FTO promotes ferroptosis through m6A-dependent
downregulation of HSPG2 expression in endothelial cell
metabolic memory and diabetic nephropathy
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Abstract

Introduction

Metabolic memory represents a major challenge in diabetic nephropathy (DN), yet the involvement of
m6A RNA modification and ferroptosis remains unclear.

Material and methods

Human endothelial cell lines (HUVECs and HRGECSs) were used to establish an in vitro model of
metabolic memory, alongside a murine model of DN induced by streptozotocin. MeRIP-seq was
performed to profile m6A modification in total RNA, and MeRIP-qPCR was conducted to validate m6A
enrichment in HSPG2. In HRGECs, gain- and loss-of-function studies for FTO and HSPG2 were
carried out prior to induction of metabolic memory. The expression of ferroptosis-related proteins,
FTO, and HSPG2 was assessed using real-time PCR, western blotting, and cellular
immunofluorescence. Iron dyshomeostasis and oxidative stress were evaluated using commercial kits.
Serum samples were analyzed for blood glucose and renal function.

Results

Dysregulation of RNA m6A modification was observed in the endothelial cell metabolic memory model,
with a significant downregulation of m6A methylation in  HSPG2. Both in vitro and in vivo models
exhibited reduced m6A levels and decreased mRNA and protein expression of HSPG2. In contrast,
FTO expression was markedly upregulated. Functional analyses demonstrated that FTO suppressed
HSPG2 expression in an m6A-dependent manner, thereby promoting ferroptosis. In the mouse model
of DN, ferroptosis inhibitor Fer-1 blocked ferroptosis and improved blood glucose and kidney function
parameters.

Conclusions

FTO promotes ferroptosis by downregulating HSPG2 expression in an m6A-dependent mechanism
and is critically involved in the pathogenesis of endothelial cell metabolic memory and DN. These
findings highlight FTO as a potential therapeutic target for DN.
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Introduction

Diabetic nephropathy (DN) is a prevalent microvascular complication of diabetes
and the leading cause of end-stage renal disease (ESRD) worldwide [1, 2]. Early periods
of hyperglycemic exposure can induce long-lasting pathological changes that persist
despite subsequent restoration of normoglycemia—a phenomenon known as metabolic
memory which is closely associated with the progressive development of diabetic
complications, including DN [3].

Epigenetic modifications, such as DNA methylation, histone modifications and non-
coding RNAs, have been implicated in the underlying mechanisms of metabolic
memory [4]. Given their potentially reversible nature, epigenetic alterations have
emerged as a key focus in diabetes research, particularly in understanding the
persistence of metabolic memory. N6-methyladenosine (m6A), the methylation of
adenosine at the N6 position, represents the most abundant internal modification in
eukaryotic messenger RNAs [5]. This modification is dynamically regulated by
"writers" such as the METTL3-METTL14 complex that catalyze m6A deposition, and
“erasers” (e.g., FTO and ALKBHS) that mediate its removal [5]. Accumulating
evidence indicates that dysregulation of m6A methylation contributes to the
pathogenesis of DN [6-9]. However, whether aberrant m6A methylation plays a role in
mediating metabolic memory in diabetes remains unclear.

Ferroptosis is a form of non-apoptotic cell death characterized by redox imbalance,
primarily driven by dysregulation of iron homeostasis and excessive lipid peroxidation

[10]. Members of the NOX family (NOX1, CYBB/NOX2, and NOX4) contribute to



reactive oxygen species (ROS) generation and thereby promote lipid peroxidation [10].
ACSLA4, an enzyme critical in fatty acid metabolism, has been recognized as both a
specific biomarker and a functional driver of ferroptosis [10]. The antioxidant enzyme
GPX4 serves as a central suppressor of ferroptosis, while ferritin—the iron storage
protein composed of ferritin light chain (FTL) and ferritin heavy chain 1 (FTHI1)—also
plays a protective role against ferroptosis [10]. Growing evidence indicates that
ferroptosis may be implicated in the pathogenesis of diabetic complications, including
DN [11]. Nevertheless, the underlying connection between ferroptosis and metabolic
memory in diabetes remains unclear.

In this study, we aim to investigate the involvement of m6A modification and
ferroptosis in metabolic memory using human glomerular endothelial cells (HRGECs)
and streptozotocin (STZ)-induced diabetic mouse models.

Materials and methods

Cell culture

Human umbilical vein endothelial cells (HUVECs) (NCACC, Shanghai, China) and
human renal glomerular endothelial cells (HRGECs) (BNCC, Beijing, China) were
cultured in Dulbecco's modified Eagle medium (DMEM) (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo
Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin. Cells were
exposed to normal glucose (NG group, 5 mmol/L) for 6 days, high glucose (HG group,
25 mmol/L) for 6 days, or HG for 3 days followed by normal glucose for 3 days (HN

group). The HN group was established as the metabolic memory model according to



previous literature [12].

Methylated RNA immunoprecipitation sequencing (MeRIP-seq) and MeRIP-
qPCR

Total RNA was extracted from HUVECs using Trizol reagent and quantified with a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). RNA was then purified using the Dynabead mRNA purification kit (Thermo
Fisher Scientific, Waltham, MA, USA) and fragmented with RNA Fragmentation
Reagent (Thermo Fisher Scientific, Waltham, MA, USA). m6A-containing RNA
fragments were enriched using the EpiMark N6-methyladenosine Enrichment kit (NEB,
Ipswich, MA, USA). Briefly, Protein G Dynabeads (Thermo Fisher Scientific, Waltham,
MA, USA) were washed with MeRIP buffer and incubated with anti-m6A antibody
(NEB) for 2 h at 4°C. The antibody-conjugated beads were subsequently incubated with
purified RNA overnight at 4 °C. After washing, m6A-modified RNA was eluted using
MeRIP buffer containing 5 mM m6A salt for 30 min at 4 °C. RNA-seq libraries were
constructed using the KAPA Stranded mRNA-seq Kit (Illumina, San Diego, CA, USA)
and sequenced on an Illumina HiSeq 4000 platform by KangChen Bio-tech (Shanghai,
China). Differential m6A peaks (fold change >1.5 for up-regulation or < 0.667 for
down-regulation, and P < 0.05) between the NG and HG or HN groups were subjected
to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. In parallel,
methylated RNA isolated from HRGECs was analyzed by qPCR to assess m6A
modification levels in HSPG2.

RNA extraction and qPCR



Total RNA was extracted from cells or tissues using Trizol reagent (Thermo Fisher
Scientific, Waltham, MA, USA). The RNA was reverse transcribed into cDNA using a
PrimeScript reverse transcription kit (Takara Bio, Shiga, Japan). Quantitative real-time
PCR (qRT-PCR) was performed to quantify mRNA expression levels using the SYBR
green gene expression assay (Takara Bio, Shiga, Japan) with primers listed in Table S1
and S2. Relative gene expression levels were calculated using the 2722t method, with
GAPDH as the internal control.

Western blot analysis

Protein was extracted from cells using RIPA buffer (Thermo Fisher Scientific,
Waltham, MA, USA), separated by SDS-PAGE, and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). The membranes were incubated overnight
at 4°C with primary antibodies against FTO (Thermo Fisher Scientific, Waltham, MA,
USA, 27226-1-AP), HSPG2 (Abcam, Cambridge, UK, ab2501), GPX4 (Abcam,
Cambridge, UK, ab41787), FTH1 (Zen-Bio, Durham, NC, USA, 381204), NOXI
(Abcam, Cambridge, UK, ab121009), ACSL4 (Invitrogen, Waltham, MA, USA, PAS-
27137), and B-actin (Abcam, Cambridge, UK, ab9485). After washing, membranes
were incubated with horseradish peroxidase-conjugated secondary antibodies for 1
hour at room temperature. Protein signals were visualized using ECL Western Blotting
Substrate (Pierce, Waltham, MA, USA) and quantified with ImageJ software.
Dual-Luciferase Reporter Assay

The full-length coding sequence of human FTO (NCBI RefSeq: NM _001080432.2)

was cloned into the pcDNA3.1 vector (Invitrogen, Waltham, MA, USA). A fragment of



the human HSPG2 3' UTR (from NCBI RefSeq: NM_005529.7) was inserted into the
pmir-GLO Dual-Luciferase vector (Promega, Madison, WI, USA). HEK293T cells
were co-transfected using Lipofectamine 2000 transfection reagent (Invitrogen,
Waltham, MA, USA), with the HSPG2-3' UTR reporter plasmid and either the FTO-
pcDNA3.1 plasmid or an empty vector control. At 48 hours post-transfection, firefly
and Renilla luciferase activities were measured sequentially using the Dual-
Luciferase® Reporter Assay System (Promega, Madison, WI, USA). The firefly
luciferase signal was normalized to the Renilla luciferase signal for internal control.
All transfections and luciferase assays were performed in three independent
experiments.

Animal models

All animal experiments in this study were conducted in accordance with the protocols
approved by the institutional review board of Shanghai General Hospital, Shanghai Jiao
Tong University School of Medicine. Specific pathogen-free (SPF), 10-week-old male
C57BL/6 mice were obtained from Shanghai SLAC Laboratory Animal Co. Ltd. Mice
were randomly assigned to four groups (n = 6 per group). Mice in the streptozotocin
(STZ) and STZ+Fer-1 groups received intraperitoneal injections of STZ (Solarbio,
Beijing, China) at a dose of 50 mg/kg body weight per day for five consecutive days,
while mice in the control and control+Fer-1 groups received an equal volume of citrate
buffer. Mice in the STZ+Fer-1 and the control+Fer-1 groups were administered Fer-1
(Solarbio, Beijing, China) via intraperitoneal injection at a dose of 1 mg/kg body weight

per day, continuing until sacrifice. One week after the final STZ injection, blood



glucose levels were measured from the tail vein, and values exceeding 16.7 mmol/L
were considered indicative of successful diabetes induction. All mice were fed a high-
sugar, high-fat diet with free access to food and water for 12 weeks, and were sacrificed
under sodium pentobarbital anesthesia at the end of this period.

Histological analysis

Glomerular damage in kidney tissue was evaluated using hematoxylin and eosin
(H&E) staining. Tissue sections were fixed overnight in 10% formalin at room
temperature, processed for paraffin embedding, and subsequently sectioned and stained
with H&E.

Blood chemistry tests

Blood glucose, urea nitrogen, and serum creatinine levels were measured using an
AUS5800 automated chemistry analyzer (Beckman Coulter, Brea, CA, USA) one day
prior to sacrifice.

Immunofluorescence

HRGECs were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton
(Sigma-Aldrich, St. Louis, MO, USA), and blocked with 10% goat serum. Cells were
incubated with primary antibodies against FTO or HSPG2 at 4°C overnight, followed
by incubation with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit secondary
antibodies for 1 h at room temperature. Nuclei were counterstained with DAPI.
Fluorescent images were captured using a fluorescence microscope.

Cell viability assay

Cell viability was assessed using the CCK-8 Cell Proliferation and Cytotoxicity



Assay Kit (Solarbio, Beijing, China) according to the manufacturer’s instructions.

Lactate dehydrogenase (LDH) release, total reactive oxygen species (ROS), iron,
and malondialdehyde (MDA) assays

LDH release was measured using an LDH Cytotoxicity Assay Kit (Yeasen, Shanghai,
China). Total reactive oxygen species (ROS) levels were assessed using a Reactive
Oxygen Species Assay Kit (Beyotime, Shanghai, China). Intracellular Fe?* levels were
determined using a Ferrous Ion Content Assay Kit (Solarbio, Beijing,China).
Malondialdehyde (MDA) levels were quantified using an MDA Content Assay Kit
(Solarbio, Beijing, China).

Lentivirus construct transfection

HRGECs were transfected with lentiviral vectors for FTO-overexpression (FTO-OE),
or for expressing short hairpin RNAs (shRNAs) targeting FTO (shFTO-1#, shFTO-2#)
or HSPG2 (shHSPG2-1#, shHSPG2-2#) using Lipofectamine (Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instructions. The target sequences for the
shRNAs are listed in Table S3.

Statistical analysis

All data were analyzed using GraphPad Prism 8.0. Data are presented as mean =+
standard deviation (SD). Statistical differences between two groups were evaluated
using Student's t-test. P < 0.05 was considered statistically significant.
Results

RNA mo6A dysregulation is implicated in metabolic memory

We performed MeRIP-seq to detect m6A methylation profiles in the NG, HG and



HN groups using HUVEC model. Compared with the NG group, 2942 hypermethylated
mo6A peaks corresponding to 1122 genes and 3930 hypomethylated m6A peaks
corresponding to 1470 genes were commonly identified in both the HG and HN groups
(Fig. 1A and B). These differentially methylated genes were subjected to KEGG
pathway analysis (Fig. 1C and D). Among the m6A hypomethylated genes, the most
significantly enriched pathway was "proteoglycans in cancer" (Fig. 1D). Notably,
proteoglycans, such as heparan sulfate proteoglycan 2 (HSPG2, also known as
perlecan), have been shown to play a critical role in the pathogenesis of diabetic
nephropathy [13]. We further examined HSPG2 m6A modification using MeRIP-seq
data. Compared with the NG group, m6A methylation in the 3'-untranslated region (3'-
UTR) of HSPG2 was significantly reduced in both the HG and HN groups (Fig. 1E).

M6A methylation and expression of HSPG2 are significantly decreased in the in
vitro metabolic memory model and in STZ-induced diabetic nephropathy

We next validated HSPG2 m6A methylation using an HRGEC model. MeRIP-qPCR
showed that, compared with the NG group, m6A methylation of HSPG2 was
significantly reduced in the HN group, although there was a slight recovery relative to
the HG group (Fig. 2A). Consistent patterns were observed for HSPG2 mRNA and
protein expression levels (Fig. 2B-D). These findings were further confirmed by
immunofluorescence staining (Fig. 2E). We then assessed HSPG2 expression in a
mouse model of STZ-induced diabetic nephropathy (Fig. S1). Both real-time PCR and
western blot analyses demonstrated that HSPG2 expression was substantially

downregulated in the STZ-induced mice (Fig. 2F-H).



FTO is highly expressed in metabolic memory in vitro and in STZ-induced
diabetic nephropathy

FTO is an m6A demethylase that regulates RNA m6A modification. In vitro
experiments using an HRGEC model showed that FTO mRNA expression was the
highest in the HG group but remained significantly elevated in the HN group compared
to the NG group (Fig. 3A). This expression pattern was confirmed at the protein level
by western blot analysis (Fig. 3B and C) and immunofluorescence staining (Fig. 3D),
suggesting a potential role of FTO in metabolic memory. We next examined FTO
expression in a mouse model of STZ-induced diabetic nephropathy. Both real-time PCR
and western blot analyses demonstrated that FTO expression was markedly upregulated
in the STZ-induced mice (Fig. 3E-G).

FTO downregulates HSPG2 expression in an m6A-dependent manner in the
metabolic memory model of HRGECs

To investigate the regulatory effect of FTO on m6A methylation and expression of
HSPG2, we modulated FTO expression in HRGECs, and validated the efficiency of
FTO overexpression and knockdown by western blot (Fig. 4A and B). M6A methylation
of HSPG2 was reduced upon FTO overexpression and increased upon FTO knockdown
(Fig. 4C). Consistently, HSPG2 expression at the mRNA and protein levels exhibited
similar trends. FTO overexpression decreased HSPG2 expression, whereas FTO
knockdown increased it (Fig. 4D-F). Utilizing dual-luciferase assays, we further
demonstrated that FTO targets the 3' UTR region of HSPG?2 to suppress its expression

(Fig. 4G). We also manipulated HSPG2 expression, with successful modulation



confirmed by western blot (Fig. 4H and I). Notably, the reduction in HSPG2 expression
caused by HSPG2 knockdown was partially reversed by co-knockdown of FTO.
Furthermore, HSPG2 expression reached its highest level when FTO was knocked
down alone (Fig. 4] and K). Collectively, these results indicate that FTO negatively
regulates HSPG2 expression in an m6A-dependent manner.

Ferroptosis is involved in metabolic memory in HRGECs

Next, we examined the role of ferroptosis in metabolic memory using an HRGEC
model. CCK-8 assay results showed that cell viability was significantly reduced in the
HG group compared to the NG group and was not fully restored in the HN group (Fig.
5A). Similar patterns were observed for key ferroptosis-associated parameters, which
are characterized by iron dyshomeostasis and oxidative stress. LDH release, ROS levels,
intracellular Fe** concentration, and MDA content were all elevated in the HG group
relative to the NG group and remained incompletely normalized in the HN group (Fig.
SB-E). Additionally, the expression of ferroptosis-related proteins GPX4, FTHI,
NOX1, and ACSL4 was measured. Compared with the NG group, both real-time PCR
and western blot analyses revealed downregulation of GPX4 and FTHI and
upregulation of NOX1 and ACSL4 in both the HG and HN groups, confirming the
persistent activation of ferroptotic pathways in metabolic memory (Fig. 5SF—H).

HSPG2 knockdown promotes but FTO knockdown inhibits ferroptosis in the

metabolic memory model of HRGECs
We subsequently examined the effect of manipulating FTO and/or HSPG2

expression on ferroptosis. Cell viability was significantly decreased upon HSPG2



knockdown. However, co-knockdown of FTO partially restored cell viability (Fig. 6A).
To evaluate ferroptosis, we measured LDH release, ROS levels, Fe*" concentration, and
MDA content. HSPG2 knockdown increased all four markers, whereas simultaneous
FTO knockdown partially attenuated these increases (Fig. 6B-E). Furthermore,
HSPG2 knockdown led to downregulation of GPX4 and FTH1 and upregulation of
NOXI1 and ACSL4 at both mRNA and protein levels. Notably, co-knockdown of FTO
partially reversed these changes, mitigating the pro-ferroptotic effects induced by
HSPG?2 deficiency (Fig. 6F-H).

To further investigate the role of HSPG2 in ferroptosis regulation, we treated cells
with the ferroptosis inhibitor Fer-1 following HSPG2 knockdown. Fer-1 significantly
attenuated the HSPG2 silencing-induced upregulation of the ferroptosis-associated
protein ACSL4 and the downregulation of GPX4 and FTHI1 (Fig. 7A-B). Moreover,
Fer-1 markedly reduced the elevated levels of LDH, Fe**, and MDA resulting from
HSPG?2 knockdown (Fig. 7C-E).

Ferroptosis is involved in diabetic nephropathy induced by STZ

To determine whether ferroptosis is involved in DN, ferrostatin-1 (Fer-1), a specific
inhibitor of ferroptosis, was administered to mice with STZ-induced DN. The
expression levels of ferroptosis-related markers GPX4, FTHI1, NOX1, and ACSL4 were
assessed. Fer-1 treatment increased GPX4 and FTH1 levels while decreasing NOX1
and ACSL4 expression in STZ-induced DN mice, although these markers did not fully
return to those observed in control mice (Fig. 8A-C). As a result, Fer-1 administration

significantly improved blood glucose, blood urea nitrogen, and serum creatinine levels



in STZ-induced mice, although these biochemical parameters remained higher than in
the control group (Fig. 8D-F).
Discussion

The present study demonstrated that both RNA m6A dysregulation and ferroptosis
are involved in metabolic memory in endothelial cells and DN. Mechanistic studies
revealed that FTO promotes ferroptosis by reducing the m6A modification of HSPG2,
thereby suppressing its expression in endothelial cells, suggesting that FTO may serve
as a promising therapeutic target for the treatment of endothelial cell metabolic memory
and DN.

Metabolic memory refers to the sustained dysfunction of target cells or tissues even
after glucose levels have been normalized, representing a major challenge in the
management of DN [14]. Persistent epigenetic alterations are known to play a critical
role in the underlying mechanism of metabolic memory [14]. Accumulating evidence
indicates that RNA m6A modification regulates key pathological processes such as
inflammation, oxidative stress, fibrosis, and contributes significantly to the onset and
progression of DN [15]. In this study, we confirmed that RNA m6A dysregulation is
implicated in endothelial cell metabolic memory.

Proteoglycans are synthesized and secreted by glomerular endothelial cells and
constitute the major components of the glomerular basement membrane (GBM) [13].
Among the proteoglycans, heparan sulfate proteoglycan 2 (HSPG2, also known as
perlecan) carries a negative charge and plays a pivotal role in maintaining the

permselectivity of the glomerular barrier [16]. Reduced renal levels of HSPG2 have



been documented in both animal models of DN and diabetic patients, leading to
increased glomerular permeability and the development of proteinuria [16]. In this
study, KEGG pathway analysis revealed that among m6A hypomethylated genes in the
endothelial cell metabolic memory model, the most significantly enriched pathway was
"proteoglycans in cancer". Furthermore, m6A methylation levels in the HSPG2 3' UTR
were significantly downregulated, which correlated with decreased HSPG2 expression.
Notably, it has been reported that m6A modification within the 3' UTR can enhance
translational efficiency [17].

FTO is one of the key enzymes regulating m6A demethylation [18]. The level of FTO
in the peripheral blood of patients with type 2 diabetes mellitus (T2DM) is elevated,
while m6A modification levels in the urine of T2DM patients with DN are significantly
reduced [8, 19]. MeRIP sequencing has suggested that FTO may be a key causative
factor in endothelial dysfunction of T2DM [20]. High glucose induces FTO expression
in human retinal endothelial cells and HUVECs, leading to abnormal endothelial cell
function in an m6A-dependent manner [21, 22]. IL-17A promotes endothelial cell
senescence by upregulating FTO expression [23]. Statins exert protective effects in
endothelial cells by downregulating FTO expression, thereby increasing mo6A
modification and enhancing the protein expression of KLF2 (Kruppel-like factor 2) and
eNOS (endothelial NO synthase) [24].

Elevated FTO levels have been observed in renal tissues of db/db mice, STZ-induced
mice, or DN patients [6, 25-27]. However, conflicting findings have also been reported

in db/db mice or DN patients [6, 28]. These conflicting reports can be explained by



several context-dependent factors. FTO expression appears to be stage-specific, often
transiently elevated in early diabetes but normalizing or even declining in advanced DN.
Furthermore, cell-type specificity is crucial, as bulk tissue analyses may obscure
distinct expression profiles in different renal cell types. Technical variations in
methodology could also contribute to the observed discrepancies. In our study, the
consistent upregulation of FTO —observed in both an endothelial cell metabolic
memory model and STZ-induced mice—supports its pathogenic role within these
specific experimental contexts. We therefore propose that FTO acts as a key m6A
regulator driving DN progression. The apparent contradictions in the literature
concerning FTO's role ultimately underscore the dynamic complexity of the m6A
epigenome in diabetic nephropathy and highlight the importance of defining its precise
spatiotemporal regulation.

As an m6A demethylase, FTO post-transcriptionally regulates gene expression by
removing m6A modifications, thereby influencing RNA processing, stability, and
translation [29]. Notably, one gene whose expression is m6A-sensitive is HSPG2; its
mo6A-mediated regulation has been associated with hepatitis B virus X protein (HBx)-
mediated hepatocarcinogenesis and relapse of acute myeloid leukemia (AML) [30, 31].
In the present study, we revealed that in metabolic memory of endothelial cells, HSPG2
was one of the downstream targets of FTO. The mRNA and protein expression of
HSPG2 were downregulated by FTO in an m6A-dependent manner.

Ferroptosis is an iron-dependent form of regulated cell death characterized by iron

accumulation and lipid peroxidation [10]. Numerous studies have demonstrated that



high glucose induces ferroptosis in renal intrinsic cells, including renal tubular
epithelial cells, podocytes, glomerular endothelial cells, and mesangial cells,
contributing to renal injury and DN progression [32]. However, the role of ferroptosis
in metabolic memory remains unclear. In this study, we show that ferroptosis is
involved in endothelial cell metabolic memory.

Ferroptosis can be precisely regulated at multiple levels, including epigenetic,
transcriptional, post-transcriptional, and post-translational levels [10]. Depending on
the cellular context, FTO can promote or inhibit ferroptosis by modulating m6A
modification of target mRNA [33]. HSPG2 deficiency has been reported to induce
endothelial dysfunction through downregulation of endothelial nitric oxide synthase
(eNOS) [34]. In cardiomyocytes, inhibition of the Akt/eNOS signaling pathway by
miR-199a-5p promotes ferroptosis [35]. In tumor cells, nitric oxide (NO) produced by
inducible nitric oxide synthase (iNOS) suppresses ferroptosis by inhibiting lipid
peroxidation [36]. Glycosaminoglycans such as HSPG2, which contains an LDLR-like
domain, may protect cancer cells from ferroptosis by mediating lipoprotein uptake [37].
Based on these findings, it is reasonable to hypothesize that HSPG2 may inhibit
ferroptosis in endothelial cells by regulating NO production and/or lipoprotein uptake.
In the present study, we demonstrated that FTO downregulated HSPG2 expression by
reducing its m6A modification, thereby promoting ferroptosis in the context of
endothelial cell metabolic memory.

Our study has several limitations that merit consideration. First, although our

experimental models recapitulate key pathological features, they cannot fully replicate



the complex etiology of human diabetic nephropathy. Second, the clinical translation
of our findings faces two major challenges: the broad systemic functions of FTO require
kidney-specific delivery systems (e.g., nanoparticle-based targeting) for its small-
molecule inhibitors, while the ferroptosis inhibitor Fer-1 is limited by its poor solubility
and toxicity profile. Finally, although a functional link between HSPG2 and ferroptosis
was established via shRNA knockdown, future studies using orthogonal methods such
as CRISPR/Cas9 will be important to definitively rule out off-target effects.
Accordingly, future work will focus on developing targeted FTO inhibitors, identifying
safer ferroptosis antagonists, and implementing more robust genetic validation
strategies.

In conclusion, our findings suggest that FTO contributes to the pathogenesis of
endothelial cell metabolic memory and DN by promoting ferroptosis via m6A-
dependent downregulation of HSPG2 expression. Thus, FTO represents a potential
therapeutic target for DN.
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Figure Legends

Figure 1. M6A dysregulation is involved in metabolic memory in human umbilical
vein endothelial cells (HUVECsS). (A and B) Venn diagrams showing the number of
differential m6A peaks shared between the HG and HN groups compared to the NG
group (fold change > 1.5 for up-regulation or < 0.667 for down-regulation, p < 0.05).
(C and D) KEGG pathway analysis results for genes associated with differentially
methylated m6A peaks. (E) HSPG2 m6A methylation levels in the HG and HN groups
relative to the NG group. Data are presented as mean £ SD (n = 3 independent

experiments). **p < 0.01 vs. NG group.

Figure 2. M6A modification and expression of HSPG2 are markedly reduced in
metabolic memory in human renal glomerular endothelial cells (HRGECs) and
streptozotocin (STZ)-induced diabetic nephropathy. (A) HSPG2 m6A methylation
levels measured by MeRIP-qPCR in NG, HG, and HN groups. (B-E) HSPG2
expression analyzed by real-time PCR (B), western blot (C and D), and
immunofluorescence (E; original magnification, X200 ) in NG, HG, and HN groups.
(F-H) HSPG2 expression in kidney tissues from control and STZ-induced mice
determined by real-time PCR (F) and western blot (G and H). Data are presented as
mean £ SD (n = 3 independent experiments for in vitro studies; n = 3 mice per group
for in vivo studies). *p <0.05, **p <0.01 vs. NG group or control group.

Figure 3. FTO is highly expressed in metabolic memory in human renal
glomerular endothelial cells (HRGECs) and in streptozotocin (STZ)-induced
diabetic nephropathy. (A-D) FTO expression assessed by real-time PCR (A), western

blot (B and C), and immunofluorescence (D; original magnification, x200) in NG, HG,



and HN groups. (E-G) FTO expression in kidney tissues from control and STZ-induced
mice evaluated by real-time PCR (E) and western blot (F and G). Data are presented as
mean = SD (n = 3 independent experiments for in vitro studies; n = 3 mice per group
for in vivo studies). *p <0.05, **p <0.01 vs. NG group or control group.

Figure 4. FTO downregulates m6A methylation and expression of HSPG2 in
metabolic memory in human renal glomerular endothelial cells (HRGECS). (A and
B) Western blot confirming the efficiency of FTO overexpression (FTO-OE) and
knockdown (sh-FTO). (C) HSPG2 m6A methylation levels quantified by MeRIP-qPCR.
(D-F) HSPG2 expression of HSPG2 measured by real-time PCR (D) and western blot
(E and F). (G) The dual-luciferase assay confirmed that FTO represses the 3' UTR
activity of HSPG2. (H and I) Western blot validation of HSPG2 knockdown efficiency
(sh-HSPG2). (J and K) Western blot analysis of HSPG2 expression in the rescue
experiments. Data are presented as mean = SD (n = 3 independent experiments).
*p <0.05, **p <0.01.

Figure 5. Ferroptosis plays a role in metabolic memory in human renal glomerular
endothelial cells (HRGECsS). (A) Cell viability assessed by CCK-8 assay in NG, HG,
and HN groups. (B-E) Ferroptosis markers evaluated by LDH release (B), ROS levels
(C), Fe** (D), and MDA content (E) were measured to assess ferroptosis. (F-H)
Expression of ferroptosis-related proteins (GPX4, FTH1, NOX1, ACSL4) analyzed by
real-time PCR (F) and western blot (G and H). Data are presented as mean = SD (n =3
independent experiments). **p <0.01 vs. NG group.

Figure 6. FTO knockdown partially counteracts the pro-ferroptotic effect of



HSPG2 knockdown in metabolic memory in human renal glomerular endothelial
cells (HRGECs). (A) Cell viability measured by CCK-8 assay. (B-E) Ferroptosis
markers including LDH release (B), ROS levels (C), Fe** (D), and MDA content (E).
(F-H) Expression of ferroptosis-related proteins (GPX4, FTH1, NOX1, and ACSL4)
determined by real-time PCR (F) and western blot (G and H). Data are presented as
mean £ SD (n = 3 independent experiments). *p <0.05, **p <0.01.

Figure 7. HSPG2 modulates ferroptosis in metabolic memory in human renal
glomerular endothelial cells (HRGECs). (A and B) Western blot analysis of the
ferroptosis-related proteins (GPX4, FTHI1, and ACSL4). (C-E) Assessment of
ferroptosis by measuring LDH release (C), Fe*" levels (D), and MDA content (E). Data
are presented as mean = SD (n = 3 independent experiments). **p <0.01.

Figure 8. Ferroptosis is implicated in streptozotocin-induced diabetic nephropathy.
(A-C) Expression of ferroptosis-related markers (GPX4, FTH1, NOX1, and ACSL4)
measured by real-time PCR (A) and western blot (B and C). (D-F) Blood glucose (D),
blood urea nitrogen (E), and serum creatinine (F) in control and STZ-induced mice..
Data are presented as mean = SD (n = 3 mice per group). *p <0.05, **p <0.01 vs.

control mice; %p <0.05, *p <0.01 vs. STZ-induced mice.
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Figure 1. MBA dysregulation is involved in metabolic memory in human umbilical vein
endothelial cells (HUVECSs).
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memory in human renal glomerular endothelial cells (HRGECs).
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Figure 6. FTO knockdown partially counteracts the pro-ferroptotic effect of HSPG2
knockdown in metabolic memory in human renal glomerular endothelial cells (HRGECS).
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Figure 7. HSPG2 modulates ferroptosis in metabolic memory in human renal glomerular
endothelial cells (HRGECSs).
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Figure 8. Ferroptosis is implicated in streptozotocin-induced diabetic nephropathy.
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