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Abstract

Diabetic cardiomyopathy (DCM), one of the most severe complications of diabetes, is
closely associated with oxidative stress (OS) in its development and progression. Studies
have shown that plant antioxidants play an important role in the prevention and treatment
of DCM by modulating redox signaling and regulating the sources of reactive oxygen
species (ROS) generation. However, most existing evidence comes from animal and cellular
experiments, and clinical data are limited. In addition, their clinical application faces
challenges, including poor bioavailability and difficulty in standardizing active ingredients.
Therefore, this review focuses on the role of plant antioxidants in regulating myocardial
oxidative stress and maintaining redox homeostasis, and explores their potential clinical
applications and current limitations. This review aims to provide a theoretical basis and
guidance for the prevention and treatment of DCM using plant antioxidants.

Keywords: diabetic cardiomyopathy; plant antioxidants; redox signaling; reactive oxygen
species; oxidative stress

1. Introduction

Diabetes and its complications are among the most important global public health
issues. According to epidemiological studies, approximately 537 million adults worldwide
were living with diabetes in 2021, and this number is projected to rise to 783 million by
2045 [1,2]. Among patients with diabetes, cardiovascular disease is the leading cause
of death, and heart failure is a common clinical outcome. People with diabetes have an
approximately 2- to 5-fold higher risk of developing heart failure than the non-diabetic pop-
ulation. Diabetic cardiomyopathy (DCM) represents a significant form of this pathological
process [2]. The reported prevalence of DCM varies considerably depending on the study
population and diagnostic criteria. Current evidence suggests that DCM may affect approx-
imately 1.1% of the general population and up to 17% of patients with diabetes, although
precise estimates remain challenging because of heterogeneity in diagnostic definitions and
imaging criteria [3]. DCM is characterized by abnormalities in myocardial structure and
function that occur in the absence of coronary artery disease or hypertension. It has been
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identified as an independent risk factor for heart failure and cardiovascular mortality in
patients with diabetes [4-7].

Oxidative stress (OS) refers to an imbalance between the body’s antioxidant defense
mechanisms and the production of reactive oxygen species (ROS), leading to a series of
pathophysiological changes [8]. As key molecules in redox signaling, ROS participate in
various physiological processes in the heart, including excitation—contraction coupling,
proliferation, and differentiation. Major sources of ROS include mitochondria, NADPH
oxidases (NOX), xanthine oxidase (XO), and uncoupled nitric oxide synthase (NOS) [9].
In patients with diabetes, persistent hyperglycemia leads to ROS overproduction. When
ROS levels exceed the heart’s antioxidant defense capacity, oxidative stress occurs and
leads to heart failure, cell death, and myocardial hypertrophy [9-12]. Therefore, excessive
ROS production and oxidative stress are considered central drivers of DCM development,
and reducing ROS overproduction while maintaining redox homeostasis remains a key
challenge in the treatment of DCM [13-16].

The pathogenesis of DCM is highly complex and involves interactions among multi-
ple factors, including hyperglycemia, hyperlipidemia, insulin resistance, oxidative stress,
mitochondrial dysfunction, inflammation, advanced glycation end products (AGEs), and
imbalanced calcium homeostasis [17]. Currently, there are still no specific drugs for DCM
in clinical practice, and existing treatment regimens primarily rely on the repurposed use of
antidiabetic and heart failure medications. Although these drugs have shown some efficacy
in improving cardiovascular outcomes, they primarily exert their effects by regulating
blood glucose, hemodynamics, and metabolism. However, they still do not sufficiently
regulate ROS overproduction and redox signaling networks, making it difficult to block
the oxidative-damage-driven pathological cascade fully [18]. Therefore, there is an urgent
need to develop novel multitarget intervention strategies, particularly therapies that can
simultaneously regulate ROS generation and metabolic reprogramming.

Antioxidants are widely used in the treatment of diseases associated with oxida-
tive stress; they can mitigate oxidative-damage-induced damage by inhibiting ROS
production [16,19]. Against this backdrop, plant antioxidants have attracted considerable
attention. Compared with pathway-oriented pharmacological agents, such as Sodium-
glucose cotransporter 2 inhibitors (SGLT2 inhibitors, e.g., empagliflozin) and Renin-
angiotensin—aldosterone system inhibitors (RAAS inhibitors, e.g., enalapril or valsartan),
plant antioxidants may exert broader regulatory effects through multiple mechanisms.
They not only activate endogenous antioxidant defence systems, such as Nuclear factor
E2-related factor 2/antioxidant response element (Nrf2/ARE), but also modulate Nuclear
factor kB (NF-kB)-mediated inflammatory responses. In addition, they improve mitochon-
drial function and inhibit cell death. By acting on multiple pathological pathways in DCM,
they hold promise as an important supplement to existing therapeutic strategies, offering
new research insights and potential treatment directions for the comprehensive manage-
ment of DCM [11]. Therefore, this review systematically examines the cardioprotective
effects of plant-derived bioactive compounds in DCM by focusing on their antioxidant
mechanisms. It aims to provide a clear theoretical framework and research directions for
the application of plant-derived natural products in the prevention and treatment of DCM.

2. Progress in the Pathology of ROS-Driven DCM and Limitations of
Current Drug Therapies

2.1. The Development of ROS and Its Role in Advances in DCM

The onset and progression of DCM are complex processes involving interactions
among various metabolic disorders and cellular signaling pathways. The generation
and accumulation of ROS are among the key factors in this process. Under the influ-
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ence of hyperglycemia, hyperlipidemia, insulin resistance, and oxidative stress, ROS
overproduction increases continuously and drives DCM progression through a series
of downstream reactions [20].

Under normal circumstances, ROS production results from the combined action of
multiple pathways, with the primary sources being mitochondria, NOX, XO, and uncou-
pled NOS [9]. Among these, mitochondria, the primary energy-producing organelles
of the cell, are also a major source of ROS. Within mitochondria, electron leakage from
the electron transport chain (ETC) leads to the production of superoxide anions. This
process is significantly exacerbated under metabolic stress, such as hyperglycemia and
hyperlipidemia. Under hyperglycemic conditions, fatty acid oxidation and excessive pro-
duction of reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin adenine
dinucleotide (FADH;) elevate the mitochondrial membrane potential, thereby promoting
electron leakage and increasing ROS generation, resulting in “mitochondrial free radical
overload” [21,22]. At this stage, ROS acts as an early driver of DCM progression.

Once ROS production exceeds antioxidant buffering capacity, oxidative injury to mito-
chondrial proteins, lipids, and DNA amplifies mitochondrial dysfunction and reinforces a
vicious cycle of redox imbalance. This process is accompanied by mitochondrial permeabil-
ity transition pore (mPTP) opening, calcium dysregulation, and activation of downstream
cell injury pathways [22]. Figure 1 illustrates how mitochondrial dysfunction contributes to
the development of DCM through impaired energy metabolism, ROS overproduction, cal-
cium overload, and mPTP opening. It highlights the central role of mitochondrial damage
in promoting inflammation, oxidative injury, and cardiomyocyte death.
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Figure 1. Mitochondrial ROS Generation and Amplification in DCM. Created in BioRender. Zufeng, Y.
(2026) https:/ /BioRender.com/h6rhded (accessed on 19 March 2026).

Beyond direct oxidative injury, ROS interact with mitochondrial stress, calcium dys-
regulation, endoplasmic reticulum stress, defective autophagy, and inflammatory signaling,
thereby amplifying myocardial injury during DCM progression [20,23].

The long-term accumulation of excessive ROS not only directly causes oxidative
damage to lipids, proteins, and DNA but also activates various inflammatory signaling
pathways, thereby promoting myocardial remodeling and dysfunction. Evidence from
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cell and rodent studies has shown that ROS activated the NF-«kB signaling pathway and
promoted NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome
assembly, thereby inducing the release of inflammatory cytokines such as Tumor necrosis
factor-oc (TNF-«), Interleukin-1 3 (IL-13), and Interleukin-18 (IL-18). These cytokines
further exacerbate myocardial inflammation and promote apoptosis, pyroptosis, and
myocardial fibrosis [16].

Therefore, ROS not only drives the onset and progression of DCM but also serves as a
critical link connecting disease initiation, pathological amplification, and the final clinical
outcome. Interventions targeting ROS sources and their downstream redox networks are
considered promising therapeutic strategies for DCM.

The major ROS-generating systems involved in DCM include mitochondria, NADPH
oxidases, XO, and dysregulated NOS signaling, which collectively drive oxidative injury
and myocardial dysfunction.

2.2. Current Pharmacological Treatment Strategies for DCM

Having discussed the role of ROS in DCM, the following section will address the
current pharmacological treatments available, which primarily focus on glycemic control
and heart failure management.

DCM is a complex pathological condition for which there are currently no specific
drugs available; clinical management primarily relies on the repurposed use of antidiabetic
and heart failure medications [24]. Although current therapeutic approaches can improve
glycemic control and cardiac function, they often focus on symptom management and
heart failure relief. They do not directly target the pathophysiological mechanisms of
DCM. In particular, they have limited effects on ROS production, oxidative stress, and
metabolic dysregulation [25,26]. Therefore, there is an urgent need to develop novel
therapeutic approaches, particularly multitarget intervention strategies, that address the
underlying mechanisms of DCM and regulate its multiple pathological processes [27].
Table 1 summarizes the medications currently used to treat DCM.

Table 1. Summary of pharmacological interventions for DCM.

Antioxidant-Stress-

Function Classification Drug Main Mechanism of Action Related Mechanisms Limitations References
Lowering blood sugar, Supported by extensive
SGLT2 inhibitors _ promoting diuresis, Reduce Mitochondrial evidence in heart failure and
P anti-inflammatory, inhibiting o cardiovascular events,
L1 . (empagliflozin, . ROS (mtROS), inhibit L . j
Antidiabetic drugs d P Sodium-hydrogen exchanger in vivo and in vitro studies [28,29]
apagliflozin, 1(NHE1), i X NOX, and enhance h h hat th
liflozin) ( ), improving antioxidant defence ave shown that these agents
canagiitiozin mitochondrial function, and have improved
antioxidant effects, etc. DCM pathology.
GLP-1 receptor agonists ~ Enhance insulin sensitivity and Improve metabolic They have mgn{flcant‘ly
. X . . . 1 reduced heart failure risk,
(liraglutide, improve cardiovascular stress and indirectly P [30,31]
semaglutide) risk factor reduce ROS but specific evidence for
DCM has remained limited.
Increase the endogenous GLP-1 Mild anti-inflammatory less effective than SGLT2
DDP4 inhibitors (such & . effects and indirect inhibitors in heart failure;
. L. level and have a mild . . [32,33]
as sitagliptin) p attenuation of evidence for DCM treatment
anti-inflammatory effect A .
oxidative stress has remained scarce.
Evidence has supported
Angiotensin-converting o . o benefits in heart failure, but
heart failure drugs enzyme (ACE) inhibitors Inhibit .RAAS to allgv1ate Inh{b it the Ang I[I-NOX specific mechanistic targeting [34]
- cardiac remodeling axis and reduce ROS - -
(such as enalapril) in DCM has remained
limited.
Angiotensin II receptor Block Ane T recentors Block AT1R-mediated Similar to ACE inhibitors,
blockers (ARB) class & ptors, oxidative signaling and but data in DCM have [34,35]

(e.g., valsartan)

{3 -blockers (e.g.,
metoprolol, carvedilol)

anti-fibrosis

Reduce the excitation of the
sympathetic nerve and improve
the cardiac load.

reduce ROS

Reduce sympathetic-
stress-related oxidative
damage

remained limited.
Improve cardiac function,
but have limited targeting of
metabolic and inflammatory
pathways.
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Table 1. Cont.
. e . . . Antioxidant-Stress- s
Function Classification Drug Main Mechanism of Action Related Mechanisms Limitations References
Mineralocorticoid Inhibit the Supported by evidence in
receptor antagonists Anti-fibrotic, inhibiting aldosterone-NOX heart failure, with additional [37,38]
MRA, e.g., aldosterone-related damage athway and reduce reports of cardioprotective o
& 8 P Y P P
spironolactone) ROS effects in T2DM.
Angiotensin Alleviate neurchumoral Strong evidence in heart
receptor-neprilysin Combined RAAS blockade + imbalance and indirectl failure, but further studies [39,40]
inhibitors (ARNI, enhanced natriuretic peptide d idative st y are needed on their o
Sacubitril) reduce oxidative stress mechanistic roles in DCM.
Peroxisome Improves lipotoxicity It can improve metabolism,
Metabolism/Energy proliferator-activated Improving insulin sensitivity d indirectly red but there i ial risk 4 ¢ 41
Regulation receptor y (PPARYy) and lipid metabolism and indirectly reduces ut there is a potential risk o [41]
agonist (pioglitazone) ROS exacerbating heart failure.
. Anti- . NLRP3 inflammasome Inhibit the inflammatory BIOCk the . Du e the mechanism )
inflammatory / Targeting inhibitors cascade reaction ROS-inflammation verification process, there are [42]
Inflammatory Pathways amplification loop no clinical DCM data yet.
Antioxidant nutrients The effect is not obvious and
Antioxidant Drugs (lipoic acid, vitamin Remove free radicals Directly scavenge ROS there is insufficient clinical [43,44]
C/E) evidence.
; 2+ is i ici i
Electrolyte/Calcium Calcium channel Reduce myocardial oxygen AlleV{ate'Ca overload Th.e re is insufficient e\{ldence .
Resulation blockers consumption and indirectly reduce of its effect on heart failure or [45,46]
& P mtROS DCM.
. Improve Na*/ Ca?* Most of them are
NHE1 l.nh ibitors Regulate Na* /Ca%* imbalance and reduce experimental studies with no [47-49]
(experimental) g p
P mtROS clear clinical support.
Matrix Inhibition of matrix Attenuate ROS—rela'ted Experimental target, with -
metalloproteinase metalloproteinases extracellular matrix limited clinical evidence [50,51]
(MMP) inhibitors P remodeling
L . Anti-TGF-f3 /Smad g . Inhibit ROS-related There is no clinical evidence
Anti-fibrosis pathway drugs Inhibit fibrosis profibrotic signaling from a large sample size. 521
S . . Lowering cholesterol, Improve endothelial Relieve cardlovascqlqr
upportive therapeutic . - . effects, but the specific =
Statins anti-inflammatory, function and . £ [53,54]
drugs lizi 1 inhibi targeting effect on DCM
stabilizing plaques inhibit NOX .
is unclear
They are mainly used for
. - . preventing concurrent
Antiplatelet cllr‘ugs (such Antithrombotic lelt.ed d}rect effects on vascular events, but there are [55]
as aspirin) oxidative damage .
relatively few reports
on DCM.
CaZ*-dependent protein s During the trial phase, there
Other mechanism drugs kinase II (CaMKII) Regulation of calcium signals Inhlbl;RI?aSii_faMKH was no large-scale [56,57]
inhibitor (experimental) g & clinical verification.
MicroRNA /LncRNA Regulate oxidative- As proposed in the review,
targeted therapy Regulate pathological signals damage-related this serves as a [58-60]

(research-oriented)

gene networks

future strategy

Currently, medications used to treat DCM can be broadly classified into the

following categories.

2.2.1. Antidiabetic Drugs

In the early stages of DCM, controlling blood glucose levels is essential to prevent

further progression. Although antidiabetic medications play a significant role in glycemic

control, their cardioprotective effects remain limited.

(1) Sodium-glucose cotransporter 2 inhibitors (SGLT2i)

SGLT?2 inhibitors, such as empagliflozin and dapagliflozin, not only significantly

improve glycemic control but also show promise in cardioprotection. In diabetic KK-

Ay mice, SGLT2 inhibitors have been shown to improve myocardial metabolism, restore

mitochondrial function, reduce oxidative stress, and attenuate myocardial fibrosis and

inflammation, partly through activation of the Nrf2/ ARE signaling pathway. Empagliflozin,

in particular, exerts its cardioprotective effects in DCM mice mainly by inhibiting the

Transforming growth factor-f3/Small mothers against decapentaplegic (TGF-f3/Smad)

pathway and reducing oxidative damage, thereby mitigating cardiac injury [28,61].
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(2) Glucagon-like peptide-1 receptor agonists (GLP-1RAs)

GLP-1 receptor agonists, such as liraglutide and semaglutide, not only improve insulin
sensitivity but have also demonstrated significant efficacy in the treatment of cardiovascular
diseases. Evidence from clinical studies suggests that GLP-1 receptor agonists can indirectly
alleviate ROS generation by reducing metabolic stress and enhancing the heart’s resistance
to oxidative damage in patients with type 2 diabetes [30,31]. Although the cardioprotective
effects of GLP-1 receptor agonists have been demonstrated in some clinical studies, specific
evidence regarding their effects in DCM has remained insufficient.

(3) Dipeptidyl peptidase-4 inhibitors (DPP-4 inhibitors, DPP-4i)

DPP-4 inhibitors, such as sitagliptin and vildagliptin, prolong the half-life of endoge-
nous GLP-1, thereby increasing insulin secretion and inhibiting gastric emptying. Although
DPP-4 inhibitors help improve diabetes-related complications, their role in DCM is rela-
tively limited, and their direct regulatory effects on ROS production remain unclear [32,33].

2.2.2. Heart Failure Medications

Since diabetes is often accompanied by heart failure, common medications used to
treat DCM include RAAS inhibitors, -blockers, and diuretics. These medications can
reduce cardiac workload, improve hemodynamics and metabolic status, and alleviate heart
failure symptoms.

(1) Renin-angiotensin-aldosterone system inhibitors (RAAS inhibitors)

In both clinical heart failure studies and experimental models of DCM, RAAS inhibitors
have been shown to improve cardiac function by inhibiting angiotensin II (Ang II) signaling,
thereby reducing cardiac remodeling and myocardial fibrosis. In DCM rats, these agents
have also been reported to alleviate cardiac hypertrophy and reduce oxidative damage by
inhibiting NOX and lowering ROS production [62].

(2) p-blockers

3-blockers, such as metoprolol and carvedilol, are widely used in the clinical treatment
of heart failure. In clinical and preclinical studies, they have been shown to improve cardiac
function by reducing sympathetic nervous system activity, lowering cardiac workload, and
mitigating oxidative damage in cardiac tissue. Although 3-blockers offer significant benefits
for cardiac function, their effects on metabolic pathways and inflammatory responses are
relatively limited [36].

2.2.3. Antioxidants

Antioxidant drugs primarily exert their cardioprotective effects by reducing oxidative
damage through alleviating oxidative stress and inhibiting ROS overproduction. Although
antioxidant drugs have demonstrated some efficacy in experimental studies, their transla-
tion into clinical practice has remained challenging, particularly regarding bioavailability,
stability, and uncertainty about their molecular targets.

(1) Antioxidant nutrients (such as vitamins C, E, and selenium)

Traditional antioxidants such as vitamins C and E directly reduce ROS levels by
scavenging free radicals. However, clinical studies have shown that the long-term use of
these antioxidants has provided no significant benefit. In particular, they have failed to
effectively reduce the incidence of cardiovascular events in the treatment of DCM [63,64].
Therefore, although vitamins C and E have demonstrated antioxidant effects in basic
research, their clinical application remains limited.

Selenium should also be considered in the context of antioxidant nutrients. Although
selenium is not a classical plant secondary metabolite, it enters the diet largely through
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plant-derived foods grown in selenium-containing soils, including cereals, grains, legumes,
vegetables, and nuts, where it is present mainly in organic forms such as selenomethionine.
In mammals, selenium is incorporated into selenoproteins in the form of selenocysteine, and
these proteins, including glutathione peroxidases and thioredoxin reductases, play essential
roles in antioxidant defence and redox homeostasis [65]. In addition to limiting oxidative
stress, selenium-dependent pathways have also been linked to anti-inflammatory effects,
including modulation of NF-kB-related signaling [66]. However, as with other antioxidant
nutrients, the clinical relevance of selenium supplementation in cardiometabolic disease
appears to depend on baseline selenium status, dose, and safety window, and therefore
requires careful evaluation in DCM-related settings [67].

3. Plant Antioxidants: Molecular Mechanisms and Advantages over
Conventional Antioxidants

Building on the pathogenic role of ROS in DCM and the limitations of current
pharmacological therapies, increasing attention has been directed toward plant antioxi-
dants as potential adjunctive or mechanism-based intervention strategies. Unlike conven-
tional antioxidant supplementation, plant-derived antioxidants may regulate oxidative
damage and redox imbalance through multitarget actions, including modulation of en-
dogenous antioxidant pathways, ROS-generating sources, mitochondrial function, and
inflammatory signaling.

3.1. Restoring the Endogenous Antioxidant System

Modulation of the antioxidant system is a core mechanism underlying the action of
plant antioxidants. Modern redox biology no longer views ROS merely as damaging agents
but recognizes their critical role in cellular signaling. Plant antioxidants effectively counter-
act ROS generation by regulating endogenous antioxidant defense systems and restoring
intracellular redox balance. In oxidative-stress-related diseases such as DCM, antioxidants
not only reduce oxidative damage by directly scavenging ROS but also enhance the cellular
antioxidant capacity by activating endogenous defence pathways. The activation of these
endogenous antioxidant pathways typically involves multiple key signaling molecules,
including the Keap1-Nrf2 axis, the SIRT family, and NF-«B [9,22].

3.1.1. Keap1-Nrf2-ARE Pathway

Nrf2 is a central regulator of cellular redox homeostasis, and its primary function is
to induce the expression of antioxidant genes. Nrf2 initiates the transcription of down-
stream antioxidant genes by binding to the ARE, including genes encoding key antioxidant
enzymes such as heme oxygenase-1 (HO-1), superoxide dismutase (SOD), glutathione
peroxidase (GPX), and catalase (CAT) [68]. Under physiological conditions, Nrf2 binds
to Kelch-like ECH-associated protein 1 (Keapl) and is maintained at a low activity level
through Cullin3-mediated ubiquitination. However, under oxidative stress conditions, the
interaction between Keap1 and Nrf2 is disrupted. Nrf2 then translocates to the nucleus and
binds to AREs, thereby activating the transcription of antioxidant genes [69,70].

Plant antioxidants such as resveratrol and quercetin can significantly increase the
expression of antioxidant enzymes and reduce ROS overproduction by activating the
Keapl-Nrf2-ARE pathway. For example, in TIDM mice, resveratrol has been shown to
promote Nrf2 expression and enhance its transcriptional activity, thereby inducing the
expression of antioxidant enzymes such as HO-1 and NADPH quinone oxidoreductase
1 (NQO1) and reducing oxidative damage [71]. In cardiomyocyte clinical and experimental
studies, quercetin has been shown to enhance Nrf2 translocation and induce the expression
of antioxidant proteins, thereby alleviating oxidative injury and cell death [72,73]. This
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Nrf2-mediated mechanism enables plant antioxidants to provide sustained antioxidant
protection against various forms of cellular damage and inflammatory processes.

3.1.2. SIRT Deacetylation Pathway

The sirtuin (SIRT) family is a class of NAD*-dependent deacetylases that play a crucial
role in regulating cellular antioxidant defence and maintaining redox homeostasis. These
enzymes are widely distributed across multiple subcellular compartments, including the
nucleus, cytoplasm, and mitochondria. Among them, SIRT1 and SIRT3 are two key mem-
bers closely associated with oxidative stress regulation. SIRT1 is primarily localized in
the nucleus and cytoplasm. It promotes the expression of antioxidant enzymes, such as
SOD2 and CAT. It also suppresses inflammatory responses and enhances mitochondrial
biogenesis. These effects are mediated through the deacetylation of transcriptional regula-
tors, including Forkhead box O3a (FOXO3a), NF-kB, and Peroxisome proliferator-activated
receptor gamma coactivator-1 o« (PGC-1«x) [74]. In the animal models of DCM, decreased
SIRT1 activity is often accompanied by ROS overproduction, exacerbated inflammation,
and cardiomyocyte damage [75,76].

SIRT3 is primarily localized within mitochondria and plays a key role in maintain-
ing mitochondrial redox homeostasis. It enhances mitochondrial antioxidant capacity by
deacetylating and activating key mitochondrial enzymes, such as MnSOD and Isocitrate
dehydrogenase 2 (IDH2), thereby reducing mtROS overproduction and maintaining mem-
brane potential and ATP production [75,76]. In preclinical models of DCM, plant-derived
compounds, such as the flavonoid isorhamnetin, have been shown to delay DCM pro-
gression by upregulating SIRT3 expression, thereby improving mitochondrial function
and reducing ROS generation [77]. Thus, by activating the SIRT family, plant antioxidants
not only enhance endogenous antioxidant defences but also mitigate oxidative-damage-
related myocardial damage through nuclear transcriptional regulation and mitochondrial
functional maintenance.

3.1.3. Inhibition of NF-«kB-Mediated Inflammatory Signaling

NF-«B is a key pro-inflammatory transcription factor that regulates inflammatory
responses by inducing the expression of inflammatory cytokines such as TNF-c, IL-13, and
IL-6. Under conditions of oxidative stress, excessive ROS can activate the Inhibitor of NF-xB
(IxB) kinase (IKK) complex [78]. This promotes the phosphorylation and degradation of
IkB. As a result, NF-«kB is released and translocates into the nucleus. It then induces the
transcription of pro-inflammatory genes. Persistently activated NF-«B not only exacerbates
local inflammatory responses but also amplifies oxidative damage, promotes cell death,
and drives tissue remodeling. Therefore, it plays an important role in the pathogenesis and
progression of DCM [79,80].

Studies have shown that plant antioxidants such as curcumin and resveratrol have al-
leviated oxidative-stress-related inflammatory responses by inhibiting ROS production and
NF-«B signaling in DCM mice, thereby exerting cardioprotective effects at both antioxidant
and anti-inflammatory levels [81].

3.1.4. Multitarget Synergy

Nrf2, the SIRT family, and NF-«B do not function independently; rather, they are
closely interconnected in the regulation of redox balance, mitochondrial homeostasis, and
inflammation. When oxidative stress increases, Nrf2 dissociates from the Keapl complex
and translocates to the nucleus, where it induces the expression of antioxidant enzymes
and enhances cellular antioxidant capacity [82]. Concurrently, SIRT1 promotes antioxi-
dant and metabolic adaptation by deacetylating transcriptional regulators such as Nrf2,
FOXO3a, and PGC-1x, whereas SIRT3 enhances mitochondrial antioxidant defence by

https:/ /doi.org/10.3390/antiox15050587


https://doi.org/10.3390/antiox15050587

Antioxidants 2026, 15, 587 9 of 28

deacetylating enzymes such as SOD2 and IDH2, thereby limiting mitochondrial oxidative
stress [83-86]. In contrast, persistent NF-«B activation amplifies inflammatory injury and
contributes to oxidative stress progression. Importantly, SIRT1 can suppress NF-«B signal-
ing through deacetylation of the RelA /p65 subunit, thereby reducing its transcriptional
activity and downstream inflammatory gene expression [87]. Therefore, the coordinated
effects of Nrf2/SIRT signaling and NF-«B inhibition may collectively contribute to an
antioxidant, mitochondria-protective, and anti-inflammatory regulatory network in DCM.
Figure 2 illustrates the coordinated roles of the Nrf2/ARE pathway, the SIRT family, and
NF-kB signaling in the regulation of oxidative stress and inflammation. It highlights how
interactions among these pathways may help attenuate myocardial injury in DCM.
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Figure 2. ROS-Mediated Crosstalk Between Nrf2/ARE, NF-«B, and SIRT1 Signaling Pathways.
Created in BioRender. Zufeng, Y. (2026) https://BioRender.com/y1ijd9u (accessed on 19 March 2026).
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3.2. Modulation of ROS-Generating Systems by Plant Antioxidants

In DCM, plant antioxidants may attenuate oxidative injury not only by support-
ing antioxidant defence but also by modulating major ROS-generating systems. These
include NOX isoforms, xanthine oxidase, mtROS production, and dysregulated NOS-
related redox signaling. By targeting these upstream sources of oxidative stress, plant-
derived compounds may help reduce pathological ROS generation and limit downstream
myocardial injury.

3.2.1. ROS Production Mediated by NOX

The NOX family comprises important intracellular ROS-generating enzymes that are
widely distributed in cardiomyocytes, endothelial cells, and immune cells. NOX complexes
generate superoxide anions (O,e ™) by transferring electrons from NADPH to molecular
oxygen. This is a key step in ROS production. In DCM, sustained hyperglycemia and
metabolic stress can induce abnormal NOX activation. Among these, NOX1, NOX2, and
NOX4 are considered the primary subtypes closely associated with myocardial oxidative
damage. Their upregulation significantly promotes ROS production and exacerbates
mitochondrial dysfunction, inflammatory responses, and myocardial remodeling [88,89].

Plant antioxidants mitigate ROS overproduction by inhibiting NOX activity. For ex-
ample, quercetin has been shown to significantly reduce NOX2 expression and decrease
superoxide anion production in diabetic rats, thereby slowing DCM progression. Further-
more, quercetin can enhance endogenous antioxidant defences by activating the Nrf2 /HO-1
pathway, thereby further inhibiting NOX-mediated oxidative stress. Therefore, inhibiting
NOX-mediated ROS production is one of the key mechanisms by which plant antioxidants
exert their cardioprotective effects [90].

3.2.2. XO and Its Functions

XO is a major source of ROS in diabetes-associated oxidative damage. During purine
metabolism, XO catalyzes the conversion of hypoxanthine and xanthine into uric acid,
simultaneously generating O,e~ and hydrogen peroxide (H,O,). In the context of hyper-
glycemia and metabolic disorders, XO activity is often abnormally elevated. This promotes
excessive ROS generation and exacerbates oxidative damage to myocardial tissue [88].

Studies have shown that resveratrol has reduced XO-derived ROS production by
inhibiting XO activity in diabetic rats [91]. Quercetin has also been found to downregulate
XO activity, thereby reducing oxidative stress and alleviating diabetes-related myocardial
damage [72]. Therefore, inhibiting XO-mediated ROS generation not only helps miti-
gate oxidative damage but also protects cardiomyocytes under conditions of persistent
metabolic stress. This is one of the key mechanisms by which plant antioxidants exert their
cardioprotective effects.

3.2.3. Mitochondrial ROS (mtROS) Production and Regulation

Mitochondria serve as the central site of energy metabolism in cardiomyocytes and
are also a major source of ROS. Under metabolic stress, electron leakage from complexes I
and III of the mitochondrial ETC increases, leading to sustained mtROS generation [21].
In the early stages of DCM, mitochondrial dysfunction and excessive mtROS production
reinforce each other. Hyperglycemia impairs respiratory chain function and reduces ATP
production. At the same time, it exacerbates electron leakage and ROS release. This creates
a vicious cycle of “mitochondrial damage-increased mtROS.” [22].

Plant antioxidants can intervene in this process by improving mitochondrial homeosta-
sis and inhibiting mtROS production. For example, in several clinical and animal studies,
quercetin activated SIRT3- and Nrf2-related signaling pathways to enhance mitochondrial
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antioxidant defense. Specifically, SIRT3 enhances ROS scavenging capacity by deacetylating
key enzymes, such as MnSOD and IDH2, thereby maintaining mitochondrial function [73].
Resveratrol can similarly mitigate high-glucose-induced ROS production by improving
mitochondrial metabolism and function. Therefore, restoring mitochondrial function and
inhibiting mtROS amplification are key mechanisms [91].

3.2.4. ROS Production Mediated by NOS

NOS synthesizes nitric oxide (NO), which exerts cardioprotective effects under phys-
iological conditions by maintaining vasodilation, inhibiting platelet aggregation, and
improving myocardial perfusion. Under conditions of oxidative stress, NOS signaling
becomes dysregulated. This is particularly evident in eNOS uncoupling and reduced NO
bioavailability. As a result, NO reacts with O,e~ to form reactive nitrogen species (RNS),
such as peroxynitrite (ONOO™). This, in turn, triggers nitrosative and nitrative stress,
which further impairs mitochondrial function, exacerbates inflammatory responses, and
drives DCM progression [92,93].

Therefore, the key role of plant antioxidants in this process is not merely to “regu-
late NOS activity” but rather to reduce ONOO™ formation by lowering the superoxide
anion burden, improving eNOS coupling, and restoring NO bioavailability. For exam-
ple, in diabetic rats, quercetin has been shown to reduce O,e~ and ONOO™ accumu-
lation by improving NOS coupling and reducing ROS generation, thereby mitigating
myocardial damage [94].

In summary, plant antioxidants significantly reduce ROS overproduction and slow
DCM progression by targeting multiple key ROS sources, including NOX, XO, mitochon-
dria, and NOS. These plant compounds not only directly inhibit ROS production. They
also enhance cellular antioxidant capacity by activating endogenous antioxidant defence
pathways. In this way, they provide multilevel protection. Compared to traditional antioxi-
dants, the multitarget regulatory properties of plant antioxidants confer distinct advantages
in the treatment of DCM, making them promising candidates for future drug development.

3.3. Direct Radical-Scavenging Antioxidants and Their Limitations

Traditional antioxidant supplementation, particularly with small-molecule antioxi-
dants such as vitamin C and vitamin E, has often been discussed in the context of direct
radical scavenging. These compounds can neutralize reactive species by donating elec-
trons or hydrogen atoms and, in some cases, interrupt lipid peroxidation chain reactions.
However, the antioxidant defence system in vivo is highly integrated and includes both
enzymatic and non-enzymatic components with distinct subcellular localization, biochemi-
cal reactivity, and physiological roles [95]. In this context, it is overly simplistic to describe
conventional antioxidants merely as “non-specific free radical scavengers”. Rather, they act
within a complex redox network in which different antioxidants contribute to the detoxi-
fication of different oxidants and often function in a coordinated and sequential manner.
Vitamin E is a representative example: beyond its classical antioxidant role, the vitamin
E family (including tocopherols and tocotrienols) can also modulate signaling pathways,
inflammation, and gene expression [9,96].

Nevertheless, although direct radical-scavenging antioxidants can reduce oxidative
burden under some conditions, their clinical performance in cardiovascular disease has
generally been inconsistent. One important reason is that supplementation with exogenous
antioxidants does not necessarily correct the upstream dysregulation of ROS production,
compartment-specific redox imbalance, or pathological redox signaling. Moreover, because
ROS also participate in physiological signaling, antioxidant interventions that are not
appropriately targeted may blunt adaptive redox responses rather than selectively sup-
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press pathological oxidative stress [97]. Therefore, compared with strategies that regulate
ROS-generating sources and endogenous antioxidant pathways, conventional antioxidant
supplementation may provide more limited and context-dependent benefits in DCM.

3.4. A Comparison of Conventional Antioxidants and Plant Antioxidants
3.4.1. Complexity of the Mechanism of Action

Traditional antioxidant supplementation has often relied on direct radical-scavenging
mechanisms to reduce oxidative damage, but they lack precise regulation of ROS sources
and redox signaling. Although they are effective in the short term, long-term use may inter-
fere with normal cellular function [98]. Consequently, in cardiovascular disease research,
including DCM, supplementation with classical antioxidants has failed to yield consistent
clinical benefits [99]. This has prompted research on plant antioxidants to gradually shift
from a “free radical scavenging model” to a “redox signaling regulation model.” In contrast,
plant antioxidants can comprehensively regulate the cellular redox state through multiple
mechanisms. These mechanisms include activating endogenous antioxidant pathways, in-
hibiting ROS sources, and modulating mitochondrial function and inflammatory responses.
As a result, they provide more sustained and targeted antioxidant protection.

3.4.2. Selectivity and Specificity

Recent mechanistic studies have revealed that plant antioxidants have exhibited a
more complex pattern of molecular regulation. In contrast, traditional antioxidants have
not been able to precisely regulate ROS sources or downstream signaling networks. Their
non-enzymatic intracellular scavenging capacity has also struggled to compete with the
highly efficient endogenous antioxidant enzymes [64]. Plant antioxidants not only possess
free radical scavenging activity but also regulate the cellular sources of ROS. By modulating
ROS sources and activating antioxidant pathways, they prevent excessive ROS scaveng-
ing while preserving ROS’s crucial role in cellular signaling. This endows plant antioxi-
dants with greater selectivity and specificity, enabling them to regulate redox homeostasis
more precisely.

In summary, traditional antioxidants are often used to provide direct radical-
scavenging support, but they do not necessarily correct the upstream dysregulation of ROS
sources or redox signaling. In contrast, plant antioxidants exert their protective effects
through multiple mechanisms, including activation of endogenous antioxidant systems,
regulation of ROS production, and modulation of inflammatory responses and mitochon-
drial function. Therefore, they hold greater therapeutic potential for oxidative-stress-related
diseases such as DCM.

4. Major Categories of Antioxidant Compounds in Plants

As an important component of natural products, plant antioxidants contain a vari-
ety of antioxidant compounds. These compounds alleviate oxidative stress and related
pathological processes through both direct and indirect mechanisms. In the plant king-
dom, there is a wide variety of antioxidant compounds, including polyphenols, flavonoids,
terpenoids, quinones, and alkaloids. These compounds not only scavenge free radicals
but also provide comprehensive antioxidant protection through multiple mechanisms,
including regulating cellular redox signaling pathways, inhibiting ROS production, and
improving mitochondrial function.

4.1. Polyphenolic Compounds

Polyphenolic compounds are among the most widely distributed antioxidants in plants.
Characterized by multiple benzene rings and hydroxyl groups, they are effective in scaveng-
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ing ROS and inhibiting free-radical-induced oxidative damage [10]. Common polyphenolic
compounds discussed in this context include resveratrol and proanthocyanidins.

Proanthocyanidins, a class of polyphenolic compounds widely found in fruits such
as grapes and apples, possess strong antioxidant properties. Studies have shown that
proanthocyanidins have improved myocardial function and reduced myocardial damage
in DCM models by reducing ROS overproduction [100,101]. Resveratrol, widely found
in plants such as red grapes and blueberries, has been shown to play an important role
in alleviating oxidative stress and improving cardiovascular health [102]. Resveratrol has
protected the heart from oxidative damage by inhibiting NOX complex activity, thereby
reducing ROS production [91].

The antioxidant activity of polyphenolic compounds typically depends on the presence
of multiple hydroxyl groups in their structures. These hydroxyl groups can react with
ROS to form stable intermediates, thereby terminating oxidative chain reactions [10]. In
addition, polyphenolic compounds can further mitigate oxidative damage by enhancing
cellular antioxidant defense systems [103].

4.2. Flavonoids

Flavonoids are important antioxidants found in plants. They possess a wide range
of biological activities and can mitigate oxidative damage by scavenging free radicals,
regulating cellular signaling pathways, and inhibiting ROS overproduction. Common
flavonoids include quercetin, phlorizin, catechins found in green tea, and rutin.

Quercetin is a flavonoid compound widely found in foods such as apples, onions,
and grapes. It not only alleviates oxidative stress by directly scavenging ROS but also
enhances cellular antioxidant defences by activating the Nrf2 pathway. As a result, it
promotes the expression of antioxidant enzymes such as HO-1 and SOD [73]. Catechins are
major antioxidant components in green tea and possess significant antioxidant and anti-
inflammatory effects. In vitro and in vivo studies have shown that catechins have reduced
the risk of cardiovascular disease by inhibiting NOX activity and thereby decreasing
ROS production [104].

The antioxidant activity of flavonoids is closely related to their molecular structure,
primarily depending on the number and distribution of phenolic hydroxyl groups and
conjugated structural features. These structural characteristics enable them to scavenge
ROS via hydrogen or electron donation and, to some extent, stabilize free radicals, thereby
mitigating oxidative damage [105]. In addition, flavonoids can exert indirect antioxidant
effects by regulating oxidative-stress-related signaling pathways. For example, they can
activate the Nrf2/ ARE pathway to enhance cellular antioxidant defences. They can also
inhibit the excessive activation of inflammatory pathways such as NF-«B. In this way, they
exert both antioxidant and anti-inflammatory effects [106].

4.3. Terpenoids

Terpenoids are a class of secondary metabolites widely found in plants and exhibit a
variety of biological activities. Common terpenoids include monoterpenes, sesquiterpenes,
and triterpenes that are present in plant essential oils. Although the primary function
of terpenoids in plants is defence, their potent antioxidant properties also make them
promising antioxidant agents.

Curcumin, the primary active component of turmeric, possesses potent antioxidant,
anti-inflammatory, and anticancer properties. In a diabetic rat model, curcumin exerts its
antioxidant effects through multiple mechanisms, including inhibiting ROS overproduc-
tion, enhancing antioxidant enzyme activity, and regulating mitochondrial function [81].
Hesperidin, a key component of citrus fruits, exhibits potent antioxidant properties. It
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protects cells from oxidative damage by reducing ROS production, thereby helping to delay
the onset of diabetes and its complications [107].

By regulating ROS generation, terpenoids not only effectively reduce oxidative damage
within cells but also further enhance cellular antioxidant capacity through mechanisms
such as modulating inflammatory responses and improving mitochondprial function [10].

4.4. Alkaloids

Alkaloids are a class of nitrogen-containing natural organic compounds widely found
in plants. Due to their diverse chemical structures, different alkaloids exhibit marked
differences in pharmacological activity and potency. Current evidence indicates that cer-
tain plant-derived alkaloids possess antioxidant, anti-inflammatory, and cytoprotective
properties, as well as the ability to regulate glucose and lipid metabolism [108]. Conse-
quently, their potential for use in the management of cardiovascular diseases related to
metabolism, particularly DCM, is attracting increasing attention. Representative alkaloids
closely associated with DCM and oxidative stress include caffeine and berberine.

Caffeine is primarily found in coffee beans, tea leaves, and cocoa plants. A review
article has shown that caffeine possesses antioxidant activity and partially mitigates oxida-
tive damage by reducing ROS production, enhancing intracellular antioxidant defences,
and regulating oxidative-stress-related signaling pathways [109]. In DCM mice, Berberine
(BBR) not only lowers blood glucose and regulates lipid metabolism but also protects the
myocardium through multitarget mechanisms, including enhancing antioxidant capacity;,
reducing inflammatory responses, and inhibiting cardiomyocyte apoptosis. Regulation of
redox homeostasis is a key mechanism underlying its cardioprotective effects [110].

The antioxidant effects of alkaloids can manifest as direct ROS scavenging. More
commonly, they occur through the regulation of Nrf2, NF-«B, and other oxidative-stress-
related signaling pathways. In this way, alkaloids indirectly enhance cellular antioxidant
capacity and alleviate inflammatory damage. Although there are differences in the specific
mechanisms of action and the strength of evidence among various alkaloids, plant-derived
alkaloids, such as berberine, have demonstrated potential value in the prevention and
treatment of DCM [110]. Further validation is required through additional mechanistic
studies and clinical investigations.

In summary, plants contain a wide variety of antioxidant compounds, including
polyphenols, flavonoids, terpenoids, and alkaloids. These plant antioxidants act through
multitarget, multipathway mechanisms. They scavenge free radicals, regulate redox bal-
ance, inhibit ROS sources, and enhance cellular antioxidant defence capacity. In oxidative-
stress-related diseases such as DCM, plant antioxidants exert significant protective effects
through these mechanisms and demonstrate substantial potential for clinical application.

5. Combination Therapy Using Plant Antioxidants and Its
Clinical Prospects

Plant antioxidants have demonstrated significant potential in recent preclinical studies.
They may represent a promising strategy for treating oxidative-stress-related diseases. In
contrast, monotherapies for DCM often carry significant side effects. Plant-derived thera-
pies are characterized by “multicomponent, multitarget, and multimechanism” properties
and are generally associated with fewer side effects. Consequently, the combination of
plant antioxidants with conventional drugs has become an important focus of current
research [111,112]. Table 2 summarizes representative studies on the combined use of plant
antioxidants and antidiabetic drugs in diabetes-related experimental models.

https:/ /doi.org/10.3390/antiox15050587


https://doi.org/10.3390/antiox15050587

Antioxidants 2026, 15, 587

15 of 28

Table 2. Combined use of plant-derived antioxidants and antidiabetic drugs in experimental models.

Natural Component Co;r;lblnatlon Model Treatment ]?ose and Conclusions Reference
erapy Duration
In T2DM mice, the combination
treatment significantly improved
glucose metabolism, reduced
Cocoa—carob CCB + metformin cardiac oxidative stress and
blend (CCB) Metformin 1*T2DM mice (300 mg/kg/day); inflammation, and attenuated [113]
12 weeks myocardial remodeling. The
combined treatment was more
effective than either
treatment alone.
SBU (30t0f mg/.mL) ' ImaT2DM rats, a buckthorn natural
Sea buckthorn (SBU) Metformin T2DM rats metiormin extract showed synergistic potential [114]
(300 mg/kg); . A :
3 weeks with metformin in improving DCM
Quercetin (10 mg/kg) In TZDIE/[ ra’ij, the }fombclintaﬁlon
Quercetin Metformin T2DM rats + metformin s.1§.mblce.m f};en alllce < d [94]
(180 mg/kg); 30 days antidiabetic e ect an reverse
endothelial dysfunction.
Rutin (100 mg/kg) + In T1DM mice, the combination
Rutin Metformin 2+*T1DM mice metformin significantly reduced [115]
(300 mg/kg); 8 weeks PE-induced vasoconstriction.
Quercetin In a high glucose environment, the
NRK-52E cells (50 ug/mL) + combination inhibited the
Quercetin Rosuvastatin stimulated with HE T i expression of pro-inflammatory [116]
HG (30 mM) (2; osu/vasL';l. 218 h factors, reduced ROS levels, and
HE/mL); enhanced antioxidant defence.
Honey (1.0 g/kg) +
metformin In T1DM rats, the combination
Honey Glibenclamide + T1DM rats (190 mg/ kg) + significantly reducec.l oxidative [117]
metformin glibenclamide stress markers and improved
(600 mg/kg); antioxidant enzyme activity.
4 weeks
Herbal capsule (alkaloids,
100.31 pg/mg; H .
flavonoids, erbal capsule In T2DM Fats., Fomb}ned treatment
131.45 nug/mg; cardiac Metformin T2DM rats (90 mg /kg) * ShOW.Ed. signt ﬁcan.t improvements [118]
lycosides, 55.93 e /me: metformin in msphr} res1s.tan.ce and
&Y ! HE/ Mg (90 mg/kg); 28 days antioxidant indices.

and saponins,
61.47 ug/mg)

Note: 1*T2DM: Type 2 diabetes mellitus is primarily caused by a combination of insulin resistance and gradual
[3-cell dysfunction, resulting in relative insulin deficiency. Its onset is typically associated with obesity, metabolic
syndrome, and lifestyle factors. 2*T1DM: Type 1 diabetes mellitus is caused by an autoimmune reaction that
destroys pancreatic 3 cells, and its primary characteristic is absolute insulin deficiency. Consequently, patients
usually require lifelong exogenous insulin therapy after disease onset.

5.1. Advantages of Combination Therapy
5.1.1. Complementary Mechanisms and Synergistic Effects

The key advantage of combining plant antioxidants with existing clinical drugs for
DCM lies in their complementary mechanisms of action. Clinical drugs primarily exert
their effects by improving glucose metabolism, insulin resistance, or cardiac dysfunction.
In contrast, plant antioxidants mainly target pathological processes such as ROS over-
production, inflammatory responses, and fibrosis. Therefore, the combined use of these
two approaches holds promise for simultaneously targeting DCM progression at both
the metabolic dysfunction and myocardial injury levels. Previous studies in DCM rat
models have shown that the cocoa-carob flavonoid mixture (CCB) alone can downregulate
NOX2/NOX4, reduce ROS overproduction, and modulate the SIRT1/Nrf2/NF-«B axis.
When combined with metformin, it produced greater improvements in myocardial oxida-
tive damage, inflammation, and fibrosis. This finding suggests that the two agents exerted
complementary effects on metabolic control and on inhibition of oxidative stress [119].
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5.1.2. Reducing Drug Dependence and Long-Term Risks

For DCM requiring long-term management, the significance of combination therapy
also lies in its potential to reduce reliance on prolonged high-dose monotherapy. Plant
antioxidants are generally well tolerated and can serve as adjunctive interventions. They
may extend therapeutic coverage to pathological processes such as oxidative damage,
inflammation, and mitochondrial damage without significantly increasing the treatment
burden. In existing animal studies, the combination of plant bioactive compounds with
metformin has not shown significant additional toxicity. On the contrary, it has shown
a trend toward broader protective effects in diabetes-related target organs, including the
heart, pancreas, liver, and kidneys [120,121].

5.1.3. As a Complementary Component of a Comprehensive Treatment Plan

From a translational perspective, the greatest potential of plant antioxidants may not
lie in replacing existing standard therapies but rather in their incorporation into compre-
hensive treatment regimens as mechanism-based adjunctive strategies [28]. Unlike clinical
drugs, plant antioxidants are more likely to provide additional benefits by inhibiting ROS
sources, enhancing endogenous antioxidant defences, and maintaining mitochondrial func-
tion. Therefore, they hold promise for advancing existing treatments from “phenotypic
control” to “pathological network-based intervention.” Although direct evidence in this
area has remained limited and has been largely derived from animal models, some studies
have suggested that combining plant antioxidants with standard medications may pro-
duce synergistic effects [122]. If active ingredients, dosage ranges, delivery methods, and
the safety of such combinations can be further clarified, this type of combination strat-
egy may emerge as a promising complementary approach in the long-term management
of DCM [119].

It should be noted that the currently available evidence on combination therapy re-
mains relatively narrow in scope. Most preclinical studies summarized in Table 2 have
focused on the combination of plant-derived antioxidants with metformin, whereas data
involving newer antidiabetic agents, such as SGLT2 inhibitors or gGLP-1RAs, remain very
limited in the context of DCM. This is an important knowledge gap, because modern
antidiabetic drugs, particularly empagliflozin and liraglutide, have already demonstrated
intrinsic cardioprotective effects in experimental and clinical cardiovascular settings. There-
fore, whether the addition of plant antioxidants can provide incremental benefit beyond
these agents alone remains uncertain and should be addressed in future well-designed
comparative and combination studies [123].

5.2. Challenges in Combination Therapy

Currently, combination therapies using plant antioxidants have demonstrated promis-
ing therapeutic potential in numerous preclinical studies, particularly in oxidative-stress-
related diseases such as diabetes, cardiovascular disease, and neurodegenerative disorders.
However, clinical evidence for such combination strategies remains limited, and their
translation into clinical practice faces multiple challenges. First, plant-derived compounds
often have low oral bioavailability and short half-lives, making it difficult to maintain
effective concentrations in cardiac tissue [124]. Second, the high doses commonly used
in animal studies may exceed safe limits when converted to human-equivalent doses. In
addition, long-term safety assessments are lacking [125]. Similarly, when designing combi-
nation therapies, it is necessary to evaluate pharmacokinetic profiles and redox balance
thoroughly. Excessive ROS inhibition may interfere with the regulatory role of ROS in
normal physiological signaling [124].
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Furthermore, the efficacy of individual plant antioxidants is influenced by interindi-
vidual variability and metabolic status. Therefore, future research requires larger-scale,
randomized, and rigorously designed clinical trials. These trials are needed to evaluate
long-term efficacy, optimal dosing, and safety. They should also assess the potential risks
of herb—drug interactions.

Overall, combination therapy using plant antioxidants exerts synergistic effects
through multiple targets and mechanisms. It not only enhances antioxidant effects but
also improves treatment outcomes for oxidative-stress-related diseases. This benefit is
achieved by modulating multiple pathological processes. Although combination therapy
has shown significant potential in preclinical studies, several challenges remain. These
include dose optimization, standardization, and the need for additional clinical evidence.
Future research should focus on developing personalized treatment regimens and conduct-
ing large-scale clinical trials to advance the clinical application of combination therapies
using plant antioxidants.

6. Issues and Research Limitations

Although plant antioxidants have demonstrated significant potential for treating
oxidative-stress-related diseases, current research still faces several challenges and limita-
tions. To some extent, these issues have hindered their clinical translation and widespread
application. To better translate the therapeutic potential of plant antioxidants into clinical
benefit, the following key issues and limitations must be addressed.

6.1. Compositional Complexity and Quality Control

Plant antioxidants have complex compositions and diverse sources, and their active
components often exhibit substantial variability. The antioxidant activity of different
plant extracts may result from the combined effects of multiple chemical components,
making it difficult to fully assess the efficacy of plant antioxidants by analyzing individual
components [126]. Furthermore, quality control of plant antioxidants remains a challenge.
Components derived from different sources or processed using different extraction methods
may exhibit variable activity, making it difficult to ensure standardization and consistency
in clinical applications [126,127].

To ensure the efficacy and safety of plant antioxidants, it is necessary to establish
stricter quality control standards and testing methods. Future research should focus on the
standardized production of plant antioxidants, including the optimization of extraction
processes, the quantitative determination of active components, and the standardized
evaluation of pharmacological activity. These measures will help improve the clinical
translation potential of plant antioxidants.

6.2. Insufficient Clinical Evidence

Although plant antioxidants have demonstrated significant antioxidant and thera-
peutic effects in basic research and animal studies, these models do not fully reflect the
metabolic complexity of patients with DCM. This makes it difficult to extrapolate exper-
imental results directly to clinical settings [127]. Furthermore, current clinical research
remains insufficient, particularly due to the lack of large-scale, double-masked, randomized
controlled trials (RCTs) [117]. Existing clinical studies are mostly limited to preliminary
evaluations with small sample sizes. Most also focus solely on the effects of plant antioxi-
dants in specific conditions. As a result, broad validation across different populations and
pathological contexts remains lacking [127,128].

Furthermore, potential herb—drug interactions between plant antioxidants and con-
ventional medications have not been fully investigated. While combination therapy may
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enhance the efficacy of plant antioxidants, it may also increase the risk of interactions
and adverse reactions. Therefore, future research should focus on large-scale multicenter
clinical trials. Particular attention should be given to the safety of plant antioxidants, dose
optimisation, and their interactions with commonly prescribed drugs.

In addition, most existing preclinical studies have not controlled for or reported
treatment timing, even though circadian variation in redox, metabolic, and inflammatory
pathways may influence responses to antioxidant interventions.

6.3. Bioavailability and Absorption Issues

The bioavailability of plant antioxidants in the body is generally low, primarily due
to their aqueous solubility, lipid solubility, metabolic stability, and interactions with other
components [129]. Many plant antioxidants (such as resveratrol and curcumin) often fail to
achieve effective plasma concentrations after oral administration due to their low solubility
and absorption rates [129,130]. Furthermore, the metabolic processes of plant antioxidants
in the gastrointestinal tract may lead to reduced or absent bioactivity, thereby limiting their
clinical applications. Currently, data on the relationship between the pharmacokinetics and
efficacy of plant antioxidants in humans is very limited. This makes the development of
an effective system for dose prediction and therapeutic window evaluation particularly
challenging [131]. Therefore, improving delivery systems or developing more effective
analogs represents an important direction for future research [130].

To address this issue, many researchers have proposed methods such as nanotechnol-
ogy, liposomal delivery, and microencapsulation to improve the bioavailability of plant
antioxidants [132]. For example, curcumin nanocarriers have been shown to increase their
systemic absorption and enhance their antioxidant effects [133,134]. However, the practical
application of these technologies still faces many challenges, including high production
costs, complex manufacturing processes, and potential toxicity issues [135,136].

6.4. Individual Differences in Treatment Outcomes

Individuals vary in their response to plant antioxidants, primarily due to factors
such as genetic background, metabolic characteristics, lifestyle habits, and comorbidi-
ties. Even for the same plant antioxidant, there may be significant differences in absorp-
tion, metabolism, and excretion rates among individuals, thereby affecting therapeutic
efficacy [131]. For example, certain populations may have reduced absorption of plant
antioxidants due to genetic mutations or differences in the activity of drug-metabolizing
enzymes, resulting in limited therapeutic effects.

These individual differences pose challenges for the clinical application of plant an-
tioxidants. Future research should place greater emphasis on optimizing personalized
treatment strategies. By leveraging technologies such as genomics and metabolomics,
researchers may develop personalized treatment regimens using plant antioxidants. These
approaches should be integrated with patients’ specific clinical conditions and physio-
logical characteristics. In this way, they may improve therapeutic outcomes and reduce
adverse reactions.

6.5. Safety Concerns Regarding Long-Term Use

Although plant antioxidants are generally considered safe natural products, long-
term use may carry potential side effects and toxicity risks. While the safety of many
plant compounds has been established for short-term use, sufficient research data on
their effects with long-term use remains lacking. For example, clinical studies have re-
ported that turmeric/curcumin supplements are associated with drug-induced liver injury,
which can even progress to severe liver damage [137]. Berberine can inhibit the activity
of Cytochrome P450 2D6 (CYP2D6), CYP2C9, and CYP3A4, thereby increasing the risk of
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drug interactions when used in combination with other medications. Resveratrol has also
been shown to modulate CYP450 enzymes and transport systems, such as P-glycoprotein
(P-gp), thereby affecting the in vivo metabolism and toxicity of certain drugs [138]. Con-
sequently, the long-term use of plant antioxidants still requires more systematic safety
evaluations. These evaluations should take into account dosage, treatment duration, and
concomitant medications [139].

To ensure the safety of plant antioxidants, future research should focus on assess-
ing their long-term toxicity. It should include effects on major organs such as the
liver and kidneys. It should also determine the safety limits of plant antioxidants at
different doses [140,141].

In summary, although plant antioxidants have demonstrated significant therapeutic
potential in preclinical studies, their clinical application remains challenging and limited.
Issues such as low bioavailability, complex composition, difficulties in quality control,
insufficient clinical evidence, individual variability, and safety concerns regarding long-
term use remain major barriers to clinical translation. Future research should focus on
optimizing extraction and formulation technologies for plant antioxidants, strengthening
clinical validation, addressing issues related to personalized treatment, and improving the
evaluation of long-term toxicity and safety. These efforts will help advance the clinical
translation of plant antioxidants, thereby enabling their wider application in the treatment
of oxidative-stress-related diseases such as DCM.

7. Perspectives

Plant antioxidants have emerged as promising candidates for DCM because they may
modulate redox imbalance, mitochondrial dysfunction, inflammation, and metabolic stress
in an integrated manner. However, current evidence remains predominantly preclinical,
and substantial challenges still limit clinical translation.

First, most available studies are based on cellular and animal models, whereas direct
evidence from patients with diabetes, including myocardial tissue, circulating biomarkers,
and clinically relevant metabolic indicators, remains limited. In addition, the molecular ac-
tions of plant antioxidants within complex cardiac microenvironments are still incompletely
understood. Future studies should further clarify how these compounds influence the
crosstalk among cardiomyocytes, fibroblasts, immune cells, and vascular endothelial cells,
as well as their effects on mitochondrial dynamics, cell death pathways, and network-level
redox regulation [142].

Second, several translational barriers remain unresolved, including compositional
complexity, insufficient standardization, low bioavailability, pharmacokinetic variability,
and uncertainty regarding long-term safety. Another important but often overlooked factor
is treatment timing. Because cardiovascular metabolism, redox homeostasis, mitochondrial
function, and inflammatory signaling are influenced by circadian regulation, the efficacy
of plant antioxidants may vary according to the time of administration and the stage of
disease progression. These variables should be incorporated more systematically into
future preclinical and clinical study designs.

Third, current combination studies remain limited in scope and are focused mainly on
metformin-based regimens. By contrast, data on the combined use of plant antioxidants
with newer antidiabetic agents, particularly SGLT2 inhibitors and GLP-1 receptor agonists,
remain scarce in the context of DCM. This issue is especially relevant because some of these
modern agents already exert intrinsic cardioprotective effects. Therefore, whether plant
antioxidants can provide additional benefit beyond current standard therapies remains an
open and clinically important question.
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Future research should therefore prioritize the identification of active components and
structure-activity relationships, the establishment of standardized quality-control systems,
and the integration of multi-omics approaches to define mechanism-based targets more
precisely. At the translational level, greater emphasis should be placed on dose optimization,
formulation improvement, pharmacokinetic evaluation, chronotherapy-related design,
and rigorously designed clinical studies. In addition, emerging mechanisms, including
ferroptosis and mitochondrial quality control, warrant further investigation as potential
therapeutic entry points for plant antioxidants in DCM.

8. Conclusions

The onset and progression of DCM are closely associated with sustained oxidative
stress. Excessive ROS production induced by metabolic stress can lead to a sustained
oxidative damage network involving mitochondrial dysfunction, NOX activation, and
amplified inflammatory signaling. Compared to traditional antioxidant strategies that rely
on non-specific ROS scavenging, plant antioxidants place greater emphasis on multitar-
get regulation of ROS sources and redox signaling pathways. This includes activating
endogenous antioxidant defence systems, inhibiting pathological ROS overproduction, and
improving mitochondrial function, thereby mitigating myocardial damage at multiple key
levels. Although large-scale clinical evidence is currently lacking, plant-derived natural
compounds have provided potential mechanism-based strategies for the prevention and
treatment of DCM.

More importantly, the potential applications of plant antioxidants extend beyond DCM.
Since oxidative stress, mitochondrial damage, and inflammation are widely implicated in
various cardiovascular diseases, plant antioxidants may have broader therapeutic value.
These diseases include heart failure, ischemia—reperfusion injury, and atherosclerosis. Plant
antioxidants are expected to play a complementary role in the comprehensive treatment
of these conditions. They may also provide new therapeutic candidates and research
directions for precision interventions.

In summary, plant antioxidants show great promise in mitigating oxidative stress and
improving cardiac function in DCM. However, future research should focus on optimizing
their bioavailability, conducting large-scale clinical trials, and exploring their synergistic
effects in combination with conventional treatments.
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