the most promising results.

To our knowledge, no studies regarding the effect of GLP-1RAs
on other forms of cell death, such as necroptosis exist to date (62).
The therapeutic potential of targeting mediators implicated in
ferroptosis and pyroptosis per se in DM should be also
considered: targeting ferroptosis-specific mediators may pave the
way for novel therapeutic approaches in DM, e.g. through the
selective activation of GPX4 which could further enhance the
benefit preliminary observed with therapy based on GLP-1RAs
(63). Moreover, the potential effect of GLP-1RAs on other
apoptosis-associated molecular mechanisms merits investigation,
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efferocytosis being a notable example. Efferocytosis, a specialized
procedure of apoptotic and necrotic cell clearing has been studied in
obesity and the key findings could be further investigated in DM,
also in association with ferroptosis and/or pyroptosis (64).

The strengths of this review include comprehensive data analysis
and overview of specific mechanisms and mediators in ferroptosis
and pyroptosis in DM and diabetic complications. Its major
limitations are the limited data available and the heterogeneous
study designs, both in the selected models and the various GLP-
1RAs used. This heterogeneity prevents generalisation and direct
comparisons between study outcomes. Secondly, only a small study
included subjects with DKD. Therefore, clinical implementation
cannot be at present discussed and needs to be further explored.
Early evidence from this single clinical substudy indicated that
ferroptosis may partly explain the effects of GLP-1RAs on DKD,
pointing to the need for additional clinical research. Large-scale
clinical trials could establish the correlations of GLP-1RAs-induced
improvements in metabolic parameters of DM and in diabetic
complications with markers of ferroptosis and pyroptosis. The
potential clinical implications are of great interest, given that these
markers might prove useful in monitoring treatment response.
Certainly, future basic research and clinical studies should elucidate
the potential effects of GLP-1RAs on ferroptosis and/or pyroptosis in
other complications, such as diabetic neuropathy. An interesting
insight meriting investigation would be the role of GLP-1R multi-
agonists in alleviating ferroptosis and/or pyroptosis in DM and
beyond. Interestingly, a recent study has reported that retatrutide, a
triple agonist of glucagon receptor (GCGR), glucose-dependent
insulinotropic polypeptide receptor (GIPR) and GLP-1R, alleviated
tumor growth and chemotherapy resistance in obesity-associated
triple-negative breast cancer (65). This was achieved by reshaping
YAP-proteolytic control, identified as a pathway involved in
ferroptosis (17, 65). This experimental study further widens the
spectrum of ferroptosis-targeting applications for GLP-1RAs (65).
Additional research should now delineate the potential effects of
GLP-1R multi-agonists on ferroptosis and pyroptosis, perhaps
establishing a more pronounced clinical benefit with such agents.

In conclusion, ferroptosis and pyroptosis represent emerging
mechanisms of cell death. Increasing evidence points to their
substantial role in DM. GLP-1RAs have yielded promising
experimental data in reducing ferroptosis and pyroptosis.
Ferroptosis and pyroptosis may emerge as two novel targets for
GLP-1RAs. However, clinical experience to confirm or refute these
beneficial effects is lacking. Hence, clinical studies are necessary to
increase our understanding.

Author contributions

TP: Data curation, Formal Analysis, Methodology, Writing -
review & editing, Resources, Investigation, Writing — original draft.
EG: Writing - review & editing, Data curation, Formal Analysis.
MR: Supervision, Validation, Writing - review & editing. DP:

Frontiers in Clinical Diabetes and Healthcare

11

10.3389/fcdhc.2025.1657710

Validation, Writing - review & editing, Methodology,
Investigation. NP: Conceptualization, Methodology, Writing -
review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

EG has attended conferences sponsored by Berlin-Chemie,
Sanofi, AstraZeneca, Novo Nordisk, Lilly and Boehringer
Ingelheim; received speaker honoraria by Boehringer-Ingelheim,
Sanofi and Menarini. MR has given lectures, received honoraria and
research support and participated in conferences, advisory boards
and clinical trials sponsored by many pharmaceutical companies,
including Amgen, Astra Zeneca, Biodexa, Boehringer Ingelheim,
Kowa, Eli Lilly, Meda, Mylan, Merck Sharp & Dohme, Novo
Nordisk, Novartis, Roche, Sanofi and Servier. DP declares
associations with: Abbott, ADOC Pharma, Alkaloid, Amicus,
AstraZeneca, Bayer, Boehringer Ingelheim, Berlin-Chemie, Eli
Lilly, Galenika, Krka, Merck, Novo Nordisk, PharmaSwiss,
Sanofi-Aventis, Servier, Viatris, and Worwag Pharma. NP has
been an advisory board member of Astra-Zeneca, Bayer,
Boehringer Ingelheim, Menarini, MSD, Novo Nordisk, Pfizer,
Takeda and TrigoCare International; has participated in
sponsored studies by Astra-Zeneca, Eli-Lilly, GSK, MSD, Novo
Nordisk, Novartis and Sanofi-Aventis; has received honoraria as a
speaker for Astra-Zeneca, Bayer, Boehringer Ingelheim, Eli-Lilly,
Elpen, Menarini, MSD, Mylan, Novo Nordisk, Pfizer, Sanofi-
Aventis and Vianex; and has attended conferences sponsored by
TrigoCare International, Bayer, Boehringer Ingelheim, Eli-Lilly,
Galenica, Menarini, Novo Nordisk, Pfizer and Sanofi-Aventis.

The remaining author declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fcdhc.2025.1657710
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
https://www.frontiersin.org

Panou et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled demolition at the cellular
level. Nat. Rev. Mol. Cell Biol. (2008) 9:231-41. doi: 10.1038/nrm2312

2. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an
intricate game of cell death. Cell Mol. Immunol. (2021) 18:1106-21. doi: 10.1038/
541423-020-00630-3

3. Yang XD, Yang YY. Ferroptosis as a novel therapeutic target for diabetes and its
complications. Front. Endocrinol. (Lausanne). (2022) 13:853822. doi: 10.3389/
fendo.2022.853822

4. Perkovic V, Tuttle KR, Rossing P, Mahaffey KW, Mann JFE, Bakris G, et al. Effects
of semaglutide on chronic kidney disease in patients with type 2 diabetes. N Engl. J.
Med. (2024) 391:109-21. doi: 10.1056/NEJMo0a2403347

5. Shaman AM, Bain SC, Bakris GL, Buse JB, Idorn T, Mahaffey KW, et al. effect of
the glucagon-like peptide-1 receptor agonists semaglutide and liraglutide on kidney
outcomes in patients with type 2 diabetes: pooled analysis of SUSTAIN 6 and LEADER.
Circulation. (2022) 145:575-85. doi: 10.1161/CIRCULATIONAHA.121.055459

6. Newsome PN, Buchholtz K, Cusi K, Linder M, Okanoue T, Ratziu V, et al. A
placebo-controlled trial of subcutaneous semaglutide in nonalcoholic steatohepatitis. N
Engl. J. Med. (2021) 384:1113-24. doi: 10.1056/NEJM0a2028395

7. American Diabetes Association Professional Practice Committee. 11. Chronic
kidney disease and risk management: standards of care in diabetes-2025. Diabetes Care.
(2025) 48:5239-51. doi: 10.2337/dc25-S011

8. European Association for the Study of the Liver, European Association for the
Study of Diabetes and European Association for the Study of Obesity. EASL-EASD-
EASO Clinical Practice Guidelines on the management of metabolic dysfunction-
associated steatotic liver disease (MASLD): Executive Summary. Diabetologia. (2024)
67:2375-92. doi: 10.1007/s00125-024-06196-3

9. Hammoud R, Drucker DJ. Beyond the pancreas: contrasting cardiometabolic actions of
GIP and GLP1. Nat. Rev. Endocrinol. (2023) 19:201-16. doi: 10.1038/s41574-022-00783-3

10. DeFronzo RA, Reeves WB, Awad AS. Pathophysiology of diabetic kidney
disease: impact of SGLT2 inhibitors. Nat. Rev. Nephrol. (2021) 17:319-34.
doi: 10.1038/s41581-021-0039-8

11. Zheng Z, Zong Y, Ma Y, Tian Y, Pang Y, Zhang C, et al. Glucagon-like peptide-1
receptor: mechanisms and advances in therapy. Signal Transduct Target Ther. (2024)
9:234. doi: 10.1038/s41392-024-01931-z

12. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060-
72. doi: 10.1016/j.cell.2012.03.042

13. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in
disease. Nat. Rev. Mol. Cell Biol. (2021) 22:266-82. doi: 10.1038/s41580-020-00324-8

14. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold I, et al. ACSL4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem. Biol.
(2017) 13:91-8. doi: 10.1038/nchembio.2239

15. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature. (2019)
575:688-92. doi: 10.1038/s41586-019-1705-2

16. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold [, et al. FSP1 is a
glutathione-independent ferroptosis suppressor. Nature. (2019) 575:693-8.
doi: 10.1038/s41586-019-17070

17. Wu J, Minikes AM, Gao M, Bian H, Li Y, Stockwell BR, et al. Intercellular
interaction dictates cancer cell ferroptosis via NF2-YAP signaling. Nature. (2019)
572:402-6. doi: 10.1038/541586-019-1426-6

18. Lee H, Zandkarimi F, Zhang Y, Meena JK, Kim ], Zhuang L, et al. Energy-stress-
mediated AMPK activation inhibits ferroptosis. Nat. Cell Biol. (2020) 22:225-34.
doi: 10.1038/s41556-020-0461-8

19. Li C, Dong X, Du W, Shi X, Chen K, Zhang W, et al. LKB1-AMPK axis
negatively regulates ferroptosis by inhibiting fatty acid synthesis. Signal Transduct
Target Ther. (2020) 5:187. doi: 10.1038/s41392-020-00297-2

20. Shi J, Gao W, Shao F. Pyroptosis: Gasdermin-mediated programmed necrotic
cell death. Trends Biochem. Sci. (2017) 42:245-54. doi: 10.1016/j.tibs.2016.10.004

21. ShiJ, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660-5.
doi: 10.1038/nature15514

Frontiers in Clinical Diabetes and Healthcare

10.3389/fcdhc.2025.1657710

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

22. Kayagaki N, Stowe IB, Lee BL, O'Rourke K, Anderson K, Warming S, et al.
Caspase-11 cleaves gasdermin D for non-canonical inflammasome signalling. Nature.
(2015) 526:666-71. doi: 10.1038/naturel5541

23. Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ,
et al. A novel heterodimeric cysteine protease is required for interleukin-1 beta
processing in monocytes. Nature. (1992) 356:768-74. doi: 10.1038/356768a0

24. Song JX, An JR, Chen Q, Yang XY, Jia CL, Xu S, et al. Liraglutide attenuates
hepatic iron levels and ferroptosis in db/db mice. Bioengineered. (2022) 13:8334-48.
doi: 10.1080/21655979.2022.2051858

25. Tian S, Zhou S, Wu W, Lin Y, Wang T, Sun H, et al. GLP-1 Receptor agonists
alleviate diabetic kidney injury via B-klotho-mediated ferroptosis inhibition. Adv. Sci.
(Weinh). (2025) 12:€2409781. doi: 10.1002/advs.202409781

26. Shen R, Qin S, Lv Y, Liu D, Ke Q, Shi C, et al. GLP-1 receptor agonist attenuates
tubular cell ferroptosis in diabetes via enhancing AMPK-fatty acid metabolism pathway
through macropinocytosis. Biochim. Biophys. Acta Mol. Basis Dis. (2024) 1870:167060.
doi: 10.1016/j.bbadis.2024.167060

27. Deng F, Zhang P, Li H, Fan X, Du Y, Zhong X, et al. Effect of the glucagon-like
peptide-1 receptor agonists dulaglutide on kidney outcomes in db/db mice. Cell Signal.
(2025) 127:111603. doi: 10.1016/j.cellsig.2025.111603

28. Chen Q, Song JX, Zhang Z, An JR, Gou YJ, Tan M, et al. Exploring Liraglutide's
mechanism in reducing renal fibrosis: the Fspl-CoQ10-NAD(P)H pathway. Sci. Rep.
(2025) 15:1754. doi: 10.1038/s41598-025-85658-z

29. Valdés A, Lucio-Cazafia FJ, Castro-Puyana M, Garcia-Pastor C, Fiehn O, Marina
ML. Comprehensive metabolomic study of the response of HK-2 cells to hyperglycemic
hypoxic diabetic-like milieu. Sci. Rep. (2021) 11:5058. doi: 10.1038/s41598-021-84590-2

30. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res. (2021) 31:107-25. doi: 10.1038/s41422-020-00441-1

31. Scarpellini C, Klejborowska G, Lanthier C, Hassannia B, Vanden Berghe T,
Augustyns K. Beyond ferrostatin-1: a comprehensive review of ferroptosis inhibitors.
Trends Pharmacol. Sci. (2023) 44:902-16. doi: 10.1016/j.tips.2023.08.012

32. Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, et al.
Suppression of aging in mice by the hormone Klotho. Science. (2005) 309:1829-33.
doi: 10.1126/science.1112766

33. Knight BL, Hebbachi A, Hauton D, Brown AM, Wiggins D, Patel DD, et al. A
role for PPARalpha in the control of SREBP activity and lipid synthesis in the liver.
Biochem. J. (2005) 389:413-21. doi: 10.1042/BJ20041896

34. Chen MS, Wang SF, Hsu CY, Yin PH, Yeh TS, Lee HC, et al. CHACI1
degradation of glutathione enhances cystine-starvation-induced necroptosis and
ferroptosis in human triple negative breast cancer cells via the GCN2-elF20-ATF4
pathway. Oncotarget. (2017) 8:114588-602. doi: 10.18632/oncotarget.23055

35. Ramos M]J, Bandiera L, Menolascina F, Fallowfield JA. In vitro models for non-
alcoholic fatty liver disease: Emerging platforms and their applications. iScience. (2021)
25:103549. doi: 10.1016/j.is¢i.2021.103549

36. Yu X, Hao M, Liu Y, Ma X, Lin W, Xu Q, et al. Liraglutide ameliorates non-
alcoholic steatohepatitis by inhibiting NLRP3 inflammasome and pyroptosis activation
via mitophagy. Eur. J. Pharmacol. (2019) 864:172715. doi: 10.1016/
j.ejphar.2019.172715

37. Shi§, Chen X, Yu W, Ke X, Ma T. Protective effect of GLP-1 analog liraglutide on
podocytes in mice with diabetic nephropathy. Endocr. Connect. (2023) 12:¢230284.
doi: 10.1530/EC-23-0284

38. Wu W, Wang Y, Shao X, Huang S, Wang J, Zhou S, et al. GLP-1RA improves
diabetic renal injury by alleviating glomerular endothelial cells pyrotosis via RXRot/
circ8411/miR-23a-5p/ABCA1 pathway. PloS One. (2024) 19:¢0314628. doi: 10.1371/
journal.pone.0314628

39. Schirra J, Sturm K, Leicht P, Arnold R, Goke B, Katschinski M. Exendin(9-39)
amide is an antagonist of glucagon-like peptide-1(7-36)amide in humans. J. Clin.
Invest. (1998) 101:1421-30. doi: 10.1172/JCI1349

40. Yuan S, Wang Y, Li Z, Chen X, Song P, Chen A, et al. Gasdermin D is involved in
switching from apoptosis to pyroptosis in TLR4-mediated renal tubular epithelial cells
injury in diabetic kidney disease. Arch. Biochem. Biophys. (2022) 727:109347.
doi: 10.1016/j.abb.2022.109347

41. Narendra DP, Youle RJ. The role of PINKI-Parkin in mitochondrial quality
control. Nat. Cell Biol. (2024) 26:1639-51. doi: 10.1038/s41556-024-01513-9

frontiersin.org


https://doi.org/10.1038/nrm2312
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.3389/fendo.2022.853822
https://doi.org/10.3389/fendo.2022.853822
https://doi.org/10.1056/NEJMoa2403347
https://doi.org/10.1161/CIRCULATIONAHA.121.055459
https://doi.org/10.1056/NEJMoa2028395
https://doi.org/10.2337/dc25-S011
https://doi.org/10.1007/s00125-024-06196-3
https://doi.org/10.1038/s41574-022-00783-3
https://doi.org/10.1038/s41581-021-0039-8
https://doi.org/10.1038/s41392-024-01931-z
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-17070
https://doi.org/10.1038/s41586-019-1426-6
https://doi.org/10.1038/s41556-020-0461-8
https://doi.org/10.1038/s41392-020-00297-2
https://doi.org/10.1016/j.tibs.2016.10.004
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15541
https://doi.org/10.1038/356768a0
https://doi.org/10.1080/21655979.2022.2051858
https://doi.org/10.1002/advs.202409781
https://doi.org/10.1016/j.bbadis.2024.167060
https://doi.org/10.1016/j.cellsig.2025.111603
https://doi.org/10.1038/s41598-025-85658-z
https://doi.org/10.1038/s41598-021-84590-2
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1016/j.tips.2023.08.012
https://doi.org/10.1126/science.1112766
https://doi.org/10.1042/BJ20041896
https://doi.org/10.18632/oncotarget.23055
https://doi.org/10.1016/j.isci.2021.103549
https://doi.org/10.1016/j.ejphar.2019.172715
https://doi.org/10.1016/j.ejphar.2019.172715
https://doi.org/10.1530/EC-23-0284
https://doi.org/10.1371/journal.pone.0314628
https://doi.org/10.1371/journal.pone.0314628
https://doi.org/10.1172/JCI1349
https://doi.org/10.1016/j.abb.2022.109347
https://doi.org/10.1038/s41556-024-01513-9
https://doi.org/10.3389/fcdhc.2025.1657710
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
https://www.frontiersin.org

Panou et al.

42. Salamah HM, Marey A, Elsayed E, Hasan MT, Mahmoud A, Abualkhair KA,
et al. Efficacy and safety of polyethylene glycol loxenatide in type 2 diabetic patients: a
systematic review and meta-analysis of randomized controlled trials. Sci. Rep. (2023)
13:19041. doi: 10.1038/s41598-023-46274-x

43. Zhang J, Wu Y, Zhang J, Zhang R, Wang Y, Liu F. ABCA1 deficiency-mediated
glomerular cholesterol accumulation exacerbates glomerular endothelial injury and
dysfunction in diabetic kidney disease. Metabolism. (2023) 139:155377. doi: 10.1016/
j.metabol.2022.155377

44. Sun'Y, Bai YP, Wang DG, Xing YJ, Zhang T, Wang W, et al. Protective effects of
metformin on pancreatic B-cell ferroptosis in type 2 diabetes in vivo. BioMed.
Pharmacother. (2023) 168:115835. doi: 10.1016/j.biopha.2023.115835

45. Fang L, Lu S, Fang L, Yu J, Kakongma N, Hu W. Metformin ameliorates gestational
diabetes mellitus via inhibiting ferroptosis of trophoblasts through the Nrf2/HO-1 signaling
pathway. Free Radic. Res. (2025) 59:190-203. doi: 10.1080/10715762.2025.2468737

46. YueF, ShiY, Wu S, Xing L, He D, Wei L, et al. Metformin alleviates hepatic iron
overload and ferroptosis through AMPK-ferroportin pathway in HFD-induced
NAFLD. iScience. (2023) 26:108560. doi: 10.1016/j.is¢i.2023.108560

47. Zhang T, Wang MY, Wang GD, Lv QY, Huang YQ, Zhang P, et al. Metformin
improves nonalcoholic fatty liver disease in db/db mice by inhibiting ferroptosis. Eur. J.
Pharmacol. (2024) 966:176341. doi: 10.1016/j.ejphar.2024.176341

48. Yang F, Qin Y, Wang Y, Meng S, Xian H, Che H, et al. Metformin inhibits the
NLRP3 inflammasome via AMPK/mTOR-dependent effects in diabetic
cardiomyopathy. Int. J. Biol. Sci. (2019) 15:1010-9. doi: 10.7150/ijbs.29680

49. Liu B, Xu J, Lu L, Gao L, Zhu S, Sui Y, et al. Metformin induces pyroptosis in
leptin receptor-defective hepatocytes via overactivation of the AMPK axis. Cell Death
Dis. (2023) 14:82. doi: 10.1038/s41419-023-05623-4

50. Deng C, Xiong L, Chen Y, Wu K, Wu J. Metformin induces ferroptosis through
the Nrf2/HO-1 signaling in lung cancer. BMC Pulm Med. (2023) 23:360. doi: 10.1186/
512890-023-02655-6

51. Yang], Zhou Y, Xie S, Wang ], Li Z, Chen L, et al. Metformin induces ferroptosis
by inhibiting UFMylation of SLC7A11 in breast cancer. J. Exp. Clin. Cancer Res. (2021)
40:206. doi: 10.1186/s13046-021-02012-7

52. XieY,Zhus§,SongX, SunX,FanY, LiuJ, etal. The tumor suppressor p53 limits ferroptosis
by blocking DPP4 activity. Cell Rep. (2017) 20:1692-704. do: 10.1016/j.celrep.2017.07.055

53. Zhang Z, Li L, Dai Y, Lian Y, Song H, Dai X, et al. Dapagliflozin inhibits
ferroptosis and ameliorates renal fibrosis in diabetic C57BL/6] mice. Sci. Rep. (2025)
15:7117. doi: 10.1038/s41598-025-91278-4

54. Wang YH, Chang DY, Zhao MH, Chen M. Dapagliflozin alleviates diabetic
kidney disease via hypoxia inducible factor 1o/heme oxygenase 1-mediated ferroptosis.
Antioxid Redox Signal. (2024) 40:492-509. doi: 10.1089/ars.2022.0169

Frontiers in Clinical Diabetes and Healthcare

13

10.3389/fcdhc.2025.1657710

55. Lu Q, Yang L, Xiao JJ, Liu Q, Ni L, Hu JW, et al. Empagliflozin attenuates
the renal tubular ferroptosis in diabetic kidney disease through AMPK/NRF2
pathway. Free Radic Biol Med. (2023) 195:89-102. doi: 10.1016/
j.freeradbiomed.2022.12.088

56. Sedik AA, Esmat N, Khalil WKB, El-Mosallamy A. Unravelling the mechanism
by which vildagliptin and linagliptin inhibit pyroptosis in lung injury through the
NLRP3 inflammatory pathway in type 1 diabetic rats. Sci. Rep. (2025) 15:20292.
doi: 10.1038/541598-025-07204-1

57. Zhang ZW, Tang MQ, Liu W, Song Y, Gao M]J, Ni P, et al. Dapagliflozin
prevents kidney podocytes pyroptosis via miR-155-5p/HO-1/NLRP3 axis
modulation. Int. Immunopharmacol. (2024) 131:111785. doi: 10.1016/
j.intimp.2024.111785

58. Zhang Z, Ni P, Tang M, Song Y, Liu C, Zhao B. Dapagliflozin alleviates renal
podocyte pyroptosis via regulation of the HO-1/NLRP3 axis. Mol. Med. Rep. (2023)
28:200. doi: 10.3892/mmr.2023.13087

59. Zhang S, Guo S, Wang P, Song Y, Yang L, Sun Q, et al. Dapagliflozin attenuates
skeletal muscle atrophy in diabetic nephropathy mice through suppressing Gasdermin
D-mediated pyroptosis. Int. Immunopharmacol. (2025) 148:114088. doi: 10.1016/
j.intimp.2025.114088

60. Huang S, Wu B, He Y, Qiu R, Yang T, Wang S, et al. Canagliflozin ameliorates
the development of NAFLD by preventing NLRP3-mediated pyroptosis through
FGF21-ERK1/2 pathway. Hepatol. Commun. (2023) 7:e0045. doi: 10.1097/
HC9.0000000000000045

61. Xue M, Li T, Wang Y, Chang Y, Cheng Y, Lu Y, et al. Empagliflozin prevents
cardiomyopathy via sGC-cGMP-PKG pathway in type 2 diabetes mice. Clin. Sci.
(Lond). (2019) 133:1705-20. doi: 10.1042/CS20190585

62. Newton K, Strasser A, Kayagaki N, Dixit VM. Cell death. Cell. (2024) 187
(2):235-56. doi: 10.1016/j.cell.2023.11.044

63. Jin EJ, Jo Y, Wei S, Rizzo M, Ryu D, Gariani K, et al. Ferroptosis and iron
metabolism in diabetes: Pathogenesis, associated complications, and therapeutic
implications. Front Endocrinol (Lausanne). (2024) 15:1447148. doi: 10.3389/
fendo.2024.1447148

64. Tajbakhsh A, Gheibihayat SM, Karami N, Savardashtaki A, Butler AE, Rizzo M,
et al. The regulation of efferocytosis signaling pathways and adipose tissue homeostasis
in physiological conditions and obesity: Current understanding and treatment options.
Obes Rev. (2022) 23(10):e13487. doi: 10.1111/0br.13487

65. Cui X, Zhu Y, Zeng L, Zhang M, Uddin A, Gillespie TW, et al. Pharmacological
dissection identifies retatrutide overcomes the therapeutic barrier of obese tnbc
treatments through suppressing the interplay between glycosylation and
ubiquitylation of YAP. Adv. Sci. (Weinh). (2025) 12:¢2407494. doi: 10.1002/
advs.202407494

frontiersin.org


https://doi.org/10.1038/s41598-023-46274-x
https://doi.org/10.1016/j.metabol.2022.155377
https://doi.org/10.1016/j.metabol.2022.155377
https://doi.org/10.1016/j.biopha.2023.115835
https://doi.org/10.1080/10715762.2025.2468737
https://doi.org/10.1016/j.isci.2023.108560
https://doi.org/10.1016/j.ejphar.2024.176341
https://doi.org/10.7150/ijbs.29680
https://doi.org/10.1038/s41419-023-05623-4
https://doi.org/10.1186/s12890-023-02655-6
https://doi.org/10.1186/s12890-023-02655-6
https://doi.org/10.1186/s13046-021-02012-7
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1038/s41598-025-91278-4
https://doi.org/10.1089/ars.2022.0169
https://doi.org/10.1016/j.freeradbiomed.2022.12.088
https://doi.org/10.1016/j.freeradbiomed.2022.12.088
https://doi.org/10.1038/s41598-025-07204-1
https://doi.org/10.1016/j.intimp.2024.111785
https://doi.org/10.1016/j.intimp.2024.111785
https://doi.org/10.3892/mmr.2023.13087
https://doi.org/10.1016/j.intimp.2025.114088
https://doi.org/10.1016/j.intimp.2025.114088
https://doi.org/10.1097/HC9.0000000000000045
https://doi.org/10.1097/HC9.0000000000000045
https://doi.org/10.1042/CS20190585
https://doi.org/10.1016/j.cell.2023.11.044
https://doi.org/10.3389/fendo.2024.1447148
https://doi.org/10.3389/fendo.2024.1447148
https://doi.org/10.1111/obr.13487
https://doi.org/10.1002/advs.202407494
https://doi.org/10.1002/advs.202407494
https://doi.org/10.3389/fcdhc.2025.1657710
https://www.frontiersin.org/journals/clinical-diabetes-and-healthcare
https://www.frontiersin.org

	Ferroptosis and pyroptosis in diabetes mellitus: emerging therapeutic potential of GLP-1 receptor agonists
	Introduction
	Search strategy
	Experimental data on ferroptosis
	Experimental data on pyroptosis
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


