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Abstract: Ferroptosis, an emerging form of regulated programmed cell death, has garnered significant attention in the past decade. It
is characterized by the accumulation of lipid peroxides and subsequent damage to cellular membranes, which is dependent on iron.
Ferroptosis has been implicated in the pathogenesis of various diseases, including tumors and diabetes mellitus. Traditional Chinese
medicine (TCM) has unique advantages in preventing and treating type 2 diabetes mellitus (T2DM) due to its anti-inflammatory,
antioxidant, immunomodulatory, and intestinal flora-regulating functions. Recent studies have determined that TCM may exert
therapeutic effects on T2DM and its complications by modulating the ferroptosis-related pathways. Therefore, a comprehensive and
systematic understanding of the role of ferroptosis in the pathogenesis and TCM treatment of T2DM is of great significance for
developing therapeutic drugs for T2DM and enriching the spectrum of effective T2DM treatment with TCM. In this review, we review
the concept, mechanism, and regulatory pathways of ferroptosis and the ferroptosis mechanism of action involved in the development
of T2DM. Also, we develop a search strategy, establish strict inclusion and exclusion criteria, and summarize and analyze the
application of the ferroptosis mechanism in TCM studies related to T2DM and its complications. Finally, we discuss the shortcomings
of current studies and propose a future research focus.
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Introduction

With an aging global population and social lifestyle changes, the diabetes mellitus (DM) prevalence rate continues to
increase annually. The most recent data released by the International Diabetes Federation (IDF)' stated that the DM
global prevalence in adults aged 20—79 years was expected to be approximately 10.5% (>500 million people) in 2021.
Moreover, the largest increase in DM prevalence by 2045 is expected to occur in middle-income countries. In China, the
most recent epidemiological survey® * revealed that DM prevalence among adults aged >18 years increased from 9.7% in
2007-2008 to 11.2% in 2015-2017, among which type 2 DM (T2DM) accounted for >90% of cases. T2DM is
a metabolic disease characterized by elevated blood glucose caused by insulin resistance (IR) combined with
a relative decrease in insulin secretion. Long-term carbohydrate metabolism disorders and related fat and protein
metabolism impairments can cause chronic progressive damage to the kidney, eye, nerves, heart vessels, bone, and
other tissues and organs. T2DM and its complications have become an important public health problem that seriously
threatens human life and health and represents an important cause of death and disability.” The etiology and pathogenesis
of T2DM are complex, with genetic, environmental, and gut microbiota factors considered the major causes of T2DM,
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while oxidative stress, inflammation, endothelial cell damage, apoptosis, and autophagy are closely related to its
development.

Ferroptosis, a recently identified form of regulated programmed cell death, is characterized by its iron dependence and
lipid peroxidation-induced cellular dysfunction. It has been implicated in various diseases, including tumors and neurode-
generative diseases. In the context of T2DM, studies have explored the association between ferroptosis and its occurrence and
development.® Patients with T2DM often exhibit elevated serum iron concentrations and reactive oxygen species (ROS) levels
in pancreatic tissues and cells.”* Moreover, pancreatic B cells, responsible for insulin secretion, possess weaker antioxidant
defenses and are susceptible to ferroptosis compared to other tissues.” ! Therefore, ferroptosis may contribute to the
dysfunction of pancreatic 3 cells and the development of T2DM. Traditional Chinese medicine (TCM) has been used to
treat DM for a long time and was described in ancient Chinese medicinal texts such as Huangdi Neijing (425-221 BC)
regarding obesity and overeating. The TCM theory classifies DM into the category of “xiaoke” or “xiaodan”. With the
continuous in-depth understanding and practice related to DM among the doctors of previous dynasties, the clinical TCM
theory of T2DM has been gradually enriched. TCM is multi-targeted and multi-component, with anti-inflammatory,
immunoregulation, antioxidant stress, and intestinal flora regulation effects, which have unique advantages for preventing
and treating T2DM. However, its targets and specific mechanisms of action are still not fully elaborated. Increasing evidence
suggests that Chinese herbs and their active ingredients may modulate ferroptosis and thereby exert therapeutic effects on
T2DM and its complications.'*'® This review paper explores the concept, mechanism, and regulatory pathways of ferroptosis
and its involvement in T2DM development of and develops a search strategy with strict inclusion and exclusion criteria, By
summarizing and analyzing the mechanisms underlying TCM’s treatment of T2DM and its complications, this study provides
a novel theoretical basis and clinical perspective for the utilization of TCM in the management of T2DM.

Mechanisms of Ferroptosis

Overview of Ferroptosis

In 2012, the Stockwell research team proposed a new form of regulated programmed cell death, termed ferroptosis, which
differs from apoptosis, necrosis, and autophagy.'* Under iron-rich and ROS conditions, phospholipids containing polyunsa-
turated fatty acids (PUFAs) in the cell membranes are prone to peroxidation, resulting in the continuous accumulation of lipid
peroxidation products. These products eventually disrupt cell membrane integrity and induce the cell death known as
ferroptosis. The main cellular morphological changes associated with ferroptosis are mitochondrial atrophy, which includes
the reduction or loss of mitochondrial cristae, outer mitochondrial membrane rupture, and mitochondrial membrane wrinkling.
The primary biochemical features include intracellular iron and ROS accumulation, inhibition of the cystine/glutamate
antiporter (system X. ), decreased glutathione peroxidase 4 (GPX4) activity, and reduced glutathione (GSH)
production.'>'® The production of oxides of phospholipids containing PUFAs (PLOOHSs) enforces ferroptosis, and PLOOH
accumulation can lead to rapid and irreparable cell membrane damage, causing cellular iron death.

GSH represents the most abundant reducing agent in mammalian cells and is a cofactor of many enzymes (GPX4 and
glutathione-S-transferase). System X, is an important intracellular antioxidant system (a transmembrane protein complex
composed of the light chain subunit SLC7A11 and the heavy chain subunit SLC3A2) that regulates GSH synthesis by mediating
cystine uptake and glutamate release. GPX4 is a selenoprotein that functions as a key enzyme to catalyze the reduction of
PLOOHs to the corresponding alcohols to reduce lipid peroxide production.'”'® From this perspective, ferroptosis is involved in
several pathophysiological processes and linked to cellular metabolism through iron, selenium, lipid, and redox reactions.
Ferroptosis is associated with disease pathogenesis, including tumors, ischemic organ damage, neurodegenerative lesions,
pulmonary fibrosis, and endocrine metabolic diseases. Therefore, targeting ferroptosis potentially represents an effective

therapeutic modality for ferroptosis-related diseases by regulating the ferroptosis-related mechanisms.?*?'

Regulation of Ferroptosis

Mechanisms Governing Ferroptosis

Essentially, ferroptosis occurs when the cellular antioxidant capacity becomes weakened and catalyzed by ferrous ions,
intracellular lipid peroxidation metabolites continuously accumulate, intracellular redox homeostasis is imbalanced, and
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ferroptosis occurs. These factors cause irreparable cell membrane damage and result in cellular dysfunction.?® Therefore,
the core molecular mechanism of ferroptosis is an imbalance of cellular metabolism and redox homeostasis, where the

key signals include the accumulation of intracellular iron, ROS, and lipid peroxidation products (Figure 1).'%2*2!

Regulation of Ferroptosis-Suppressing Pathways and Suppressors
It is currently believed that three major systems: cyst(e)ine/GSH/GPX4, FSP1/CoQ (ferroptosis suppressor protein 1,
ubiquinone), and GCH1/BH4/DHFR (GTP cyclohydrolase 1, tetrahydrobiopterin, dihydrofolate reductase), effectively
inhibit lipid peroxidation and thereby counteract the onset of ferroptosis (Figure 2).2% %2

Cyst(e)ine/GSH/GPX4: The classical ferroptosis-suppressing pathway. Located in the cytoplasm and mitochondria,
GPX4 converts reduced GSH into oxidized GSH (glutathione disulfide, GSSG), which is converted to GSH by
glutathione reductase (GSR) through the action of electrons donated by nicotinamide adenine dinucleotide phosphate
(NADPH), thereby enabling GSSG recycling.?***?* CoQ,o/FSP1: Located primarily in the plasma membrane, FSP1
inhibits ferroptosis by preventing lipid peroxide accumulation by reducing CoQ to ubiquinol (CoQH,) via NADPH and
by acting on o-tocopherol (a-TOH).?*?****2> GCH1/BH4/DHFR: GCHI (exact subcellular localization unknown) is
a GPX4-independent ferroptosis suppressor gene identified using the CRISPR/dCas9 screening technique.”®*’ GCHI
inhibits ferroptosis through its metabolites BH, and dihydrobiopterin (BH,).*'-*¢

Dihydroorotate dehydrogenase (DHODH) is a recently identified ferroptosis suppressor that is primarily located in the
mitochondria.”® DHODH inhibits ferroptosis in the mitochondria by reducing CoQ to CoQH, in concert with mitochon-
drial GPX4.>"*

The GPX4 in the cytoplasm, GPX4 and DHODH in the mitochondria, and FSP1 in the plasma membrane form a triad

within the cell and together mediate the ferroptosis defense mechanism.”’
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Figure | Mechanism of ferroptosis occurrence. This figure was created with Figdraw (www.figdraw.com).
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Figure 2 Regulation of ferroptosis suppressing pathways and suppressors. This figure was created with Figdraw (www.figdraw.com). Cytoplasmically located GPX4,
mitochondrially located GPX4 and DHODH, plasma membrane located FSPI, and GCHI (“?” indicates that the exact subcellular localization is unknown), together
mediating the ferroptosis defense mechanism.

Ferroptosis and the Pathogenesis of T2DM and Its Related Complications

Ferroptosis and T2DM Pathogenesis

Pancreatic B cell dysfunction and IR are the two main links in T2DM pathogenesis, T2DM occurs when 3 cells lose
compensation to IR. The etiology of pancreatic B cell injury and the pathogenesis of T2DM are closely related to iron
overload and ROS accumulation. Pancreatic B-cells are sensitive to ferroptosis. Iron overload’ and increased ROS® are
often present in the pancreatic tissues and cells of patients with T2DM. Compared with other tissues, the pancreas has the
weaker antioxidant defense, pancreatic tissues have lower expression and activity of antioxidant enzymes (superoxide
dismutase [SOD], catalase [CAT], GPX), and pancreatic B cells are susceptible to ROS-induced oxidative stress
damage.”"" When human pancreatic islet p cells were treated with the ferroptosis inducer erastin in vitro, the glucose-
stimulated insulin secretion (GSIS) capacity was significantly reduced, whereas treatment with the ferroptosis inhibitor
ferrostatin-1 (Fer-1) or the iron-chelating agent deferoxamine (DFO) rescued GSIS injury.’® These findings suggested
that ferroptosis may be involved in T2DM occurrence and development by affecting the insulin secretion capacity of
pancreatic B cells.

Environmental factors, such as long-term arsenic exposure and excessive iron intake, are also important factors in
T2DM development.*'>* Wei et al*® constructed pancreatic dysfunction models both in vivo and in vitro using NaAsO,-
induced Sprague-Dawley rats and MING6 cells, respectively. They reported that ferroptosis was present in the pancreatic
islet B cell injury models both in vivo and in vitro. The NaAsO,-induced mitochondrial damage produced excess
mitochondrial ROS (MtROS), increased intracellular free iron levels and MtROS-dependent autophagy, and resulted in
imbalanced iron homeostasis. These changes ultimately led to ferroptosis and insulin secretion dysfunction in pancreatic
cells, whereas inhibiting the MtROS—autophagy—ferritin pathway improved the insulin secretion capacity of pancreatic f3
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cells. In another study,*® iron stores were associated with the risk of developing DM. Iron regulatory genes, ferritin heavy
chain (FTH1), and ferritin light chain (FTL) were highly expressed in islet tissues derived from diabetic patients and
high-glucose-cultured INS-1 cells, heme oxygenase-1 (HO-1) and the inhibitor of differentiation proteins (ID1, ID3) may
serve as potential endogenous antioxidants for pancreatic B cells against ROS and iron-overload, thereby protecting
pancreatic B cells from oxidative stress and ferroptosis in T2DM patients.>*

Ferroptosis and the Pathogenesis of T2DM Microangiopathy

Diabetic microvascular complications can affect various tissues and systems throughout the body and are associated with
a variety of factors including microcirculatory disorders, inflammatory damage, and oxidative stress, among which
nephropathy and retinopathy are the most common. Diabetic kidney disease (DKD) is a common chronic kidney disease
and is thought to represent a major cause of end-stage renal disease (ESRD), which is responsible for approximately 30%
to 50% of ESRD worldwide.?” Recent studies demonstrated that iron overload, ROS, and lipid peroxidation products
accumulated in both mouse models of DKD and human renal tubular epithelial cells (HK-2) cultured under high glucose.
The use of DFO or Fer-1 reduced renal iron accumulation and injury.®®*° Kim et al*® reported that renal biopsy samples
derived from DKD patients had lower SLC7411 and GPX4 mRNA expression compared to that from non-diabetic
patients. They used streptozotocin (STZ)-induced DKD mice and transforming growth factor-p-1-stimulated proximal
tubular epithelial cells in vivo and in vitro experiments, respectively, and found that the concentration of GSH was
reduced, total iron levels and malondialdehyde (MDA, a lipid peroxidation product) were increased, SLC7A11 and
GPX4 protein and mRNA expression levels were lower than in controls, and lipid peroxidation was enhanced. Fer-1
treatment alleviated these changes and significantly improved kidney damage and proteinuria caused by DM.* It is
suggested that ferroptosis is associated with the development of DKD and that inhibiting or attenuating ferroptosis may
improve renal function in DKD.

Diabetic retinopathy (DR) is another common microvascular complication of T2DM. DR is a major cause of
blindness in diabetic patients and is closely related to endothelial dysfunction and increased retinal capillary
permeability.*' The current main DR treatment modalities include anti-angiogenic drug therapy and laser or surgical
treatment.*> However, the benefits of these treatments for patients are also associated with adverse drug reactions or

surgical risks. Zhang et al*?

reported that human retinal vascular endothelial cell death induced by high-glucose treatment
was associated with ferroptosis. Further investigation revealed that the high-glucose treatment upregulated TRIM46 (a
member of the E3 ubiquitin ligase family TRIM), facilitated GPX4 ubiquitination, and induced ferroptosis in the cells. It
was suggested that inhibiting ferroptosis by targeting TRIM46 and GPX4 represents a potential mechanism for effective

DR treatment.

Ferroptosis and the Pathogenesis of T2DM Cardiovascular Complications

Patients with T2DM often have risk factors, such as obesity, abnormal lipid metabolism, and hypertension. Compared
with the non-diabetic population, diabetic patients have a substantially increased risk of atherosclerotic vascular disease,
which is one of the main causes of death in patients with T2DM.***® Diabetic cardiovascular complications can affect
the heart, large blood vessels, and myocardial tissue, causing coronary atherosclerotic heart disease, diabetic cardiomyo-
pathy, and other cardiac lesions.

The disorders of lipid and glucose metabolism are closely related to atherosclerosis development.*’*® The pathogen-
esis of diabetic atherosclerotic vasculopathy may be related to iron accumulation and lipid peroxidation.**>' Using gene
microarray technology (mRNA expression profiling) and bioinformatics analysis, Meng et al identified ferroptosis and
HO-1 as important factors in diabetic atherosclerotic vascular disease.’® In vitro and in vivo diabetic atherosclerosis
models were constructed using ApoE knockout mice and human umbilical vein endothelial cells (HUVECS), respec-
tively. The results confirmed that Fer-1 reduced ROS production, attenuated high-glucose- and high-fat-induced lipid
peroxidation, and reduced diabetic atherosclerosis formation. Similarly, knockout of the HO-1 gene reduced iron content,
ROS production, lipid peroxidation, and ferroptosis in the HUVECs under a high-glucose environment. These findings
suggested that ferroptosis is involved in diabetic atherosclerosis formation and that HO-1 may be a potential target for the
treatment or drug development of diabetic atherosclerotic vascular disease.
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Recently, several studies confirmed that diabetic cardiomyopathy development is associated with ferroptosis.”>°

Both DM myocardial ischemia-reperfusion injury model rats and a high-glucose hypoxia-reoxygenation cardiomyocyte
model exhibited increased levels of iron ion concentration, ROS, SOD, MDA, and myocardial injury markers (serum
creatine kinase MB and lactate dehydrogenase), ferroptosis, endoplasmic reticulum stress (ERS), and myocardial
functional impairment. The ferroptosis inducer erastin or the inhibitor Fer-1 aggravated or reduced myocardial cell
injury, respectively. Moreover, inhibiting endothelial network stress reduced ferroptosis and cell injury.”* Therefore, these
findings indicated that ferroptosis is involved in DM myocardial ischemia—reperfusion-induced cardiomyocyte injury and
is associated with ERS.

Endothelial cell injury is another important pathological mechanism in DM and diabetic cardiovascular disease.’®
Luo et al®’ reported that in HUVECs treated with high glucose and interleukin 1P, cell viability decreased, lipid ROS
increased, and GSH and GPX4 concentrations decreased, and after treatment with ferroptosis inhibitors DFO and Fer-1,
ROS levels in HUVECs decreased significantly and cell viability and GPX4 concentrations increased compared to pre-
treatment. Further, transient transfection of HUVECsS using p53 small interfering ribonucleic acid revealed that p53 small
interfering ribonucleic acid attenuated the decrease in xCT (the light chain subunit of system X. , also known as
SLC7A11) and GSH and the increase in ROS induced by HG and IL-1p. In addition, in the aortic endothelium of db/db
mice, p53 mRNA was up-regulated, xCT mRNA was down-regulated, and de-endothelialization areas were also
observed. These findings suggested that ferroptosis may be involved in the pathogenesis of diabetic vascular endothelial
cell dysfunction through the p53-xCT-GSH axis.”’

Together, the aforementioned studies suggested that ferroptosis is involved in the pathogenesis of diabetic cardio-
vascular complications and that inhibiting the ferroptosis-related mechanisms represents a potential therapeutic target for

diabetic cardiovascular disease.’®

Ferroptosis and the Pathogenesis of Abnormal Bone Metabolism in T2DM

In patients with T2DM, chronic hyperglycemia leads to the accumulation of advanced glycation end-products (AGEs) in
the bone matrix, triggering non-enzymatic glycosylation reactions that result in decreased bone quality, increased bone
fragility, and a heightened risk of osteoporosis (OP) and fractures.””%° Recently, Ge et al investigated the role of AGEs in
diabetes-related OP and reported that the serum AGEs levels and bone mineral density in patients with OP were
positively and negatively correlated with fasting glucose, respectively, and that AGEs and serum from patients with
OP and T2DM could promote the development of ferroptosis in hFOB1.19 osteoblast, which was reversed by the
ferroptosis inhibitor DFO. The results suggest that AGEs may promote OP by disrupting osteoblast function.®' The loss
of osteocyte viability is another important factor in the development of diabetic osteoporosis. Another recent study®>
reported that osteocytes cultured in a diabetic microenvironment had increased lipid peroxidation, iron overload,
ferroptosis pathway activation, and significant upregulation of HO-/ expression. Moreover, targeting ferroptosis or
HO-1 rescued osteocyte death and improved bone structural degeneration in the diabetic OP. These studies suggested
that ferroptosis is involved in the development of diabetic OP and that targeting ferroptosis may represent an effective
mechanism-based strategy for OP treatment.

Application of Ferroptosis in TCM Treatment of T2DM and Its Related
Complications

Search Strategy

We searched PubMed, Web of Science, the Cochrane Library, the Chinese National Knowledge Infrastructure database
(CNKI), the Chinese Biomedical Literature database (CBM), the Chinese Scientific Journal database (VIP), and the Wan
Fang database for articles published from January 1, 2012, to March 27, 2022. No language restrictions were imposed.
The medical subject headings and main keywords used for the search were (“Diabetes Mellitus” OR diabet* OR glucose)
AND (“Ferroptosis” OR ferropto* OR “iron death” OR (iron AND “cell death”)). The full search strategy used is shown
in the Supplemental Appendix. The supplemental literature was searched manually.
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Selection Criteria

Inclusion criteria: (1) study type: clinical trials or basic experimental studies; (2) study object: patients with T2DM or its
related complications, animal or cell models; (3) interventions: active ingredients, monomers, or compound preparation
of TCM; (4) mechanism of action: ferroptosis. Correspondence, comments, editorials, reviews, meta-analyses, and
conference abstracts were excluded.

Data Extraction

Two investigators independently reviewed the full text of the studies that met the selection criteria and extracted the
following data: first author’s name, year of publication, disease type, study object, ferroptosis regulation mechanism, and
characteristics of action (Table 1). When there was disagreement between the two investigators, a third researcher was
consulted to make the final decision.

Table |1 The Role of Ferroptosis in the Therapeutic Use of TCM for T2DM and Its Related Complications

TCM or its Active Disease | Model Mechanism of Ferroptosis Regulation Functional Role
Ingredients
Curcumin and (-)- T2DM MING cells Reduced intracellular MDA levels and iron Inhibit ferroptosis
EpigalIocatechin-3-GaI|ate63 accumulation, and attenuated the reduction of
GSH and GPX4 protein levels
Grape seed procyanidin®*®® | T2DM SD rat (STZ induced), MIN6 | Activated Nrf2 signaling pathway in MIN6 cells, | Inhibit ferroptosis
cells reduced MDA and ROS levels, upregulated
SLC7AIl | and GPX4 protein expression;
reduced MDA and iron content, upregulated
GSH and SOD levels in T2DM rat pancreatic
tissues
Quercetin® T2DM C57BL/6) mice (STZ induced), | Lowered the iron level, upregulated GSH and | Inhibit ferroptosis
INS-1 cells GPX4 expression
Cryptochlorogenic Acid®’ T2DM SD rat (STZ induced), INS-1 Activated cystine/glutamate transporter Inhibit ferroptosis
cells system/GPX4/Nrf2, inhibited NCOA4
Sennoside A% DKD C57BL/6) mice (STZ induced) | Downregulated expression of Nrf2, HO-1 and | Inhibit ferroptosis
PTGS2, increased GPX4 expression
Berberine®’ DKD MPCS5 cells Reduced ROS production, increased GSH Inhibit ferroptosis
levels, upregulated expression of Nrf2, HO-I,
GPX4 and podocin, decreased PTGS2 and
ACSL4 levels
Umbelliferone” DKD C57BLKS/) db/db mice, HK-2 | Upregulated Nrf2, GPX4 and HO-I expression, | Inhibit ferroptosis
cells downregulated ACSL4 expression, activated
the Nrf2/HO-| pathway
Platycodin D" DKD HK-2 cells Upregulated GPX4, FTH-1 and SLC7AI | Inhibit ferroptosis
expression, downregulated ACSL4 and TRFI
expression
Resveratrol” DCM H9c2 cells Upregulated expression of HSFI, GPX4 and Inhibit ferroptosis
SLC7AIl, downregulated ACSL4 expression,
reduced Fe2+ content

(Continued)
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Table | (Continued).

TCM or its Active Disease | Model Mechanism of Ferroptosis Regulation Functional Role
Ingredients
Gegen Qinlian Decoction’? DCM C57BL/Ks)-db/db mice Upregulated GPX4 and SLC7AI | expression, Inhibit ferroptosis

downregulated ACSL4 and PTGS2 expression,
reduced MAD content

Sulforaphane” DCM AMPKa2-KO mice, in vitro Upregulated ferritin and SLC7AI | levels, Inhibit ferroptosis
DCM model activated the AMPK/Nrf2 pathway
Astragaloside-IV"® DR ARPE-19 cells Increased expression of GPX4, GCLM and Inhibit ferroptosis

GCLC, inhibited miR-138-5p expression,
increased Sirt!/Nrf2 activity and cellular

antioxidant capacity

Abbreviations: AGEs, advanced glycation end-products; AMPK, AMP-activated protein kinase; DCM, diabetic cardiomyopathy; DKD, diabetic kidney disease; DR, diabetic
retinopathy; FTH-I, ferritin heavy chain |; GCLC, glutamate cysteine ligase catalytic subunit; GCLM, glutamate cysteine ligase; GPX4, glutathione peroxidase 4; GSH,
glutathione; HO- I, heme oxygenase-1; NCOAA4, nuclear receptor coactivator 4; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; Sirtl, silent
information regulator |; STZ, streptozotocin; TCM, traditional Chinese medicine; T2DM, type 2 diabetes mellitus.

Results

Figure 3 illustrates the inclusion screening process employed in this study. A comprehensive database search yielded
a total of 726 potentially relevant studies. Additionally, two articles were manually searched, bringing the cumulative
number of potentially relevant studies to 728. Subsequently, eliminating 205 duplicate articles and 502 articles that were
deemed not relevant after reading the titles and abstracts, 21 articles were entered in the full-text review. After a critical
evaluation of the complete texts according to the predetermined inclusion and exclusion criteria, eight articles were
excluded. Ultimately, a total of 13 eligible studies were included in the final analysis.

These 13 studies primarily consisted of basic experimental investigations conducted on animal or cell models. Among
them, five studies were relevant to T2DM, four to DKD, three to diabetic cardiomyopathy, and one addressed DR.
Notably, no study exploring the treatment of diabetes-related OP through TCM via the modulation of ferroptosis was
identified. Table 1 provides an overview of the main characteristics of the studies included in this review.

Analysis

Application of Ferroptosis in TCM Treatment of T2DM

Diabetic patients have elevated ROS levels® and dietary iron intake is associated with the risk of developing T2DM.”*””
Iron overload tends to lead to cellular oxidative damage, promoting the occurrence of ferroptosis, causing pancreatic 3

647981 indicate that

cell dysfunction, and thereby participating in T2DM occurrence and development.”® Recent studies
natural polyphenolic compounds possess iron-chelating properties in addition to their well-known antioxidant, anti-
inflammatory, and anti-tumor effects, enabling them to regulate ferroptosis and reduce blood glucose levels.

Curcumin, derived from the rhizomes of turmeric (Curcuma longa L.) and other ginger family plants, (-)-
Epigallocatechin-3-gallate (EGCG) found in tea, especially green tea, and grapeseed procyanidin extract (GSPE)
abundant in various plants, particularly grape seeds, all containing polyphenols, have been studied. Treatment with
these polyphenolic compounds, such as curcumin, EGCG, and GSPE, has shown an increase in cell viability and
a decrease in iron accumulation, depletion of GSH, inactivation of GPX4, levels of acyl-CoA synthetase long-chain
family member 4 (ACSL4) and lipid peroxidation in mouse pancreatic MING6 cells when compared to control cells
exposed to erastin alone.®>** Consistent with these findings, diabetic rats exhibited decreased iron content, increased
GSH activity in pancreatic tissue, alleviation of ferroptosis and pancreatic damage, increased insulin levels, and reduced
blood glucose levels.®> These effects may be associated with the activation of Nrf2-related signaling pathways.®>%*
Quercetin, a flavonoid found widely in various plants,*** has been found to potentially regulate ferroptosis.®®

Compared to the control group, quercetin reduced the iron content in the T2DM mice pancreas, increased the expression
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Figure 3 Flow chart of the literature retrieval and screening process.
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of GSH and GPX4, and reduced oxidative stress in pancreatic tissues. Furthermore, quercetin demonstrated the viability
to restore the viability of pancreatic B cells under high-glucose stimulation, suggesting its potential beneficial effects on
T2DM by inhibiting pancreatic iron accumulation and ferroptosis in pancreatic B cells.

Additionally, studies focused on mulberry (Morus alba L.) leaf extract, a Chinese herbal medicine, revealed its
potential mechanism to regulate abnormalities in glycolipid metabolism.*>®” Cryptochlorogenic acid,®’ the primary
active substance in mulberry leaves, ameliorated islet damage in diabetic rats by inhibiting ferroptosis, reducing iron
overload and accumulation of lipid peroxides, and lowering blood glucose levels. The mechanism underlying these
effects involves the activation of the cystine/X. /GPX4/Nrf2 pathway and the inhibition of nuclear receptor coactivator 4
(NCOA4).”’

Taken together, these findings underscore the potential of TCM Taken together, these findings underscore the
potential of Chinese herbal medicine to elevate GSH and GPX4 levels in mice with T2DM by modulating ferroptosis
in pancreatic tissues or cells, possibly involving the cystine/ X, /GPX4/Nrf2 pathway.

Application of Ferroptosis in TCM Treatment of T2DM Microangiopathy
TCM has demonstrated significant efficacy in ameliorating kidney damage and preserving kidney function and is widely
used in DKD treatment in some countries, including China. Numerous studies have elucidated that the therapeutic
protective effects of TCM on DKD are closely intertwined with its regulation of glucose/lipid metabolism, antioxidant
activity, anti-inflammatory response, anti-fibrotic properties, and protection of podocytes.®™ Recent reports have high-
lighted the pivotal role of ferroptosis in the TCM treatment of DKD. Notably, TCM rhubarb (Rheum palmatum L.) has
shown remarkable efficacy in improving lipid metabolism in DKD patients.® Ding et al®® reported that sennoside A, an
active compound found in rhubarb, reduced MDA levels, downregulated the expression of HO-I and PTGS2, and
increased GSH concentration to inhibit ferroptosis in DKD mice, thereby improving oxidative stress and renal injury in
DKD. Another active compound, berberine, extracted from the rhizome of Coptis chinensis Franch (known as Huanglian
in Chinese), has been found to effectively reduce ROS, PTGS2, and ACSL4 levels while upregulating the expression of
Nrf2, HO-1, and GPX4 to improve ferroptosis in high-glucose-induced podocytes.®” These effects were achieved through
the regulation of the Nrf2/HO-1/GPX4 pathway, thus providing a new theoretical foundation for the application of
berberine in DKD treatment. Additionally, a study’® investigating the mechanism of action of umbelliferone, a coumarin
derivative found in traditional herbal components such as Crnidium monnieri (L.) Cuss, Angelica dahurica (Fisch. ex
Hoffm) Benth. et Hook. f., and Peucedanum praeruptorum Dunn, revealed that it protected against DKD. Umbelliferone
treatment decreased ROS accumulation, downregulated ACSL4, and upregulated GPX4, Nrf2, and HO-1 expression,
resulting in the alleviation of ferroptosis and renal pathological damage in db/db DKD mice.”” Knockdown of Nrf2
blocked the inhibitory effect of umbelliferone on ferroptosis in DKD model cells. Moreover, platycodin D, a triterpene
saponin derived from the dried root of Platycodon grandiflorum (Jacq.) A. DC., exhibited various pharmacological
effects, including anti-tumor, anti-inflammatory, and neuroprotective properties.”> > In a recent study utilizing high-
glucose-induced HK-2 cells as an in vitro DKD model, platycodin D treatment inhibited high-glucose-induced ferrop-
tosis, upregulated GPX4, FTH-1, and SLC7A411 expression, and downregulated ACSL4 and TFRI expression. These
effects led to increased cell viability and reduced cellular damage.”" Collectively, these studies indicate that TCM may
exert therapeutic effects on DKD by inhibiting ferroptosis through the regulation of Nrf2/HO-1-related pathways.
Astragaloside 1V, an active ingredient of the TCM Astragalus membranaceus (Fisch.) Bge., exhibits anti-
inflammatory, antioxidative stress, and immunomodulatory effects. Astragaloside IV has been used in the treatment of
various diseases, including tumors, DM, and autoimmune diseases.”> > Recent findings have also demonstrated its
effective inhibition of retinal endothelial cell death and amelioration of pathological damage associated with DR.?*%7 In
an in vitro model of DR utilizing a high-glucose culture of ARPE-19 cells, Tang et al reported that astragaloside IV
attenuated the decrease of Sirtl and Nrf2 levels induced by high glucose in retinal pigment epithelial cells. It increased
the levels of GPX4, glutamate cysteine ligase (GCLM), and glutamate cysteine ligase catalytic subunit (GCLC), leading
to the reduction of ferroptosis, increased cell viability, and enhanced antioxidant capacity. These effects may be
associated with the inhibition of miR-138-5p expression and activation of the Sirt1/Nrf2 pathway.”
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In conclusion, TCM demonstrates a beneficial role in the management of T2DM microangiopathy, including DKD
and DR, through the regulation of ferroptosis. The underlying mechanism is likely associated with the modulation of
Nrf2-related pathways.

Application of Ferroptosis in TCM Treatment of T2DM Cardiovascular Complications

Resveratrol, a natural polyphenolic compound found in various Chinese herbal medicine plants such as Veratrum nigrum
L. and Polygonum cuspidatum Sieb. et Zucc., exhibits varied pharmacological effects including anti-inflammatory and
antioxidative stress properties. It is commonly used in the prevention and treatment of tumors, cardiovascular diseases,
and DM.”*'% In an in vitro model of diabetic myocardial injury utilizing H9c2 cells cultured in a high-glucose
environment, resveratrol demonstrated significant effects. It notably increased cell viability, SOD activity, and protein
levels of HSF1, GPX4, and SLC7A11, while decreasing MDA levels and iron ion content in H9¢c2 cells. These findings
indicate that resveratrol may improve high-glucose-induced cardiomyocyte injury by inhibiting ferroptosis through the
upregulation of HSF1 expression.”?

Previous studies have confirmed the positive effects of puerarin, the main active flavonoid in Pueraria lobata (Willd.)
Ohwi, on improving cardiac function in rats with heart failure by reducing lipid peroxidation and ferroptosis.'*!
Similarly, baicalein, the active ingredient of Scutellaria baicalensis Georgi, has shown a neuroprotective role as
a natural ferroptosis inhibitor.'®* Building upon this knowledge, Yu et al observed the effects of Gegen Qinlian decoction,
a Chinese herbal compound preparation composed mainly of P. lobata (Willd.) Ohwi and S. baicalensis Georgi, on the
cardiac diastolic function of diabetic mice with the damp-heat syndrome.”” The study revealed that Gegen Qinlian
decoction upregulated GPX4 and SLC7A411 levels, while downregulating ACSL4 and PTGS?2 levels. It also reduced MDA
content and alleviated damp-heat symptoms, such as elevated blood glucose, reduced diet, and urination. Furthermore,
Gegen Qinlian decoction mitigated lipid peroxidation in myocardial tissue, improved cardiac diastolic function, and
reversed myocardial remodeling in the mice. These findings demonstrated that Gegen Qinlian decoction’s beneficial
effects on cardiac remodeling and diastolic function in diabetic mice with the damp-heat syndrome may be associated
with the inhibition of ferroptosis in cardiomyocytes.

Prolonged elevated blood glucose levels in T2DM contribute to significant production and accumulation of AGEs in
the body, particularly in the extracellular matrix of the heart., AGEs are an important feature of diabetic cardiomyopathy
(DCM) pathogenesis. Sulforaphane, an isothiocyanate widely found in plants like broccoli, possesses anti-tumor and
antioxidant effects. It has been shown to alleviate diabetes-induced oxidative stress and cardiac functional
impairment.'®>'%* Further studies’* have revealed that sulforaphane alleviated ferroptosis and lipid peroxidation through
AMPK-mediated activation of Nrf2, leading to amelioration of cardiac injury in mice with AGE-induced DCM and
enhancing the cardioprotective effect.

Overall, these findings suggest that TCM may improve AGE accumulation and reduce lipid peroxidation in T2DM
cardiovascular complications by regulating ferroptosis, thereby enhancing the cardioprotective effect on the heart.

Summary
Through the above-detailed analysis of the therapeutic effects of TCM and its active ingredients on T2DM,* ¢ as well
as related complications such as DKD,**”" DR”® and DCM,”*7* we found that Chinese herbs and their main active
ingredients exerted therapeutic or protective effects by inhibiting ferroptosis, and the specific mechanisms are summar-
ized in Figure 4.

Discussion

Ferroptosis is a recently proposed new cell death model and is closely related to the occurrence and development of
various diseases (tumors, ischemia-reperfusion injury, neurological diseases, and metabolic diseases).®** Recent studies
have confirmed that, in addition to oxidative stress, the inflammatory response, endothelial cell damage, apoptosis, and
autophagy, iron-overload, ROS, and lipid peroxide accumulation are also important pathogenic mechanisms of T2DM
and the related complications, and blocking the iron-dependent death pathways with ferroptosis inhibitors or iron-

chelating agents can treat or delay the progression of T2DM and its related complications.'*®
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Figure 4 Mechanism in the treatment of T2DM and its complications with TCM by inhibiting ferroptosis. This figure was created with Figdraw (www.figdraw.com).

TCM has a long history of use for treating T2DM, being multi-component, multi-target, systematic, and basing
treatment on syndrome differentiation (different conditions of each patient), and is highly effective in the clinical
treatment and early prevention of disease progression of T2DM. With progressive research on the relationship between
the mechanism of TCM and ferroptosis, several studies have confirmed that TCM exerts therapeutic effects on T2DM
and its complications by regulating the ferroptosis-related pathways.'°>'°¢'1% In this paper, the concept, mechanism of
occurrence, regulatory pathways of ferroptosis, and its correlation with T2DM and its related complications were
described. The application of ferroptosis to related studies of TCM for treating T2DM and its complications was
summarized and analyzed for the first time. In this review, we identified the existence of ferroptosis in T2DM and its
related complications, Chinese herbs or their active ingredients (quercetin, curcumin, cryptochlorogenic acid, resveratrol,
platycodin D, astragaloside V) exert beneficial effects on T2DM and its complications by inhibiting ferroptosis. These
TCMs all exert their therapeutic effects by inhibiting ferroptosis, with different regulatory mechanisms. However, the
number of related studies is relatively small, and all of them are basic experiments. Therefore, future studies should
continue to target ferroptosis, explore the mechanism of T2DM occurrence and progression, further clarify the exact
mechanism by which different TCMs and their active ingredients mediate their therapeutic effects, and actively explore
the relevant regulatory signaling pathways and specific molecular markers. The elucidation of these mechanisms will
provide a new theoretical basis for TCM treatment of T2DM and will be crucial in leveraging the knowledge of
ferroptosis for the clinical therapeutic benefit.?’

Despite the comprehensive and systematic literature search, our review has several limitations. First, the studies
included in this review were all basic experimental studies and no published clinical trials were retrieved. Moreover,
given the wide variation in animal and in vitro conditions, the generalization of the experimental results to humans
requires careful evaluation in rigorous clinical trials. Second, as all experiments included studies that were conducted in
China, there may be geographical bias. Third, most of the Chinese herbal medicines used in the included studies were
active ingredients of TCM or herbal monomers, and there is a need to increase the study of ferroptosis-related
mechanisms of single herbs or TCM compound preparations. Finally, there were only a small number of studies on
ferroptosis for TCM treatment of T2DM and its related complications, and TCM treatments for the common complica-

tions of T2DM (diabetic neuropathy and abnormal bone metabolism) were not retrieved.
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Conclusion and Prospects

TCM treatment of T2DM and its related complications is an effective treatment modality. T2DM is closely associated
with ferroptosis and lipid peroxidation, and TCM interventions may play a therapeutic or beneficial role by inhibiting
ferroptosis, and the specific mechanism may be relevant to Nrf2-related pathways. Currently, research efforts focusing on
the mechanism of ferroptosis in TCM treatment of T2DM primarily concentrate on TCM extracts. However, future
studies should delve into the mechanism of ferroptosis in the treatment of T2DM using single herbs and Chinese herbal
compounds. This will contribute to the development of new theoretical foundations and potential therapeutic strategies
for T2DM and its complications using TCM.
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