Biochemical Pharmacology 250 (2026) 117998

o %

ELSEVIER

Contents lists available at ScienceDirect

Biochemical Pharmacology

Biochemical
Pharmacology

journal homepage: www.elsevier.com/locate/biochempharm e

L))

Check for

Convergence of ER stress and ferroptosis in diabetic vasculopathy: | e
therapeutic protection by ferrostatin-1

Yue Ma ™', Junjia Gao ™", Yaqgian Sun®, Yufan Gu®, Lu Zhang“, Yanru Zhen*, Hui Jia,
Yueyang Liu™, Qian Xu™ , Ming-Sheng Zhou ™

& Shenyang Key Laboratory of Vascular Biology, Institute of Life Science, Shenyang Medical College, Shenyang 110034, China
Y Department of Cardiology, The 2™ Affiliated Hospital of Shenyang Medical College, 110002, China
€ School of Traditional Chinese Medicine, Shenyang Medical College, Shenyang 110034, China

ARTICLE INFO

Keywords:

Diabetic vasculopathy
Endoplasmic reticulum stress
Endothelial insulin resistance
Ferroptosis

Oxidative stress

ABSTRACT

Diabetic vascular complications are driven by endothelial dysfunction and insulin resistance, their underlying
mechanisms remain incompletely understood. Ferroptosis, an iron-dependent form of regulated cell death
characterized by lipid peroxidation, has been implicated in various diseases. However, its role in diabetic vas-
culopathy is unclear. This study investigated the contribution of ferroptosis to diabetic endothelial injury and its
interplay with oxidative and endoplasmic reticulum (ER) stress. In diabetic db/db mice, the ferroptosis inhibitor
ferrostatin-1 (Fer-1) reduced aortic thickness (—65%), reactive oxygen species production (—87.3%), and
improved endothelium-dependent relaxation to acetylcholine (75.6%) and insulin (73.1%), independent of
glycemic control. In human umbilical vein endothelial cells (HUVECs), high glucose induced ferroptosis, evi-
denced by mitochondrial shrinkage, downregulation of glutathione peroxidase 4/ solute carrier family 7 member
1 (SLC7A11), and lipid peroxidation. Fer-1 co-treatment suppressed these effects, concurrently alleviating
oxidative/ER stress and restoring insulin-stimulated phosphoinositide 3-kinase/AKT/endothelial nitric oxide
synthase signaling. Mechanistically, quenching oxidative stress with N-acetylcysteine attenuated high glucose-
induced ER stress, ferroptosis, and insulin resistance. Furthermore, inhibiting ER stress or silencing the pro-
apoptotic transcription factor C/EBP homologous protein (CHOP), a known repressor of SLC7A11, attenuated
high glucose-induced ferroptosis and partially restored insulin signaling. Our findings suggest the presence of a
pathway in which high glucose-driven oxidative stress may initiate ER stress, leading to CHOP-mediated sup-
pression of SLC7A11 and subsequent ferroptosis, thereby contributing to endothelial insulin resistance. These
results raise the possibility that targeting ferroptosis could represent a promising therapeutic strategy for diabetic
vascular complications, possible through mechanisms distinct from glucose-lowering.

Abbreviations: ATF4, activating transcription factor 4; BCA, bicinchoninic acid; CCK-8, cell counting kit-8; CHOP, C/EBP homologous protein; DCFH-DA, 2/,7-
Dichlorodihydrofluorescein diacetate; DHE, dihydroethidium; DMSO, dimethyl sulfoxide; elF2a, eukaryotic initiation factor 2a; eNOS, endothelial nitric oxide
synthase; ER, endoplasmic reticulum; Fer-1, ferrostatin-1; FTH1, ferritin heavy chain 1; GPX4, glutathione peroxidase 4; GRP78, glucose-regulated protein 78; GSH,
reduced glutathione; GSSG, oxidized glutathione disulfide; HBSS, hanks’ balanced salt solution; HE, hematoxylin and eosin; HG, high glucose; HRP, horseradish
peroxidase; HUVECs, human umbilical vein endothelial cells; HMEC-1, Human Microvascular Endothelial Cell line-1; 4HNE, 4 Hydroxynonenal; INS, insulin; ITT,
Insulin tolerance test; NAC, N-acetylcysteine; NG, normal glucose; Nrf2, nuclear factor erythroid 2-related factor 2; OS, osmotic stress; PBS, phosphate-buffered
saline; PERK, Protein kinase RNA-like endoplasmic reticulum kinase; PI3K, phosphatidylinositol 3-kinase; PSS, physiological salt solution; PVDF, polyvinylidene
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1. Introduction

Type 2 diabetes mellitus (T2DM) poses a profound global health
burden, primarily driven by its devastating vascular complications [1].
A key mediator of this pathophysiology is endothelial dysfunction,
where impaired insulin signaling plays a central role [2]. The inability of
insulin to stimulate vasorelaxation via the phosphatidylinositol 3-kinase
(PI3K)/Protein Kinase B (PKB/AKT)/endothelial nitric oxide synthase
(eNOS) pathway represents a critical feature of endothelial insulin
resistance [3-5]. This dysfunction promotes a pro-inflammatory and
pro-contractile state, leading to vascular dysfunction and injury [6].
Chronic hyperglycemia serves as the primary instigator of this damage
[71, initiating a cascade of metabolic disturbances that directly impair
endothelial function and insulin-mediated vasorelaxation, thereby
accelerating diabetic vasculopathy [8-10].

It has been shown that hyperglycemia drives endothelial injury
through the sustained activation of intracellular stress pathways. Among
them primary ones are oxidative stress and endoplasmic reticulum (ER)
stress, which impairs protein homeostasis [11-14]. These mechanisms
are intimately linked and serve as key instigators of the inflammatory
and dysfunctional endothelial phenotype [15], directly impairing the
insulin PI3K/AKT/eNOS signaling cascade and thereby promoting
vascular insulin resistance [16].

Sustained oxidative stress and ER stress in the endothelium may
create an ideal substrate for ferroptosis, a novel iron-dependent cell
death pathway driven by catastrophic lipid peroxidation [17,18]. The
metabolic disturbances of diabetes, including glutathione depletion and
altered iron homeostasis, can directly prime this process [19,20]. We
propose that ferroptosis acts not as a parallel pathway, but as a critical
convergent mechanism through which unresolved oxidative and ER
stress ultimately execute cellular demise and exacerbate impairment of
insulin signaling in the vasculature [21,22].

Although ferroptosis has been proposed as an important mechanism
of diabetic endothelial injury, its regulatory pathways remain poorly
defined [23]. ER stress can promote ferroptosis, a process in which the
upregulation of the effector protein C/EBP homologous protein (CHOP)
may play an important role by depleting glutathione and inhibiting the
key antioxidant enzyme glutathione peroxidase (GPX) 4 [24-26].
Conversely, the lipid peroxidation and membrane damage caused by
ferroptosis can impair ER function, creating a vicious cycle that am-
plifies both forms of cellular stress and leads to cell death [27]. A critical
unanswered question is whether a causal link exists, whereby ER stress
acts as an upstream activator of ferroptosis in the diabetic endothelium.
This connection is plausible given their shared drivers including reactive
oxygen species (ROS)and the capacity of the ER stress effector CHOP to
repress antioxidant defense genes, thereby potentiating lipid peroxida-
tion [27,28]. However, this potential convergence of ER stress and fer-
roptosis, and its specific role in disrupting vascular insulin signaling, has
not been investigated, presenting a significant knowledge gap in our
understanding of diabetic vasculopathy [29].

To investigate this potential mechanistic nexus and explore a novel
therapeutic strategy, we employed the specific ferroptosis inhibitor
ferrostatin-1 (Fer-1), a potent radical-trapping antioxidant [30]. We
hypothesize that ER stress promotes ferroptosis, which constitutes a key
mechanism disrupting insulin signaling in diabetic endothelium, and
that inhibiting ferroptosis with Fer-1 will confer protection. To test this
hypothesis, we utilized both an in vivo diabetic db/db mice and an in vitro
model of high glucose-treated endothelial cells. We designed our
investigation with three interconnected tiers: first, to determine whether
Fer-1 treatment alleviates vascular injury, improves insulin-mediated
vasorelaxation, and reduces oxidative stress markers in diabetic db/db
mice; second, to investigate whether Fer-1 protects against high glucose-
induced cytotoxicity, ROS, ER stress, ferroptosis, and impaired insulin
AKT/eNOS signaling in endothelial cells; and third, to mechanistically
probe the causal link from ER stress to ferroptosis utilizing antioxidants
and ER stress inhibitors and genetic knockdown of the key effector
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CHOP via small interfering RNA (siRNA).

2. Methods
2.1. Animal grouping and experimental procedures

All animal procedures were conducted in compliance with the Na-
tional Institutes of Health (NIH) guidelines for the Care and Use of
Laboratory Animals and were approved by the Ethics Committee of
Shenyang Medical College (Approval No: SYYXY20240202). Ten-week-
old male db/db mice and control db/m littermates on a C57BL/6J
background were obtained from the GemPharmatech Co., Ltd., (Nanj-
ing, China). The animals were housed under specific pathogen-free
conditions in the Laboratory Animal Center of Shenyang Medical Col-
lege (Shenyang, Liaoning, China). After a two-week acclimatization
period, the mice were randomly divided into three groups: Control
group (Ctrl, n = 6): db/m littermates receiving an equal volume of sol-
vent; Diabetic group (db/db, n = 6): db/db mice receiving an equal
volume of solvent; Diabetic Fer-1 treatment group (db/db + Fer-1, n =
6): db/db mice treated with Fer-1. All mice were fed a standard mouse
diet. Fer-1 was administered daily via intraperitoneal injection at a dose
of 5 mg/kg for 8 weeks. Fer-1 was first dissolved in a vehicle consisting
of 5% dimethyl sulfoxide (DMSO), 40% polyethylene glycol (PEG)300,
5% Tween 80 and 50% double-distilled water, then diluted to achieve a
final DMSO concentration of less than 0.5%. Mice in the control and
diabetic groups received intraperitoneal injections of an equivalent
volume of solvent solution.

Body weight was measured weekly, and fasting blood glucose levels
were assessed weekly using an automatic blood glucose monitoring
system (Roche Accu-CHEK Active, Mannheim, Germany). One week
prior to the end of the study, all mice underwent daily training for 5
consecutive days to acclimate to blood pressure measurements. Systolic
blood pressure (SBP) was measured using a tail-cuff system (Softron
Biotechnology Co., Ltd., Beijing, China) in conscious mice under quiet
and dim lighting conditions, as previously described [31]. At least five
consecutive readings were recorded, and the average value was calcu-
lated for each mouse. At the end of the experimental period, mice were
fasted overnight and anesthetized with isoflurane (3% isoflurane, R510,
RWD Life Technology Co., Ltd., Shenzhen, China). Blood samples were
collected via left ventricular puncture. Plasma was used for measure-
ment of total cholesterol (TC) and triglyceride (TG). Serum levels of total
TC and TG were quantified using the assay kit (Nanjing Jiangchen
Bioengineering Institute Co., Nanjing, China) according to the COD-PAP
(A111-1-1) method and GPO-PAP (A110-1-1) enzymatic method,
respectively. The aorta was carefully isolated and processed for subse-
quent organ chamber experiments or histological analysis.

2.2. Histological analysis

The thoracic aorta, harvested from a segment 1 cm below the apex of
the aortic arch, was isolated and fixed in 4% paraformaldehyde prepared
in phosphate-buffered saline (PBS). The fixed tissue samples were
sectioned at a thickness of 4 pm and stained with hematoxylin and eosin
(HE, Beyotime, Biotechnology, Jiangsu, C0105M). Sections were imaged
using a Leica DM4B fluorescence microscope. For each animal, three
non-consecutive sections were selected, and two images per section
were acquired. The radial thickness of the media was measured using
ImageJ software (version 1.48v). To evaluate aortic fibrosis, Masson’s
trichrome staining (Beyotime, Biotechnology, Jiangsu, C0189M) was
performed. Semiquantitative analysis of fibrosis was carried out with
ImageJ (version 1.48v), and the results were expressed as the percentage
of positively stained area relative to the total area analyzed. All image
acquisition and quantitation procedures were performed in a blinded
manner, with evaluators having no knowledge of the experimental
group assignments.
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2.3. Organ chamber bath experiments

Endothelium-dependent relaxation to acetylcholine or insulin was
performed as previously described [32]. Briefly, aortic rings were
carefully cleaned of adherent connective tissue and sectioned into 3-mm
segments. Each ring was mounted in a 4-channel tissue bath system
(DMT Inc., Denmark) filled with oxygenated (95% O3 and 5% CO3)
physiological salt solution (PSS) at 37°C. The rings were gradually
stretched to an optimal resting tension of 1 g and allowed to equilibrate
for 90 min. After equilibration, vessel was preconstructed by two suc-
cessive exposures to PSS containing 60 mmol/L KCl. Rings that pro-
duced robust and reproducible contractions were used for further
experiments. To evaluate endothelium-dependent relaxation, the rings
were precontracted with norepinephrine (~30 nmol/L; Sigma-Aldrich,
St. Louis, MO, USA) to approximately 70% of their maximal constric-
tion. Cumulative concentration-response curves for acetylcholine (10~°
to 10~ mol/L, Sigma-Aldrich, A2661) or insulin (10~ to 10~ mol/L,
Sigma Aldrich, SLBZ8936) were then obtained. Relaxation responses to
acetylcholine and insulin were expressed as the percentage inhibition of
the precontraction induced by norepinephrine.

2.4. Determination of aortic ROS using dihydroethidium (DHE)
fluorescence staining

ROS production was measured by DHE fluorescence staining,
following a previously described method [32]. Paraffin-embedded aortic
tissue sections were deparaffinized and rehydrated according to stan-
dard protocols. The sections were then incubated with 10 pmol/L DHE
fluorescent probe (Beyotime, Biotechnology, Jiangsu, S0063), prepared
in DMSO, at 37°C for 30 minutes in a light-protected environment to
permit DHE oxidation by intracellular ROS. After incubation, the sam-
ples were rinsed with PBS and stored at 4°C. Fluorescence quantification
was performed within 30 minutes. Images were acquired using an
inverted fluorescence microscope with excitation at 488 nm and emis-
sion at 610 nm. Fluorescence intensity per unit area, indicative of ROS
levels, was quantified using ImageJ software [33].

2.5. Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased
from American Type Culture Collection Inco. (ATCC, Catalog #: CRL-
2922, female origin, Manassas. Virginia), and human microvascular
endothelial cell line-1 (HMEC-1) were obtained from Shanghai EK-
Bioscience Biotechnology Co., Ltd. (Shanghai, China). Both HUVECs
and HMEC-1 were maintained with glucose—free Dulbecco's Modified
Eagle Medium (DMEM, Pricella, PM150322, Wuhan Pricella Biotech-
nology Co., Ltd., Wuhan, China) supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, and exogenous glucose to a final
concentration of 5.5 mmol/L, and maintained at 37 °C in a 5% CO-
atmosphere prior to experimental treatments. Cells were seeded in 6-
well plates (3.0 x 10° cells/well). For HUVEC experiment, cells were
divided into four primary groups: a normoglycemic control (5.5 mmol/L
glucose), a normoglycemic control treated with Fer-1 (10 pmol/L,
Selleck, Houston, TX, S7243), a hyperglycemic group (30 mmol/L
glucose), and a hyperglycemic group treated with Fer-1. Fer-1 was dis-
solved in DMSO, and control groups received an equivalent volume of
the DMSO vehicle. In a subset of experiments, Fer-1 was substituted with
the antioxidant N-acetylcysteine (NAC, 1 mmol/L; Beyotime, Biotech-
nology, Nanjing, China, S0077) or ER stress inhibitor tauroursodeox-
ycholic acid (TUDCA, 100 pmol/L, Selleck, Houston, TX, S3654). To
assess the insulin signaling pathway, cells were stimulated with 100
nmol/L insulin for 15 minutes prior to harvest following the respective
treatments.

Additional experiments were performed in HMEC-1 to exclude po-
tential osmotic effects of high glucose. Cells were treated with normal
glucose (NG, 5.5 mmol/L), high glucose (HG, 30 mmol/L), or osmotic
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control medium containing 5.5 mmol/L glucose plus 24.5 mmol/L
mannitol, in the presence or absence of Fer-1. Cell viability, intracellular
ROS production, ER stress markers, and some ferroptosis-related protein
expressions were subsequently assessed using the same experimental
procedures as described for HUVECs.

2.6. siRNA transfection

Gene silencing of CHOP was performed using siRNA. HUVECs were
transfected with 50 nmol/L of CHOP-targeting siRNA (siCHOP). A non-
targeting scrambled siRNA sequence (siNC) was used as a negative
control in all experiments. All siRNA molecules were synthesized by
RiboBio Co., Ltd. (Guangzhou, China). Transfection was carried out
according to the manufacturer's instructions using a standard lipid-
based transfection reagent.

Following transfection, cells were allocated into four groups: (1)
normoglycemic siNC control, (2) normoglycemic siCHOP, (3) hyper-
glycemic siNC, and (4) hyperglycemic siCHOP. The hyperglycemic
condition was established by culturing cells in medium containing 30
mmol/L glucose, while the normoglycemic control contained 5.5 mmol/
L glucose. Cells were subjected to their respective treatments for a
predetermined period post-transfection before harvest. The efficiency of
CHOP knockdown was confirmed by Western blot analysis prior to
subsequent experiments.

To further investigate the role of CHOP in regulating intracellular
redox homeostasis, the ratio of reduced glutathione (GSH) to oxidized
glutathione (GSSG) (GSH/GSSG) was measured in siRNA-transfected
cells using a commercial GSH and GSSG Assay Kit (Beyotime Biotech-
nology, Jiangsu, S0053) according to the manufacturer’s instructions.
Experimental grouping for the GSH/GSSG assay was identical to that
described above.

2.7. CCK-8 assay

Cell viability was assessed using a cell counting kit-8 (CCK-8;
Vazyme, Nanjing, China, A311-02) according to the manufacturer’s
instructions. HUVECs or HMEC-1 cells were seeded into 96-well plates at
a density of 2 x 10* cells per well and allowed to adhere overnight.

For HUVEC experiments, cells were treated for 24 or 48 hours under
the following conditions: NG (5.5 mmol/L), HG (30 mmol/L), high
glucose plus the antioxidant NAC, or high glucose plus Fer-1. In a
separate experiment, CHOP expression was silenced by transfecting
HUVECs with siCHOP, using siNC as a negative control.

To further validate the effects of hyperglycemia and ferroptosis in
microvascular endothelial cells, additional experiments were performed
in HMEC-1. For dose-response studies, cells were exposed to increasing
glucose concentrations (5.5, 10, 20, and 30 mmol/L) for 24 hours. For
time-course analysis, HMEC-1 cells were treated with high glucose (30
mmol/L) for different durations (0, 24, and 48 hours). To determine the
involvement of different cell death pathways, HMEC-1 cells were treated
with high glucose in the presence or absence of specific cell death in-
hibitors, including Fer-1 (ferroptosis inhibitor, 10 pmol/L, MedChe-
mExpress, Monmouth Junction, NJ, USA, HY-100579), Z-VAD-FMK
(HY-16658B, pan-caspase inhibitor, apoptosis inhibitor, 100 pmol/L,
MedChemExpress), Necrostatin-1 (HY-15760, necroptosis inhibitor, 50
pmol/L, MedChemExpress). MCC950 (HY-12815, pyroptosis inhibitor,
10 pmol/L, MedChemExpress).

After the designated treatment period, 10 pL of CCK-8 solution was
added to each well, and the plates were incubated at 37°C for 2 hours.
Absorbance was measured at 450 nm using a microplate reader (BGM
LABTECH, Ortenberg, Germany). All samples were analyzed in technical
duplicate across three biological replicates.

2.8. Transmission electron microscopy (TEM)

HUVECs were fixed with 2.5% glutaraldehyde in PBS at 4°C and



Y. Ma et al. Biochemical Pharmacology 250 (2026) 117998
A B C
- Ctrl
-+ dbldb ~e- Ctd
- dbidb+Fer-1 -+ dbldb
0 40 = dbldb+Fer-1
Kk e KRR ORI dak TE y KRK T i o
= 2 30 *hk X
s, |7 = Pt b
o o 20
g —o—0—0—_o ——0—° B E
> o~
‘g 20 @ 10
@ /——k-o——C\’,__o—.
o 0 T T T T T T T T
T T T T T T T T
12 13 1415 12 13 14 15 16 17 18 19 T L
: bt (17312 Week Weeks
Ctrl db/db db/db+Fer-1 CEES
D E F G
- Ctrl 3d 4- o 5 o 150 Sk 4
—+ dbldb é . E 6] Kok 2 5.
40 = dbldb+Fer-1 3 . E - 2 : 3
~r S S
Kk ok Kk Kk *kk  hkk 2 g # - gy 100
] 2 41 AAd °
2 30 **x P > 2] - [*]
Q ~ 2 ] X o
figan) ° -
23 ] " ® o=
O 2 20 ] . % 24 ) 50—
o £ - 4 @ -
oL (3 - ]
2 o [ -
o 10 > < »
> 9 &
. ‘\‘\,__o—./‘ l\_"-' 0- T 0 x 0
T T T T T T O o) N o R N N
0 15 30 45 60 120 < 8°\b <& A so\b <& o ’0\8" &
Time (mins) o » (S
O o &
O & N
& ¥

Fig. 1. Ferrostatin 1 (Fer-1) improves metabolic parameters in diabetic db/db mice independent of glycemic control. (A) Comparative gross appearance of mice and
(B) body weight; (C) Fasting blood glucose; (D) Insulin tolerance test (ITT); (E) Total serum triglyceride (TG); (F) Total serum total cholesterol (TC) and (G) Systolic
blood pressure (SBP). N = 6. Data are presented as mean + SEM. ***p<0.001, **p<0.01, vs. control (Ctrl) group; #p<0.05 vs. db/db group.

subsequently post-fixed with 1% osmium tetroxide. The samples were
then dehydrated through a graded series of ethanol solutions and
embedded in epoxy resin. Following polymerization, ultra-thin sections
(approximately 90 nm thick) were cut and mounted on uncoated copper
grids. The sections were contrast-stained with 2% uranyl acetate fol-
lowed by Reynolds' lead citrate (0.1%). Finally, the prepared grids were
examined and imaged using a HITACHI H-7650 TEM operating at an
acceleration voltage of 80 kV (FEI Tecnai, G2 120KV, USA).

2.9. Measurement of intracellular ferrous iron (Fe?*) with FerroOrange
staining

To quantify the intracellular Fe?* level, HUVECs were subjected to
FerroOrange fluorescence staining. The cells were loaded with 1 pmol/L
FerroOrange (Dojindo Molecular Technologies, Kumamoto, Japan,
F374) in Hanks’ Balanced Salt Solution and incubated at 37°C for 30
minutes in the dark to allow the dye to penetrate and chelate intracel-
lular Fe>*. After the incubation period, fluorescent images were ac-
quired using a fluorescence microscope. For quantification, the average
fluorescence intensity was calculated from the images using ImageJ
software. This was done by measuring the integrated density (total
fluorescence intensity) within the cell boundaries, normalizing it to the
total cellular area, and subtracting the background signal from a cell-
free region. Final concentrations are expressed as mean fluorescence
density.

2.10. Determination of intracellular ROS using flow cytometry

To assess intracellular ROS levels, HUVECs were incubated with
normal or high glucose with or without Fer-1 treatment for 24 hours.
Then cells were incubated with 10 pmol/L  2,7-

Dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime Biotech-
nology, Nanjing, China, S0033S) in serum-free medium at 37°C for 30
minutes in the dark. This cell-permeable probe is deacetylated by
intracellular esterases to non-fluorescent compound DCFH, which is
subsequently oxidized to highly fluorescent DCF in the presence of ROS.
Following incubation, the cells were washed twice with PBS to remove
residual probe. The fluorescence intensity of DCF, proportional to ROS
levels, was immediately analyzed using a flow cytometer (NovoCy-
teAdvanteon, Agilent Biotechnology Co., Ltd., Santa Clara, USA). For
each sample, a total of 100,000 events were recorded, and the DCF-DA
positive ratio was quantified, and relative fluorescence intensity was
normalized to the normoglycemia group.

2.11. Western blot analysis

Protein lysates were prepared from HUVECs, HMEC-1 or homoge-
nized aortic tissues using RIPA lysis buffer supplemented with protease
and phosphatase inhibitors. Protein concentration was determined with
a bicinchoninic acid (BCA)protein assay kit (Beyotime Biotechnology,
Nanjing, China, P0010) according to the manufacturer's instructions.
Equal amounts of protein (50 pg per lane) were separated by electro-
phoresis on 8-12% sodium dodecyl sulfate-polyacrylamide gels and
subsequently transferred onto polyvinylidene fluoride membranes. The
membranes were blocked for 1 hour at room temperature with 5% non-
fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST).
Following blocking, membranes were incubated overnight at 4°C with
specific primary antibodies diluted in blocking buffer. The primary an-
tibodies were as follows: anti-glucose-regulated protein 78 (GRP78;
Proteintech, Rosemont, USA, 11587-1-AP); anti-CHOP (Proteintech,
15204-1-AP), anti-solute carrier family 7 member 11 (SLC7A11;
ABclonal, Wuhan, China, A13685), anti-GPX4 (Abcam, Cambridge, UK,
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Fig. 2. Fer-1 ameliorates aortic remodeling, oxidative stress, and endothelium-dependent relaxation to acetylcholine and insulin in db/db mice. Representative
images (A) and quantification (B) of aortic section by Hematoxylin & Eosin (HE) staining; Representative images (C) and semiquantitative analysis (D) of aortic
section by Masson's trichrome staining. (E) Representative dihydroethidium (DHE) fluorescence staining of aortic reactive oxygen species (ROS) and its quantification
analysis (F). Acetylcholine- (G) or insulin- (H) induced endothelium-dependent vasorelaxation in aortic rings. N = 6. ***p<0.001, **p<0.01, *p<0.05 vs. Ctrl group;

###p<0.001, ##p<0.01, #p<0.05 vs. db/db group. Scale bar: 75 pm.

AB125066), anti-ferritin heavy chain 1 (FTH1, ABclonal, 4393), anti-
transferrin (TFR, Abcam, AB214039), anti-nuclear factor erythroid 2-
related factor 2 (Nrf2, Abmart, Berkeley Heights, NJ, USA, T55136M);
anti-AKT (Abmart, T55561F), anti-P-AKT Ser473 (Abmart, T40067S),
anti-4 Hydroxynonenal (4HNE, Abcam, AB46545), and anti-eNOS
(ABclonal, A20985), anti-P-eNOS Ser1177 (ABclonal, AP0515).

After incubation with primary antibodies, membranes were washed
with TBST and then incubated for 1 hour at room temperature with
appropriate horseradish peroxidase-conjugated secondary antibodies:
goat anti-mouse IgG. Protein bands were visualized using a Bio-Rad
chemiluminescence detection system. To ensure equal protein loading,
membranes were stripped and re-probed with an anti- glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody. Band intensities were
quantified using ImageJ software. Data were normalized to GAPDH or to
the corresponding total protein for phosphoproteins, and are expressed

as a fold change compared to the control group.

To detect the Nrf2 protein expression in nuclear fraction, nuclear and
cytoplasmic fractions were prepared from HMEC-1 using the NE-PER
Nuclear and Cytoplasmic Extraction Kit (Beyotime Biotechnology,
Nanjing, China, P0028) according to the manufacturer's instructions.
Briefly, cells were harvested, gently lysed in cytoplasmic extraction
buffer, and centrifuged at 16,000 x g for 5 minutes. The insoluble pellet
containing nuclei was resuspended in nuclear extraction buffer, incu-
bated on ice for 30 minutes with vortexing every 10 minutes, and
centrifuged at 16,000 x g for 10 minutes. The supernatant (nuclear
fraction) was collected to detect nuclear Nrf2 expression using Western
blot analysis. Data were normalized to LaminA/C, and are expressed as a
fold change compared to the control group.
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Fig. 3. Fer-1 mitigates high glucose-induced ROS, endoplasmic reticulum (ER) stress, and loss of cell viability in human umbilical vein endothelial cells (HUVECs, A-
G) and human microvascular endothelial cell line-1 (HMEC-1, H-M). (A) Representative flow cytometry histograms and (B) quantification of intracellular ROS in
HUVEGCs, N = 6; (C) Representative images and (D) quantification of oxidative fluorescence in HUVECs stained with 2',7'-Dichlorodihydrofluorescein diacetate
(DCFH-DA), N = 6; (E-F) Western blot analysis and quantification of ER stress markers (E) glucose-regulated protein (GRP)78, N = 5 and (F) C/EBP homologous
protein (CHOP), N = 5; (G) Cell viability in HUVECs; (H-K) Effect of Fer-1 on ROS production in HMEC-1, determined by flowcytometry, N = 6; (L-M): Osmotic stress
did not affect protein expression of GRP78, N = 3 (L) and CHOP, N = 4 (M) in HMEC-1. ***p<0.001, **p<0.01, *p<0.05 vs. NG group; ###p<0.001, ##p<0.01,

#p<0.05 vs. high glucose (HG) group. Scale bar: 25 pym.

2.12. Statistical analysis

Data are presented as the mean + standard error of the mean (SEM).
All statistical analyses were performed using GraphPad Prism software
(version 8.0 or higher). The exact number of independent replicates (n)
is provided in each figure legend, where 'n' represents the number of
independent biological replicates. Technical replicates were averaged
for each biological replicate prior to statistical analysis. For comparisons
involving more than two groups, one-way or two-way analysis (con-
centration-response curves) of variance (ANOVA) was performed as
appropriate, followed by Tukey's post hoc test for multiple comparisons.

The sample size for in vivo experiments (n = 6 per group) was
determined based on an a priori power analysis, anticipating a large
effect size (Cohen's f > 0.40) for primary endpoints based on preliminary
data and previous literature. This sample size was calculated to achieve
at least 80% statistical power (¢ = 0.05). A result was considered sta-
tistically significant when the p-value was less than 0.05 (p < 0.05).

3. Results

3.1. Fer-1 treatment improves metabolic parameters independent of
glucose metabolism in db/db mice

As illustrated in Fig. 1, diabetic db/db mice displayed significant
elevations in body weight, fasting blood glucose, serum TC and TG,
accompanied by impaired glucose tolerance and a mild increase in SBP
relative to non-diabetic controls. Eight-week treatment with Fer-1 eli-
cited modest but significant reductions in body weight, total cholesterol,
triglycerides, and SBP in db/db mice. Despite these effects, Fer-1

administration did not mitigate hyperglycemia or improve glucose
tolerance. These results demonstrate that inhibition of ferroptosis
ameliorates specific metabolic and hypertensive parameters in a manner
largely independent of systemic glucose regulation.

3.2. Fer-1 alleviates aortic remodeling, oxidative stress, and endothelium-
dependent relaxation to acetylcholine and insulin in db/db mice

Histological analysis revealed a significant increase in aortic wall
thickness and fibrosis in db/db mice, as demonstrated by HE and Mas-
son's trichrome staining, respectively; these structural abnormalities
were attenuated by Fer-1 treatment (Fig. 2 A-D). Consistent with these
findings, aortic oxidative stress, indicated by DHE fluorescence staining,
was markedly elevated in db/db mice and subsequently reduced by Fer-1
(Fig. 2E, F). Functionally, the impaired endothelium-dependent relaxa-
tion in response to both acetylcholine and insulin observed in db/db
mice was also ameliorated by Fer-1 treatment (Fig. 2 G and H).

3.3. Fer-1 mitigates oxidative stress and ER stress and improves cell
viability in high glucose-treated endothelial cells

It has been shown that Fer-1 exerts protective effects through directly
targeting the core ferroptosis pathway and indirectly mitigating asso-
ciated oxidative and ER stress [34]. To investigate cellular mechanisms
underlying Fer-1-mediated vascular protection, HUVECs derived from
female donor were exposed to high glucose with or without ferroptosis
inhibitor Fer-1. High glucose significantly increased ROS production, as
measured by DCFH-DA fluorescence and flow cytometry, and this in-
crease was inhibited by Fer-1 (Fig. 3 A-D). Furthermore, high glucose-
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Fig. 4. Fer-1 counteracts high glucose-induced alterations in ferroptosis-related protein expression in endothelial cells. (A-F) Protein expression of key ferroptosis
pathway proteins in HUVECs: (A) Glutathione peroxidase (GPX4), N = 5; (B) Nuclear factor erythroid 2-related factor (Nrf)2, N = 4; (C) Ferritin heavy chain (FTH)1,
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affect the protein expression of TFR (G) and SLC7A11 (H) in HMEC-1. N = 4,
HG group.

induced upregulation of the ER stress markers GRP78 and CHOP was
also attenuated by Fer-1 treatment (Fig. 3 E and F). This reduction in
cellular stress was associated with a partial but significant improvement
in high glucose-impaired cell viability, as shown by CCK-8 assay (Fig. 3
G).

To further validate glucose specificity and improve physiological
relevance, additional experiments were performed using adult-derived
HMEC-1. Using flow cytometry with DCFH-DA fluorescence, we found
that Fer-1 reduced high glucose-induced ROS generation in a dose-
dependent manner, with significant effects observed at 1 pmol/L and
progressively greater inhibition at 5 pmol/L and 10 pmol/L (Fig. 3 Hand
I). Osmotic stress (OS) treatment did not significantly affect ROS pro-
duction (Fig. 3 J and K), OS also did not affect ER stress markers glucose-
regulated protein (GRP)78 and CHOP (Fig. 3 L and M), compared with
normal glucose conditions, whereas high glucose induced similar al-
terations to those observed in HUVEGCs, including increased CHOP and
GRP78 expression, confirming that the observed cellular injury was
glucose-specific rather than due to hyperosmolarity.

3.4. Fer-1 inhibits high glucose-induced ferroptosis and restores insulin
activation of the PI3K/eNOS pathway in endothelial cells

To investigate the mechanism by which Fer-1 inhibits high glucose-
induced ferroptosis, we analyzed key markers of the ferroptosis pathway
in HUVEGs. High glucose treatment significantly downregulated the
expression of antioxidant proteins GPX4 and Nrf2, as well as the iron
storage protein ferritin heavy chain (FTH)1 (Fig. 4 A-C). Conversely, it
upregulated the lipid peroxidation marker 4HNE and the iron import
protein TFR (Fig. 4 D and E). Furthermore, given that the cystine/
glutamate antiporter SLC7A11 is a critical gatekeeper of ferroptosis, we
assessed its expression and found that high glucose significantly
decreased SLC7A11, an effect partially reversed by Fer-1 co-treatment
(Fig. 4 F). To rule out the influence of hyperosmolarity induced by high
glucose, we treated HMEC-1 with osmotic control medium (mannitol,

***p<0.001, *p<0.05 vs. normal glucose (NG) group; ###p<0.001, #p<0.05 vs.

0S) and found that OS did not affect the expression of TFR and SLC7A11
(Fig. 4 G and H).

Furthermore, FerroOrange fluorescence staining revealed that Fer-1
attenuated the high glucose-induced accumulation of intracellular Fe**
in HUVECs (Fig. 5 A and B).

Because Nrf2 activity depends on nuclear translocation, we further
assessed nuclear Nrf2 levels. High glucose significantly reduced nuclear
Nrf2 accumulation, whereas Fer-1 partially restored nuclear Nrf2
expression (Fig. 5 C), indicating improved Nrf2 activation. To further
evaluate the functional status of the antioxidant system, intracellular
glutathione balance was assessed. High glucose significantly reduced the
GSH/GSSG ratio, while Fer-1 treatment partially restored glutathione
homeostasis (Fig. 5 D), supporting preservation of the system Xc™-GSH-
GPX4 axis.

TEM analysis of mitochondrial morphology, a key hallmark of fer-
roptosis, demonstrated that high glucose caused characteristic mito-
chondrial morphological changes associated with ferroptosis, including
mitochondrial shrinkage/swelling, loss of cristae, and an increased in
dense particles, which were substantially reversed by Fer-1 (Fig. 5 E).

Given that impairment of the endothelial insulin pathway is a key
mechanism in diabetic vasculopathy [35], we next examined the effect
of Fer-1 on the phosphorylated AKT/eNOS signaling pathway. As ex-
pected, high glucose significantly impaired insulin-induced P-AKT
(ser473) and P-eNOS (ser1177), and this impairment was reversed by
Fer-1 treatment (Fig. 5 F and G). Interestingly, we also observed that
high glucose significantly reduced basal phosphorylation levels of AKT
(ser 473) and eNOS (ser1177) in HMEC-1 cells, and OS did not affect
basal phosphorylation of AKT or eNOS (Fig. 5 H and I). Collectively,
these results demonstrate that Fer-1 alleviates diabetic vasculopathy by
inhibiting ER stress-induced ferroptosis, thereby restoring endothelial
insulin signaling.
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3.5. Ferroptosis contributes to high glucose-induced endothelial injury
alongside apoptosis but not necroptosis or pyroptosis

To determine the specificity of ferroptosis in high glucose-induced
endothelial injury, HMEC-1 cells were treated with inhibitors target-
ing different programmed cell death pathways. High glucose but not
mannitol significantly reduced cell viability in a time-dependent

manner. Notably, this effect was also glucose concentration-
dependent: compared to normal glucose (5.5 mmol/L), 10 mmol/L
glucose did not affect cell viability, but further increasing glucose con-
centrations (20 mmol/L and 30 mmol/L) dose-dependently reduced
viability, an effect partially reversed by Fer-1 treatment. Co-treatment
with Fer-1 also significantly improved cell viability at both 24 hours
(62.6%) and 48 hours (41.9) (Fig. 6 A). The apoptosis inhibitor z-VAD-
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fmk also partially rescued cell viability (58.5%), although the protective
effect was weaker than that of Fer-1 at 48 hours (82.3%). In contrast,
neither the necroptosis inhibitor necrostatin-1 nor the pyroptosis in-
hibitor MCC950 significantly affected cell viability (Fig. 6 B).

These results suggest that both ferroptosis and apoptosis contribute
to high glucose-induced endothelial injury, whereas necroptosis and
pyroptosis play minimal roles under these conditions.

3.6. NAC attenuates high glucose-induced oxidative stress, ER stress,
ferroptosis, and insulin signaling impairment in HUVECs

Given the interconnected relationship between oxidative stress, ER
stress, and ferroptosis [36], we investigated whether oxidative stress is
an upstream driver of this deleterious cascade under high glucose con-
ditions. To this end, we examined the effects of the antioxidant NAC. As
expected, NAC treatment significantly attenuated high glucose-induced
ROS production, as measured by DCFH-DA fluorescence (Fig. 7 A and B).
This reduction was accompanied by decreased ER stress markers GRP78
and CHOP (Fig. 7 C and D). Concurrently, NAC restored the expression
of GPX4, Nrf2, and FTH1 (Fig. 7 E-G), and reduced the levels of 4HNE
and TFR (Fig. 7 H and I). Importantly, NAC also restored the insulin-
stimulated phosphorylation of AKT Ser473 and eNOS Serl177
impaired by high glucose (Fig. 7 J and K). These results support that
oxidative stress is a critical upstream mediator linking high glucose to
ER stress, ferroptosis and endothelial insulin signaling.

3.7. Inhibition of ER stress or CHOP silencing attenuates ferroptosis and
restores insulin signaling in HUVECs

To investigate the role of downstream ER stress in high glucose-
induced ferroptosis and impaired insulin signaling, endothelial cells
were treated with the ER stress inhibitor TUDCA. TUDCA significantly
attenuated the high glucose-induced upregulation of CHOP and
concurrently reversed the downregulation of the key ferroptotic proteins
GPX4 and SLC7A11 (Fig. 8A-C), and reversed the high glucose-induced
impairment of insulin-stimulated AKT (Ser473) and eNOS (Ser1177)
phosphorylation (Fig. 8 D and E), indicating improved insulin signaling.

Since CHOP is a known repressor of the System Xc™-GSH-GPX4 axis,
we next examined its role using siRNA-mediated knockdown, CHOP
expression was reduced by approximately 70% following siRNA trans-
fection (Fig. 9 A). CHOP silencing effectively restored SLC7A11 and
GPX4 levels under high glucose conditions (Fig. 9 B and C), increased
cell viability (Fig. 9 D), and rescued the high glucose-induced impair-
ment of insulin-stimulated AKT Ser473and eNOS Ser1177 phosphory-
lation (Fig. 9 E and F). Furthermore, CHOP knockdown significantly
improved intracellular glutathione balance, as reflected by restoration
of the GSH/GSSG ratio (Fig. 9 G), indicating preservation of the anti-
oxidant defense system. Collectively, these results demonstrate that ER
stress, acting through CHOP is a critical mediator linking high glucose
exposure to ferroptosis activation and endothelial insulin signaling
impairment.
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Fig. 8. Inhibition of ER stress by tauroursodeoxycholic acid (TUDCA) attenuates high glucose-induced ferroptosis in HUVECs. Protein expression of CHOP (A), N = 6;
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vs. HG group or HG+INS group.

4. Discussion

The principal findings of this study are that ferroptosis plays a critical
role in the pathogenesis of diabetic endothelial injury and endothelial
insulin resistance [37]. Using complementary in vivo model, we
demonstrate that high glucose drives a deleterious cascade wherein
oxidative stress initiates ER stress, which in turn promotes ferroptosis,
ultimately impairing the endothelial insulin stimulation of AKT/eNOS
signaling axis [38]. Crucially, the inhibition of ferroptosis with Fer-1
was sufficient to break this cascade and improved vascular function
without altering systemic glycemia, suggesting that ferroptosis repre-
sents a direct pathogenic mechanism of diabetic vasculopathy rather
than a secondary consequence of hyperglycemia alone [37].

Our in vivo experiments established a mechanistic link between fer-
roptosis and diabetic vasculopathy in db/db diabetic mice. The db/db
mouse exhibited classic features of vascular complications, including
aortic remodeling, elevated oxidative stress, and profound impairment
of endothelium-dependent vasodilation in response to both acetylcho-
line and insulin. The amelioration of these structural and functional
deficits by Fer-1 strongly implicates ferroptosis as a key driver of dia-
betic vascular injury. Intriguingly, Fer-1 improved specific metabolic
parameters, such as body weight, lipid profile, and SBP, without altering
hyperglycemia or glucose intolerance [39]. This dissociation suggests
that ferroptosis inhibition confers vascular protection through mecha-
nisms that are at least partially independent of glucose lowering [40].
However, it is important to acknowledge that Fer-1 functions as a lipid

10

radical-trapping antioxidant, and some protective effects may reflect
broader suppression of lipid peroxidation and oxidative injury rather
than exclusive ferroptosis inhibition [41]. Nevertheless, the consistent
restoration of canonical ferroptosis markers, iron homeostasis, and
mitochondrial morphology observed in our study, together with com-
plementary genetic manipulation of ER stress signaling, supports a
major contribution of ferroptosis to the observed vascular phenotype.

Our cellular experiments confirmed that high glucose is a potent
inducer of ferroptosis in endothelial cells, as evidenced by the down-
regulation of key anti-ferroptotic proteins, (GPX4, Nrf2, FTHI,
SLC7A11), upregulation of pro-ferroptotic markers (4HNE, TFR), labile
iron accumulation, and the characteristic mitochondrial damage. The
reversal of all these hallmarks by Fer-1 confirms ferroptotic cell death.
Impaired system Xc -GSH-GPX4 function was verified by disrupted
glutathione homeostasis. Osmotic and glucose titration controls
confirmed hyperglycemia-specific effects. These findings were validated
in HMEC-1, supporting mechanistic robustness and broader physiolog-
ical relevance.

A central question arising from our findings was the interplay be-
tween the well-established drivers of diabetic complications: oxidative
and ER stress and the more recently characterized process of ferroptosis
[26]. Our data support a model where these pathways are not parallel
but are intricately linked in a vicious, self-amplifying cycle under high
glucose conditions. We identified oxidative stress as a critical upstream
initiator of this cascade. The antioxidant NAC was remarkably effective,
not only in quenching ROS but also in concomitantly attenuating ER
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efficiency by siRNA, N = 3; (B-C) Protein expression of SLC7A11, N = 5 and GPX4, N = 4. (D) Cell viability, N = 6. P-AKT Ser473 (E), N = 5, P-eNOS Ser1177 (F), N
= 4. (G) Cellular GSH/GSSG ratio, N = 6; ***p<0.001, **p<0.01, *p<0.05 vs. siNG group or siNC+INS group; ###p<0.001, ##p<0.01, #p<0.05 vs. HG+siNC

group or HG+siNC+INS group.

stress [42], inhibiting ferroptosis [43], restoring glutathione balance,
and rescuing insulin signaling. This demonstrates that oxidative stress
functions as a primary initiating event rather than merely a downstream
consequence of ferroptosis [44].

This interpretation is consistent with the well-established concept
that excessive ROS can disrupt protein folding within the ER lumen,
thereby activating unfolded protein response pathways [45]. At the
same time, our observation that Fer-1 partially reduced ER stress
markers suggest the existence of a bidirectional amplification loop in
which ferroptosis-associated lipid peroxidation and mitochondrial
dysfunction further exacerbate oxidative and ER stress. Thus, we pro-
pose a model in which oxidative stress initiates ER stress, which pro-
motes ferroptosis, and ferroptosis feeds back to amplify cellular stress,
forming a self-reinforcing pathogenic cycle under hyperglycemic
conditions.

Downstream of oxidative stress, we identified ER stress, and specif-
ically the transcription factor CHOP, as a pivotal mediator linking
metabolic stress to ferroptosis [46,47]. The ER stress inhibitor TUDCA
restored GPX4 and SLC7A11 and improved insulin signaling, indicating
that ER stress lies upstream of ferroptotic dysregulation. Among ER
stress mediators, the transcription factor CHOP appears to function as a
key regulatory node integrating stress signaling with ferroptotic path-
ways. Genetic silencing of CHOP restored SLC7A11 and GPX4 expres-
sion, increased cellular viability, improved glutathione homeostasis, and
rescued insulin-stimulated AKT and eNOS phosphorylation. These
findings provide causal evidence that CHOP contributes to ferroptosis-
associated endothelial dysfunction [48].

Regarding the regulatory relationship between CHOP and SLC7A11,
our results are most consistent with an indirect mechanism. Although
CHOP knockdown restored SLC7A11 expression, SLC7A11 transcription
is primarily governed by activating transcription factor 4 (ATF4) and

Nrf2 [49], not direct CHOP promoter binding. As a downstream effector
of the protein kinase RNA-like endoplasmic reticulum kinase (PERK)—
eukaryotic initiation factor (eIF)2a-ATF4 axis [50], CHOP likely mod-
ulates SLC7A11 through heterodimerization with C/EBP members or via
broader stress signaling networks, rather than functioning as a direct
repressor. Further chromatin immunoprecipitation and promoter ana-
lyses are needed to delineate the underlying mechanisms.

We acknowledge that positioning ferroptosis as a convergent
mechanism represents a simplified view of a complex cellular stress
network. Autophagy, particularly mitophagy, serves as a critical pro-
tective mechanism by eliminating damaged mitochondria and prevent-
ing ROS accumulation [51]. In diabetes, impaired mitophagy may
contribute to mitochondrial dysfunction and vulnerability to ferroptosis
[52]. Conversely, dysregulated autophagy can promote ferroptosis
through selective degradation of anti-ferroptotic proteins, such as GPX4
and SLC7A11 [53]. The mitochondrial damage observed in our TEM
analysis could theoretically trigger mitophagy as a compensatory
response. The partial protection conferred by Fer-1 may reflect the
contribution of these parallel stress pathways that remain operational
despite ferroptosis inhibition. Future studies employing genetic manip-
ulation of autophagy regulators combined with ferroptosis inhibition
would help dissect the hierarchical relationship between these inter-
connected stress responses.

Our study also highlights the functional consequences of ferroptosis
on endothelial insulin signaling. The PI3K/AKT/eNOS pathway is cen-
tral to insulin-mediated nitric oxide production and vascular homeo-
stasis, and its impairment represents a hallmark of endothelial insulin
resistance in diabetes [54]. Restoration of AKT and eNOS phosphory-
lation by both Fer-1 and CHOP silencing provides mechanistic evidence
that ferroptosis directly contributes to insulin signaling dysfunction. In
vascular  reactivity = experiments,  supraphysiological insulin
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concentrations were required to achieve maximal vasodilatory re-
sponses [55], which likely reflects reduced insulin sensitivity in diabetic
vessels rather than physiological circulating levels. This approach is
commonly used in isolated vessel studies to evaluate insulin respon-
siveness and does not diminish the relevance of the findings [56,57].

Several limitations should be considered when interpreting our re-
sults. First, ER stress assessment relied primarily on GRP78 and CHOP
protein expression, which may not fully capture functional activation of
unfolded protein response pathways. Although CHOP silencing provides
functional evidence for ER stress involvement, additional pathway-
specific measurements, such as PERK-eIF2a phosphorylation, X-box
binding proteinl splicing, or ATF6 activation, would provide more
comprehensive mechanistic insight [58]. Second, Fer-1, while used as a
ferroptosis inhibitor, functions as a radical-trapping antioxidant [30].
Thus, some protective effects on ER stress and insulin signaling may
reflect broader redox modulation rather than ferroptosis-specific inhi-
bition. However, Fer-1 reversed canonical ferroptosis hallmarks, and
genetic modulation of the ER stress-CHOP axis produced parallel
changes in ferroptosis markers, supporting mechanistic specificity.
Third, some experimental endpoints were performed with modest bio-
logical sample sizes, which may limit statistical power despite consistent
findings across independent assays. Fourth, only male db/db mice were
included, representing an important limitation given increasing recog-
nition that sex hormones influence oxidative stress, iron metabolism, ER
stress responses, and ferroptosis susceptibility. Estrogen, for example,
may exert protective vascular effects by modulating redox balance and
GPX4 activity [59]. Therefore, extrapolation of our findings to females
should be made with caution, and future studies incorporating sex-
specific analyses are warranted. Fifth, while osmotic control experi-
ments were performed in HMEC-1 to confirm glucose specificity, these
controls were not conducted in HUVECs, which represent a methodo-
logical limitation. Finally, the db/db mouse features leptin receptor
deficiency, whereas most human T2DM involves leptin resistance.
Although widely accepted and reflective of key diabetic vascular com-
plications, validation in complementary models would enhance trans-
lational relevance.

In conclusion, this study demonstrates ferroptosis as a critical path-
ogenic mechanism in diabetic endothelial injury and insulin resistance,
and delineates a novel oxidative stress/ER stress/CHOP/ferroptosis axis
that disrupts endothelial insulin signaling [24,60]. The ability of Fer-1 to
confer significant vascular protection in db/db mice without affecting
glycemia highlights the therapeutic potential as a complementary
strategy to existing anti-diabetic therapies [61]. Future studies incor-
porating genetic approaches, sex-specific analyses, and clinically rele-
vant disease models will be essential for translating these findings into
targeted therapies aimed at preventing or reversing diabetic vascular
complications.
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