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Abstract: Coronary microvascular dysfunction (CMD) is increasingly recognized as a major public health burden, independently
contributing to myocardial ischemia, adverse cardiovascular events, and elevated healthcare costs. Its pathophysiology is multi-
factorial, involving endothelial dysfunction, microthrombosis, and metabolic disturbances. Natural compounds, owing to their multi-
target effects and favorable safety profiles, have emerged as promising candidates for CMD intervention. This narrative review
systematically consolidates current evidence on the key molecular targets and regulatory mechanisms through which natural
compounds preserve microvascular homeostasis. It also highlights shared pathological pathways between CMD and other cardiovas-
cular diseases to support cross-disease therapeutic translation. By integrating these findings, this review aims to establish a theoretical
foundation for future preclinical and clinical applications of natural compounds in CMD management.
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Introduction
Coronary microvascular dysfunction (CMD) is a distinct cardiovascular disease subtype characterized by structural and
functional abnormalities in coronary microvessels, leading to myocardial ischemia and adverse cardiovascular events.
Despite its high prevalence and poor prognosis, the diagnosis and treatment of CMD remain significant clinical
challenges. Current therapeutic strategies, largely derived from experience with obstructive coronary artery disease,
primarily target macrovascular lesions and fail to address the specific pathophysiological mechanisms underlying
microvascular dysfunction. This therapeutic gap represents a critical unmet need in CMD management. Moreover, the
complex pathogenesis of CMD—involving intricate interactions among endothelial dysfunction, dysregulated mitophagy,
oxidative stress, and chronic inflammation—further complicates the development of effective agents specifically for
CMD.'? Although insights from other cardiovascular conditions sharing homologous pathogenic pathways have
informed CMD research, direct evidence specific to CMD remains scarce. Therefore, identifying therapeutic candidates
by focusing on the unique pathological network of CMD itself, rather than relying on extrapolation from macrovascular
diseases, has emerged as a more targeted approach.

In recent years, natural compounds have gained attention as potential therapeutics for CMD due to their multi-target
effects, low toxicity, and favorable biocompatibility.>* While much of the evidence supporting their cardiovascular benefits
originates from studies on atherosclerosis or myocardial infarction, emerging research suggests that these compounds may
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also modulate key CMD-specific pathways, including endothelial homeostasis, mitophagy, oxidative stress, and
inflammation.” However, direct experimental and clinical evidence specifically validating their efficacy in CMD is limited.
Preliminary reports indicate that natural compound-derived drugs, when combined with conventional anti-ischemic agents or
integrated into secondary prevention regimens, could expand therapeutic options for CMD.® Nevertheless, robust clinical
trials focusing on CMD populations are urgently needed to confirm these potential benefits. With a critical emphasis on
distinguishing findings directly obtained from CMD models from those inferred from other cardiovascular diseases, this
review systematically evaluates the current evidence on how natural compounds synergistically regulate the CMD patho-
logical network. We aim to provide a theoretical foundation for elucidating their molecular mechanisms in improving
endothelial function, mitigating mitophagy dysregulation, remodeling the oxidative-inflammatory microenvironment, and
correcting immune-metabolic disturbances, thereby accelerating the translation of natural compounds from bench to bedside
for precise CMD intervention. By explicitly linking the therapeutic limitations of current anti-ischemic regimens—Ilargely
extrapolated from obstructive coronary artery disease—to the distinct and often overlooked pathophysiological demands of
CMD, this review underscores an urgent need for mechanism-driven, CMD-tailored interventions. In particular, we highlight
critical evidence gaps specific to CMD, including the paucity of preclinical studies utilizing validated microvascular
dysfunction models, the lack of clinical trials with CMD-diagnosed cohorts and endothelial-specific endpoints, and the
undercharacterization of natural compounds’ direct effects on coronary microcirculation.

The Pathophysiological Mechanisms of Coronary Microcirculatory

Dysfunction

CMD is a pathological state characterized by imbalanced microvascular vasomotor function and inadequate myocardial
perfusion. This condition arises from the synergistic interactions among multiple mechanisms, including endothelial
dysfunction, microvascular structural remodeling, and dysregulated inflammatory responses. Current research on CMD
mechanisms remains extensive but constrained. The interplay among these pathogenic mechanisms are illustrated in Figure 1.

CMD Caused by Endothelial Dysfunction

In the coronary microcirculation, endothelial cells (ECs) modulate vascular tone and vasomotor function through the
production and release of vasodilatory and vasoconstrictive mediators. Vasodilators include NO, endothelium-derived
hyperpolarizing factor (EDHF), and prostaglandins, while the primary vasoconstrictive mediator is endothelin-1 (ET-
1).” As the principal endothelium-dependent vasodilator, NO maintains endothelial integrity through its anti-
inflammatory, anti-fibrotic, anti-platelet aggregation, anti-apoptotic, and pro-angiogenic effects.* However, under
conditions of oxidative stress, ROS are excessively generated via NADPH oxidase (NOX) and mitochondrial path-
ways, degrading NO and inhibiting eNOS function. This markedly reduces NO bioavailability and vasodilatory
capacity while enhancing the vasoconstrictive action of ET-1, exacerbating microvascular spasm.” Consequently,
disrupted dilation-contraction balance compromises local blood flow regulation and blunts metabolic responsiveness,

driving CMD development.

CMD Induced by Structural Abnormalities

Structural remodeling of the coronary microcirculation represents another key mechanism underlying CMD
development. These structural abnormalities primarily manifest as hypertrophic remodeling of resistance arteries,
luminal narrowing in arterioles and capillaries, perivascular fibrosis, decreased microvascular density, and capil-
lary rarefaction.” Luminal narrowing and medial wall thickening in arterioles result from smooth muscle cell
hypertrophy and collagen deposition, which not only reduces vascular compliance but also directly impairs flow
reserve and blood flow distribution.'®!" Decreased capillary density (capillary rarefaction) further restricts blood
perfusion. Moreover, these structural alterations frequently interact synergistically with functional abnormalities,

collectively compromising myocardial microcirculatory perfusion and contributing to the pathogenesis of CMD.
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Figure | Pathogenesis of coronary microvascular dysfunction.

CMD Induced by Abnormal Inflammatory Factor Levels

Inflammation plays a catalytic and exacerbating role in the pathogenesis of CMD.'?> Under pathological conditions,
inflammatory mediators such as IL-6, TNF-a, and C-reactive protein (CRP) are released at elevated levels. These factors
activate vascular endothelial cells and induce endothelial dysfunction.'® Pro-inflammatory cytokines not only further
reduce the production and stability of NO but also directly enhance the sensitivity of vascular smooth muscle cells to
vasoconstrictive stimuli, leading to microvascular spasm. Inflammatory responses and oxidative stress mutually reinforce
each other: reactive ROS activate the NLRP3 inflammasome, promoting the maturation and release of IL-1p and IL-18."
Concurrently, inflammatory mediators (eg., TNF-a) increase ROS production by upregulating NOX activity, thereby
accelerating endothelial damage and vascular remodeling, ultimately promoting CMD development.'”

Sex-Specific CMD with Female Predominance

Females exhibit unique characteristics in the pathogenesis of CMD, primarily associated with estrogen levels and its signaling
pathways.'® Current research indicates that estrogen exerts protective effects on the vascular endothelium, promotes NO
production, and suppresses inflammation.'” The underlying mechanism involves estrogen upregulating CD39 (ectonucleoside
triphosphate diphosphohydrolase) expression, facilitating ATP metabolism into adenosine, thereby enhancing adenosine-
mediated vasodilation.'® However, in postmenopausal or estrogen-deficient states, the protective effects of estrogen are
significantly diminished. This leads to reduction in NO bioavailability, enhancement of endothelin-1 (ET-1) activity, and decrease
in antioxidant capacity, substantially increasing CMD risk. Notably, under other pathological conditions (eg., preeclampsia,
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collagen vascular diseases, systemic lupus erythematosus), abnormal estrogen receptor signaling may exacerbate endothelial
inflammation and microvascular damage, collectively contributing to CMD development.'®

Autonomic Nervous Dysregulation and Other Factors

The autonomic nervous system plays a crucial role in maintaining appropriate vasodilation and vasoconstriction in coronary
microcirculation, with its balanced state directly influencing vasomotor responses.”’ Autonomic imbalance, characterized by
increased sympathetic activity and decreased parasympathetic function, leads to sustained vasoconstriction and disrupted blood
flow regulation. Additionally, neurotransmitters such as norepinephrine directly induce vasoconstriction when overactive in
vascular smooth muscle cells, impairing vasodilation during increased metabolic demands.?' Notably, autonomic dysregulation
not only independently contributes to vasomotor imbalance but also interacts synergistically with endothelial dysfunction and
inflammatory states, creating a vicious cycle of impaired coronary vascular reactivity.'' Epigenetic mechanisms (eg., DNA
methylation and histone modifications) are implicated in CMD pathogenesis by modulating genes involved in oxidative stress,
inflammation, and angiogenesis. For instance, the minor G allele at the rs9349379 locus within the ET-1 shared intron region
enhances ET-1 expression, promoting microvascular constriction and myocardial ischemia.”**> CDKN2B-AS], a long non-
coding RNA, may induce endothelial cell apoptosis and senescence through interactions with polycomb repressive complexes,
thereby reducing microvascular density.”* VEGF-A, a key regulator in angiogenesis and vascular integrity, may impair
endothelial proliferation and microvascular density when functionally deficient, compromising myocardial adaptation to
stress.” Other genes including FOG2, eNOS, and hypoxia-inducible factor 1o (HIF-1a) are also implicated in CMD, modulating
angiogenic factor expression, NO synthesis, and vascular development.’*2* Collectively, these epigenetic alterations not only
exacerbate endothelial injury and dysfunction but may also contribute to structural abnormalities like microvascular remodeling.
They interact with environmental and lifestyle factors, forming a complex pathogenic network.?

Current Therapeutic Agents for CMD

Anti-Atherosclerosis Treatment

The Renin Angiotensin Aldosterone System (RAAS) related pathways play a central role in Ang II-mediated vascular
dysfunction. ACE inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) effectively counteract several pathological
effects mediated by Ang II through AT1 receptors—including activation of NADPH oxidase, increased O, production, and
elevated oxidative stress levels—by inhibiting ACE to block Ang II generation or by selectively blocking Ang II binding to
AT1 receptors. Representative agents include ACEIs such as Captopril, Enalapril, and Ramipril, along with ARBs such as
Losartan and Irbesartan. Notably, the classic ACEI Ramipril reduces bradykinin degradation, enhancing its binding to
endothelial B2 receptors.>*>' This activates signaling pathways that promote synergistic release of NO and PGI,, directly
dilating coronary microvessels and inhibiting platelet aggregation. Collectively, these mechanisms endow ACEIs/ARBs
with multifaceted benefits: antihypertensive effects, anti-atherosclerotic properties, anti-vascular remodeling, endothelial
protection, and CMD improvement. Clinical trials have shown that ramipril can increase coronary flow reserve by
approximately 15-20% in postmenopausal women with CMD.

Calcium channel blockers (CCBs) inhibit voltage-gated calcium channels, leading to reduced influx of extracellular
Ca®", decreased intracellular calcium ion concentration, and interference with calmodulin-dependent signaling pathways,
ultimately resulting in the relaxation of vascular smooth muscle. CCBs are primarily categorized into non-
dihydropyridines (eg., verapamil, diltiazem) and dihydropyridines (eg., nifedipine, amlodipine). Among them, diltiazem
exhibits high-affinity binding to L-type calcium channels in coronary microvessels, while amlodipine primarily acts on
Cav1.2 channels in peripheral arteries.’’ Both agents effectively dilate coronary microvessels and lower blood pressure.

Additionally, diltiazem also inhibits T-type calcium channels in the sinoatrial and atrioventricular nodes, prolonging
atrioventricular conduction time and reducing heart rate. In contrast, amlodipine may trigger a baroreceptor reflex-
mediated sympathetic activation due to its significant reduction in peripheral vascular resistance, potentially increasing
heart rate.* These effects enable CCBs to exert both antianginal and antihypertensive actions. In patients with coronary
slow flow phenomenon, diltiazem can reduce angina attack frequency by 40% to 50%. However, amlodipine often
requires co-administration with a ;-blocker to counteract the compensatory tachycardia it may induce.
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Statins competitively inhibit 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase in hepatocytes,
thereby reducing circulating cholesterol levels. This class includes agents such as lovastatin, rosuvastatin, and pravas-
tatin. As an example, high-intensity statin rosuvastatin effectively suppresses farnesylation of the RhoA protein,
preventing translocation of Rho-associated ROCK to the cell membrane and its degradation of eNOS mRNA.
Concurrently, it blocks the phosphorylation of IkB (the inhibitory protein of NF-kB). These mechanisms collectively
lead to a significant increase in endothelial nitric oxide synthesis and reduced expression of monocyte chemoattractant
protein-1 (MCP-1) and vascular cell adhesion molecule-1 (VCAM-1). Consequently, rosuvastatin exerts pleiotropic
effects—improving vascular endothelial function, suppressing inflammatory responses, and stabilizing atherosclerotic
plaques.**? Clinical data show that rosuvastatin can improve coronary flow reserve by 0.3—0.5 units in patients with
diabetes mellitus complicated by CMD.

Thromboxane A, synthase (TXAS) inhibitors, notably the selective inhibitor ozagrel specifically target TXAS to inhibit
thromboxane A, (TXA,) production. Ozagrel competitively binds to the heme-containing active site of TXAS, preventing the
conversion of prostaglandin H, (PGH,) to TXA, and resulting in a reduction of TXA, generation in platelets by over 90%.
Additionally, by diminishing thromboxane prostanoid (TP) receptor activation, ozagrel suppresses the phospholipase C beta—
diacylglycerol (PLCB-DAG) signaling cascade. This inhibits protein kinase C (PKC)-mediated assembly of NADPH oxidase,
thereby reducing superoxide generation and preserving the junctional integrity of vascular endothelial cadherin. These
mechanisms collectively confer potent antiplatelet aggregation and microvascular protective effects.*

The selective estrogen receptor modulator (SERM) raloxifene induces conformational changes in the estrogen
receptor alpha (ERa) within vascular endothelial cells, promoting ERa binding to the endothelial nitric oxide synthase
(eNOS) promoter and thereby enhancing eNOS transcriptional activity. Concurrently, it also inhibits the ROCK pathway,
reducing myosin light chain (MLC) phosphorylation and improving endothelium-dependent vasodilation.?*!-*
A unique advantage of raloxifene is its antagonistic effects on ERa in breast and uterine tissue, resulting in an 80%
reduction in endometrial hyperplasia risk. In postmenopausal women with CMD, raloxifene increases CFR by 0.2-0.4
units without elevating cardiovascular event risk.

Anti-Anginal Treatment

B-Blockers exert their mechanism by selective blockade of myocardial ;-adrenergic receptors, thereby inhibiting
overactive sympathetic nervous system activity. This action reduces myocardial contractility, slows heart rate, and
decreases cardiac oxygen consumption, effectively alleviating myocardial ischemia-induced angina pectoris. Common
agents include metoprolol, bisoprolol, and atenolol. Among them, the third-generation highly selective B;-blocker
nebivolol exhibits a unique dual mechanism beyond these fundamental cardioprotective effects: it specifically agonizes
vascular endothelial Ps-receptors, leading to sustained NO release.>**> This activates the soluble guanylate cyclase—
cyclic guanosine monophosphate—protein kinase G (sGC—cGMP-PKGQG) signaling pathway in vascular smooth muscle,
ultimately inducing microvascular dilation. Concurrently, nebivolol upregulates mitochondrial superoxide dismutase-2
(SOD-2) expression via 3-receptor agonism, effectively scavenging excessive ROS and attenuating vascular endothelial
oxidative damage. These actions provide comprehensive vascular protection in angina management.

Late sodium current inhibitors exert their core mechanism by selectively inhibiting the late sodium current in
cardiomyocytes, reducing abnormal sodium ion influx during the action potential plateau phase. Agents in this category
include ranolazine and trimetazidine. Beyond improving myocardial calcium handling and diastolic function, the
representative agent ranolazine possesses a unique metabolic regulatory action: it inhibits carnitine palmitoyltransfer-
ase-1 (CPT-1), shifting myocardial substrate utilization toward more efficient glucose oxidation.>'~*® This metabolic shift
is particularly critical under ischemic conditions, where it significantly reduces lactate production and acidosis, optimizes
myocardial energy metabolism, and attenuates resulting microvascular endothelial dysfunction. Thus, ranolazine effec-
tively alleviates angina symptoms through this dual mechanism.

Nitrates exert their therapeutic core mechanism by directly or indirectly increasing cyclic guanosine monophosphate
(cGMP) levels to induce vasodilation. The classical nitrate nitroglycerin relies on aldehyde dehydrogenase-2 (ALDH-2) for
bioactivation to release NO, which subsequently activates soluble guanylate cyclase (sGC) to generate cGMP. It primarily
dilates epicardial conduit vessels but has limited effects on microvessels. Moreover, chronic use frequently leads to tolerance
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due to multiple factors: ALDH-2 activity downregulation, ROS-mediated NO consumption, and increased phosphodiesterase
type 5 (PDES5) activity.** In contrast, the novel sGC stimulator riociguat directly binds to and stabilizes the heme moiety of
sGC, substantially enhancing cGMP synthesis. Clinical trials demonstrate that riociguat significantly prolonged exercise
tolerance in patients with stable angina. Compared to nitroglycerin, it is associated with a 70% reduction in the risk of
tolerance, providing a more effective and better-tolerated therapeutic option, particularly for patients with CMD.

a;-Adrenoceptor blockers exert their therapeutic mechanism by selectively antagonizing a;-adrenoceptors on vascular
smooth muscle cells. This blocks the norepinephrine-activated phospholipase C beta—inositol trisphosphate (PLCB-IP3)
signaling pathway, resulting in vascular smooth muscle relaxation, microvascular dilation, and significant reduction in
peripheral vascular resistance. Agents include prazosin, terazosin, and doxazosin.>***” Given its potent microvascular
dilatory properties, the representative agent doxazosin is particularly suitable for patients with hypertension and CMD
who exhibit sympathetic overactivation. However, this agent may cause orthostatic hypotension (with an incidence of up
to 18%) and compensatory tachycardia. Consequently, it is often co-administered with B-blockers (such as metoprolol) in
clinical practice to counteract reflex tachycardia, maintain hemodynamic stability, and optimize therapeutic efficacy and
safety in hypertensive patients with CMD.

Current therapeutic strategies for CMD predominantly repurpose medications commonly used for pathophysiologi-
cally similar conditions such as atherosclerosis and angina pectoris. However, the existing treatment framework still
faces challenges, including insufficient target specificity and an incomplete evidence base that requires higher-quality
validation. Disease-specific clinical trials are urgently needed to establish definitive therapeutic efficacy. These pharma-
cological treatment strategies are summarized in Figure 2.

Current Therapeutic Agents for CMD

Anti-atherosclerosis treatment Anti-anginal treatment
m Eci | Diltiazem I | Nebivolol | | Ranolazine |

/
Bradykinin { Combining Antagonistic“

v
ACE ME L-type Voltage-dependent J Bl receptors (

| @

( Evening Sodium Current

Calcium Channels

NCX Reverse Transit

4 entricula lastole \
‘ - 4
Relaxation

Myocardial Oxygen Consumption‘

Cardiomyocyte

Blood Platelet

Oxldatlve Stress Angina
< ; j | Rosuvastatin |—| HMG-CoA N|troglycerln pectorfg

Leukocyte Inﬁltratlonl— NF-kB

Isomerization T

Increase Exermse Tolerance

( (Calcmeurm\\ o - o e
‘{ Intact J £ — . Vasodilation

=
Reduce Peripheral Resistance
RhoA/ ROCK Pathway ?
TXA2 CGMPT —— —
Cj) XA NS | BECE

sG
Combini ERa .
ombining T Conformational Changes IComblnlng i Antagonistic

W,

Figure 2 Several common medications used to treat coronary microvascular dysfunction.
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disorders.

Therapeutic Pathways of Natural Compounds for Coronary Microvascular

Dysfunction

CMD is primarily improved through synergistic mechanisms including the suppression of inflammatory factors, reduc-

tion of oxidative stress, and endothelial cell protection. Current research indicates that potential therapeutic pathways for

CMD are diverse, and these are illustrated in Figure 3 and Table 1.

Table | Pharmacological Profile of Natural Compounds in Treatment of Coronary Microcirculation Disorders

Monomers Molecular Model Administration Mechanism Efficiency References
Formula
Curcumin Cy1H00¢ In vitro, LPS-induced Incubate, 30 uM NO |, iNOS |, Inhibit the activity of the enzyme by [38]
inflammation in vascular for 24 hours MCP-1 |, TNF-a | | binding to the active site of iINOS, and
smooth muscle cells reduce the damage of NO to
endothelial cells.
In vivo, high-fat diet to Intragastric, TNF-a |, IL-6 |, IL- | Block the activation of the NF-kB [39]
induce atherosclerosis 20 mg/kg/d, 1B |, NF-«xB |, signaling pathway and reduce the
Apoe™™ mouse model 16 weeks BRD4 |, TFEB- release of inflammatory factors.
P300 |
In vitro, LPS-induced Incubate, 30 uM NADPH |, MCP- Increase the activity of antioxidant [38]
inflammation in vascular for 24 hours I |,TNF-a |, TLR4 | enzymes and reduce the damage
smooth muscle cells | caused by oxidative stress.
(Continued)
Drug Design, Development and Therapy 2026:20 htps: 7



Chen et al

Table 1 (Continued).

Monomers Molecular Model Administration Mechanism Efficiency References
Formula
Resveratrol Ci4H 203 In vivo, rat within-subject Intragastric, eNOS 1, NOS-3 1, | Activate the AMPK/SIRT I/Nrf2 [40]
pre-post control model 10 mg/kg/d, BDNF?, TrkBf, pathway to reduce the damage of NO
4 weeks CREB 1, ERKI/2 1, | to endothelial cells.
AMPK |, SIRTI |,
Nrf2 |
In vitro, rat thoracic Incubate, 100 uM, Ca?* 1, PI3K |, Akt | Inhibit calmodulin-dependent cyclic [41]
aortic smooth muscle 30 minutes 1, Angll | nucleotide PDE to suppress endothelial
cell-endothelial cell model cell contraction
In vitro, LPS-induced Incubate, 10 uM, COX-2 |, AMPK Regulate the NF-kB and AP-1 signaling | [42]
RAW 264.7 cells 3 hours 1, TNF-a |, NF-kB | pathways to modulate the
1 inflammatory pathways.
In vitro, vascular smooth Incubate, | UM, TNF-a |, IL-12 |, Activate the AA metabolic pathway, [43]
muscle cells 48 hours MCP-1 |, Nrf2 1, NF-xB signal transduction, MAPK
interleukin-1§ | cascade reaction, and AP-1
transcription to regulate and reduce
the release of inflammatory factors.

EGCG CpH 80, In vitro, HyO,-induced Incubate, 50 pg/ ROS |, Ca?* 1 Upregulate the activity of antioxidant [44]
oxidative stress model of | mL for 24 hours peroxiredoxin-4 |, | enzymes, inhibit pro-oxidant enzymes,
myocardial ischemia injury a-enolase |, induce Phase Il detoxification enzymes
using H9c2 rat dehydrogenase-2 and antioxidant enzymes, and reduce
cardiomyoblasts |, ornithine |, the damage caused by oxidative stress.

aminotransferase |
In vivo, rat model of Incubate, 20 mg/ NF-«B |, AP-1 |, Regulate activated B cells to block the [45]
experimental autoimmune | kg/d, 21 days ICAM-1 |, CD4 |, | oxidative stress-inflammation cascade
myocarditis CD8 |, CDIIb |, reaction.

TNF-a |
In vivo, high-cholesterol Feeding High NF-kB |, ICAM-I Reduce the expression of cytokines [46]
diet-induced mouse Cholesterol Food 1, TNF-a | and decrease lipid deposition.
model Containing 4%

ECGC, 35 weeks
Quercetin CisH 007 In vitro, human alveolar Incubate, 100 uM, ROS |, NF-xB |, Inhibiting the activation of the MAPK [47]
epithelial A549 cells 4 hours TNF-a |, IL-1 |, IL- | signaling pathway reduces the
6 |, NOX2 | phosphorylation levels of ERK, p38,
and JNK, activates caspase-3 and NF-
kB regulated by the PI3K/Akt pathway,
and alleviates oxidative stress damage.
In vitro, LPS-induced Incubate, 60 UM COX-2 |, PGE2 |, | Blocking the nuclear translocation of [48]
RAW 264.7 cells for 24 hours NF-xB |, MAPK | the NF-xB signaling axis suppresses
inflammatory damage.
In vivo, obese Zucker rats | Intragastric, NO |, eNOS 1, Modulating the MAPK phosphorylation | [49]
model 10 mg/kg/d, iNOS |, TNF-a | cascade reduces NO-induced damage
10 weeks to endothelial cells.
Salidroside C4H2007 In vivo, Sprague-Dawley Intraperitoneal AhR |, NF-xB |, Inhibiting Keap| promotes its nuclear [50]
rats model injection, 32 mg/ HO-1 1, NQOI 1 | translocation and binding to ARE via
kg/d, 4 weeks the PKCd/p62 signaling pathway,
thereby reducing oxidative stress
damage.
(Continued)
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Table | (Continued).

Monomers Molecular Model Administration Mechanism Efficiency References
Formula
Ginsenosides Rb1:Cs4H92053 | In vivo, Gavage, 25 mg/lkg | TG |, TC |, LDL Inhibiting key inflammatory signaling [51]
Rg3:C4,H7,0,3 | Sprague-Dawley rat high- R1, 6 weeks 1 pathways, including NF-kB, suppresses
fat diet model ox-LDL |, HDL |, metabolically triggered inflammation.
IL-6 |, IL-33 |,
TNF-a |,
IL-1B |, VCAM-I
1, ICAM-1 |, NO
T
eNOS 1t
In vitro, LPS-induced Incubate, 100 VEGF 1, PG 1, Inhibiting HIF-1a stabilization, [52]
RAW 264.7 cells ng mL™" 24 hours | iNOS |, IL-6 |, suppressing COX-2 expression,
TNF-a |, COX-2 blocking NF-«xB nuclear translocation,
1, NF-xB |, HIF-lo. | and attenuating angiogenesis.
l
In vitro, LPS-induced Incubate, | pg/mL | NO |, ROS |, HO- | Targeted inhibition of the Akt/eNOS [53]
RAW 264.7 cells for 24 hours I 1,eNOS | signaling pathway preserves vascular
homeostasis.

Astragaloside C41HegO 114 In vivo, diabetic rat model | Oral, 80 mg/kg, IL-1B |, TNF-a |, Inhibiting the activation of the NF-«xB [54]

v 8 weeks NF-«B |, NLRP3 |, | signaling pathway blocks lkBa

Caspase-1 |, TLR4 | phosphorylation and nuclear

|, CaSR | translocation of the p65 subunit,

thereby reducing inflammatory injury.

In vivo, IR induced AKl in | Oral, 20 mg/kg/d, ICAM-1 |, NF-«xB Modulating the MAPK/AP-I signaling [55]
rats 7 days 1, TNF-a |, MCP-1 | axis suppresses leukocyte adhesion to

| endothelial cells.
In vivo, C57BL/6) mouse Intragastric tube ROS |, Caspase-| Blocking the ROS/caspase-1/GSDMD [56]
model of cardiac feeding, 40 mg/kg/ | |, GSDMD |, pyroptosis pathway suppresses
remodeling d, 4 weeks Collagen | |, pathological fibrosis and ventricular

Collagen Ill |, a- remodeling following myocardial

SMA | infarction.

Capsaicin C gH,7NO3 In virto, Capsaicin- Topical CGRP 1, TRPVI 1 | Activating the TRPVI channel [57]
Induced mast cell application, 1073 promotes vascular smooth muscle
degranulation and CGRP M relaxation.
release in rat

Berberine CyoHsNO, In virto, human umbilical Incubate, | pM, ROS |, oxLDL |, Inhibiting oxidized LDL (oxLDL)- [58]
vein endothelial cells 36 hours LOX-1 |, VE- stimulated HUVECs suppresses ERK 1/
(PUMC-HUVEC-TI cell cadherin |, a-SMA | 2 signaling pathway activation, mitigates
line) | oxidative stress, and concurrently

inhibits both proliferation and
migration of VSMCs induced by
lysophosphatidylcholine (lysoPC).
In virto, rat aortic smooth | Incubate, 120 pM, | PDGF |, MEK |, Activating the AMPK/p53/p21 signaling | [59]
muscle cell (SMC) model | hour ERK |, Egr-1 |, cascade inhibits aberrant VSMC
c-Fos |, proliferation.
Cyclin DI |,
PDGF-A |
(Continued)
Drug Design, Development and Therapy 2026:20 htps: 9



Chen et al

Table | (Continued).

Monomers Molecular Model Administration Mechanism Efficiency References
Formula
Allicin CeH 0085, In vivo, rat acute Incubate, 1078 M, | H,S 1, Ca?* 1, Modulating intracellular calcium levels [60]
myocardial infarction 5 minutes 5-HT |, U46619 |, | through thiol/disulfide exchange
(AMI) model ET-1 | reactions activates KATP channels in
vascular smooth muscle cells, inducing
membrane hyperpolarization and
resulting in vasodilation.
In virto, LPS induced Incubate, 100 uM, | TNF-a |, IL-6 |, Modulating the H,S/NO synergistic [61]
injury in H9¢2 2 hours NLRP3 |, pro-IL signaling network suppresses vascular
cardiomyocytes -1, IL-1B |, inflammatory responses.
Caspase-11
In vivo, myocardial I/R Intravenous, 3 mg/ | PGE2 |, PI3K |, Activation of the PI3K/AKT/mTOR [62]
mice model mL x 10 min + p-AKT 1, p-PI3K 1, | pathway upregulates Cox-2 and VEGF
5 mg/mL x I5min | p-mTOR 1, COX-2 | expression, elevates cardiac LDH
1, VEGF 1, LDH 1 levels, and promotes angiogenesis
through this signaling axis.
Tanshinone CioH 03 In vivo, spontaneously Intraperitoneal eNOS 1, TGF-B 1, | Promoting eNOS catalytic activity [63]
A hypertensive rats injection, 1.2 mL, PI3K 1, Akt 1, maintains endothelial cell functional
21 weeks HDL-C 1, LDL-C | | integrity.

Notes: Arrows indicate direction of change: 1 increase; | decrease.

Natural Compounds in Inflammation

Among natural polyphenolic compounds, curcumin, a primary bioactive component of turmeric rhizomes, exhibits potent
anti-inflammatory properties. It directly binds to the active site of inducible nitric oxide synthase (iNOS), inhibiting its
enzymatic activity and reducing the pathological overproduction of NO under inflammatory conditions. Additionally, it
inhibits the activation of the NF-«B signaling pathway, downregulating the release of pro-inflammatory cytokines such as
TNF-q, IL-6, and IL-1B.%* This suppresses iNOS expression at both transcriptional and microenvironmental levels,
thereby alleviating tissue inflammation. This multi-target anti-inflammatory mechanism has been experimentally vali-
dated in an in vitro rat vascular smooth muscle cell inflammation model. Curcumin’s multi-target engagement with both
iNOS and NF-«kB is conceptually novel, but its clinical translation remains constrained by poor bioavailability and a lack
of robust efficacy data in human inflammatory disorders. Resveratrol, a plant-derived metabolite widely present in
grapes, red wine, and berries, modulates NO homeostasis in endothelial cells through a multi-target regulatory network,
including: (1) Upregulating eNOS expression by activating Estrogen Receptor (ER) and Mitogen-Activated Protein
Kinase (MAPK) signaling pathways. (2) Improving endothelial function in ApoE-deficient mice via Sirtuin 1 (SIRT1)-
mediated eNOS activation.®® (3) Inducing NOS-3 expression through the AMPK/SIRT1/Nrf2 signaling network.®® (4)
Selectively inhibiting COX-1 activity and downregulating COX-2 expression by modulating the NF-kB and AP-1
signaling pathways.®” These mechanisms contribute significantly to the treatment of atherosclerosis. Catechins are
a class of biologically important flavonoid polyphenolic compounds widely found in various natural foods and medicinal
plants. Tea is the primary source of human catechin intake due to its high content of multiple active catechin
derivatives.®® EGCG ((-)-epigallocatechin-3-gallate), the most abundant catechin in green tea, exerts broad health-
promoting effects. EGCG attenuates myocardial inflammation by reducing lipid accumulation and decreasing the
expression of inflammatory mediators such as NF-kB, ICAM-1, and TNF-a.****7! The combination of its anti-
inflammatory mechanism and its ability to enhance endothelium-dependent vasodilation underscores the potential
application value of EGCG in the precision treatment of cardiovascular diseases. Quercetin is a typical representative
of flavonol polyphenolic compounds, existing widely in free or glycoside-bound forms in apples, berries, onions, tea, and
medicinal plants.”® Quercetin ameliorates atherosclerosis by inhibiting the synthesis of inflammatory mediators such as
IL-6, IL-1B, MCP-1, and VEGF, regulating macrophage polarization, and suppressing the inflammatory storm via a dual
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pathway. It blocks the nuclear translocation of the NF-«kB signaling axis to inhibit COX-2/PGE2 expression and
modulates the MAPK phosphorylation cascade reaction to reduce excessive NO production.*®7374

Saponin compounds share many similarities with CMD in their therapeutic mechanisms targeting vascular endothelial
inflammation. Among saponin compounds, ginsenosides Rb1, Rgl, Rg3, Rh2, and the metabolite Compound K have
been confirmed as the key anti-inflammatory components.”> Among them, Rg3 suppresses the inflammatory mediator
cascade, encompassing iNOS activity, NO levels, MMP-9, COX-2, and TNF-o/IL-1B/IL-6, through the upregulation of
M2 marker genes such as Arg-1.>*7° Another saponin compound—astragaloside IV (AS-IV)—is a main active compo-
nent of the Chinese medicinal herb Astragalus membranaceus (Huangqi). It is categorized into astragaloside I, II, and IV,
with AS-IV being the most biologically active compound.>* The anti-inflammatory properties of AS-IV involve targeted
inhibition of the NF-«kB signaling pathway, blocking IkBa phosphorylation and the nuclear translocation of the p65
subunit to downregulate pro-inflammatory factor expression. Simultaneously, it modulates the MAPK/AP-1 signaling
axis to reduce ICAM-1 synthesis and inhibit leukocyte-endothelial cell adhesion.’*’” Furthermore, it reduces patholo-
gical NO concentrations and prevents apoptosis by regulating iNOS activity and intervening in the caspase cascade
reaction. In an ISO-induced endothelial dysfunction model, it enhances enzymatic activity by stabilizing the dimeric
structure of eNOS, promoting NO bioavailability, while also inhibiting NF-kB p65 nuclear translocation.”® AS-IV can
also promote angiogenesis in ischemic tissues by activating the VEGF/FGF signaling pathway. In human umbilical vein
endothelial cells (HUVECs) models, it reduces TLR4 membrane expression, inhibits VCAM-1/ICAM-1 generation, and
restores eNOS activity, thereby ameliorating hyperglycemia-induced vascular endothelial inflammation-related cardio-
vascular diseases.”” Their translation is hampered by undefined active metabolites, unclear dose — response relationships,
and an over-reliance on preclinical vascular models.

Natural Compounds in Vascular Smooth Muscle Cells

Regarding the protection of smooth muscle cells, current research indicates that resveratrol may reduce the contractile
response of VSMCs by inhibiting Ca®*/calmodulin-dependent cyclic nucleotide PDE in a partially PDE1-dependent
manner. Additionally, it acts directly on VSMCs through mechanisms including induction of guanylate cyclase, inhibiting
protein kinase C (PKC), activating smooth muscle cell K channels, or modulating Ca®" concentration, thereby
promoting pulmonary artery relaxation and thus attenuating atherosclerosis progression in rat models.***!

In addition to the aforementioned anti-inflammatory activity, ginsenosides also have significant effects in protecting
VSMC:s. The regulatory role of ginsenoside Rg3 in vascular homeostasis is closely linked to its cross-pathway synergistic
mechanism involving the eNOS signaling network. Studies indicate that Rg3 can specifically inhibit VEGF-dependent
Akt/eNOS signaling in EPCs, blocking the functional activity of this pro-angiogenic axis, thereby playing a role in the
treatment of ischemic diseases.®**?

Berberine (BBR) is an isoquinoline alkaloid extracted from plants such as Coptis chinensis (Huanglian) and
Phellodendron amurense (Huangbai).*® In terms of VSMCs protection, BBR effectively inhibits the migration of
human aortic VSMCs by downregulating the expression of matrix metalloproteinases MMP-2, MMP-9, and urokinase-
type plasminogen activator (u-PA).* This synergistic action constitutes a key molecular mechanism by which BBR
inhibits vascular inflammatory responses, providing an important theoretical basis for treating cardiac fibrosis. Regarding
the regulation of proliferation mechanisms, BBR not only antagonizes PDGF-induced abnormal proliferation of VSMCs
by activating the AMPK/p53/p21 signaling cascade but also inhibits the dual effects of lysoPC-stimulated VSMC
proliferation and migration by reducing ROS levels and modulating the ERK1/2 signaling pathway.®® It thereby treats
atherosclerosis by protecting vascular endothelial cells against oxidative stress. Poor oral bioavailability and promiscuous
target engagement, however, limit its translatability to cardiovascular fibrosis therapy.

Allicin, an organosulfur compound characteristic of garlic, is a thiosulfinate.®® Allicin regulates blood pressure
through multiple metabolic pathways: On one hand, it releases endogenous hydrogen sulfide (H,S) via thiol/disulfide
exchange reactions. H,S induces hyperpolarization by activating KATP channels in VSMCs, reducing intracellular
calcium ion concentration to trigger vasodilation. On the other hand, it enhances cellular antioxidant capacity by
upregulating glutathione (GSH) biosynthesis, thereby exerting protective effects against myocardial infarction in
rats.*>®” Notably, allicin also activates the PI3K/AKT/mTOR pathway, increasing levels of Cox-2, VEGF, and
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myocardial lactate dehydrogenase (LDH). This pathway activation promotes angiogenesis and plays a significant role in
treating ischemia-reperfusion injury in mice.®® This multi-level bioactive network supports allicin as a potential natural
drug for regulating CMD.

Tanshinone IIA (TsIIA) ameliorates endothelium-dependent vasodilatory dysfunction and thereby treats atherosclero-
sis by reconstructing the balance of the endothelin system. It achieves this by inhibiting endothelin-1 (ET-1) secretion,
upregulating ETB receptor expression, and downregulating ETA receptor expression, forming a protective “ETB/eNOS/
NO” axis.®® At the pathological level, this capacity to restore endothelium-dependent vasodilatory dysfunction can
effectively alleviate CMD. Future clinical trials are needed to verify its clinical translation potential. Capsaicin is
a natural alkaloid and the primary homovanillic acid derivative in Capsicum plants. Its chemical structure features
a vanillyl group, an amide group, and a fatty acid chain.’® This unique structure endows it with important biological
functions such as inducing tumor cell apoptosis and regulating angiogenesis. In cardiovascular protection, capsaicin
primarily exerts its regulatory effects via TRPV1 channels.”’ The capsaicin-TRPV1 mechanism exhibits tissue-specific
effects: activation of visceral sensory nerve TRPV1 innervating the vascular wall promotes CGRP release, mediating
vascular smooth muscle relaxation.”? Conversely, in postganglionic sympathetic fibers, it induces vasoconstriction by
promoting NA release.”® This bidirectional regulatory property makes the capsaicin-TRPV1 system an important
molecular target for the fine-tuning of vascular tone.

Natural Compounds in Oxidative Stress

Regarding the amelioration of oxidative stress, the polyphenolic compounds previously mentioned, namely curcumin and
resveratrol, exert protective effects by enhancing the activity of antioxidant enzymes. Curcumin significantly reduces
ROS generation by modulating NADPH oxidase activity and enhancing antioxidant enzyme function, thereby alleviating
oxidative stress in RAW264.7 cells and regulating hypertension.”® This represents a potential therapeutic strategy for
improving CMD. Resveratrol, on the other hand, elevates the activity of superoxide dismutase (SOD) and glutathione
peroxidase (GPx) by activating the Nrf2 transcription factor. Simultaneously, it specifically inhibits the secretion of pro-
inflammatory factors such as IL-2 and IFN-y by lymphocytes and macrophages, reducing oxidative damage in coronary
artery endothelial cells.®’

In reducing ROS and mitigating oxidative damage, EGCG exerts its antioxidant effects through a dual mechanism.
On the one hand, it directly scavenges ROS and chelates metal ions using its phenolic hydroxyl groups. On the other
hand, it alleviates elevated blood pressure in stroke-prone spontaneously hypertensive rats by upregulating antioxidant
enzyme activity, inhibiting pro-oxidant enzymes, and inducing the phase II detoxifying enzymes. This synergistic effect,
confirmed by a 0.2% catechin intervention experiment, significantly enhances the activity of key antioxidant enzymes.”
Additionally, EGCG blocks the oxidative stress-inflammatory cascade reaction by inhibiting NF-xB and AP-1
activity.**%>"! Quercetin, leveraging its potent antioxidant properties, scavenges ROS in cardiac fibroblasts and inhibits
the MAPK pathway (ERK/p38/JNK phosphorylation) to delay myocardial fibrosis.”®*” Simultaneously, it reduces ROS
generation by activating the caspase-3 and NF pathways regulated by PI3K/Akt-kB, thereby ameliorating
atherosclerosis.*® In a hydrogen peroxide (H,O,)-induced oxidative stress model, quercetin pretreatment significantly
lowered ROS levels. It protected the myocardium in rats with acute myocardial infarction by enhancing antioxidant
enzyme activity and reducing levels of markers such as MDA and iNOS. Its inhibition of LDL oxidation and down-
regulation of the ROS/TLR4 signaling pathway can also impede ox-LDL-induced calcification and osteogenic differ-
entiation in vascular smooth muscle cells.’® Their pleiotropy remains un-druggable without stabilised formulations, and
human data on tissue distribution and chronic safety in cardiovascular indications are critically lacking.

Saponin compounds also exhibit potent antioxidant effects. Salidroside (SAL) provides endothelial protection via
spatiotemporal precision regulation of the Nrf2/HO-1 signaling pathway. On the one hand, it inhibits Keapl-mediated
ubiquitination and degradation of Nrf2 to promote its nuclear translocation. On the other hand, it enhances Nrf2
autophagic activation via the PKC/p62 signaling pathway, significantly elevating the expression of phase II detoxifying
enzymes such as HO-1 and NQO1 in HUVECs and PAECs. This coordinated action enhances ROS scavenging capacity
and reduces MDA levels.”®° AS-IV inhibits the ROS/caspase-1/GSDMD pyroptosis pathway by directly neutralizing
ROS, thereby inhibiting fibrosis and ventricular remodeling post-myocardial infarction.”® Simultaneously, in HUVEC
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models, it reduces TLR4 expression, inhibits NF-kB p65 nuclear translocation and VCAM-1/ICAM-1 generation, and
restores eNOS activity to ameliorate hyperglycemia-related vascular endothelial inflammation.'

In addition to the aforementioned compounds, TSITA also possesses antioxidant effects. It inhibits the TNF-a
signaling network via a triple intervention: blocking IKK complex phosphorylation to inhibit IkB degradation, preventing
NF-kB nuclear translocation, and downregulating VCAM-1/ICAM-1 expression. This constitutes a comprehensive

regulation of the oxidative stress-inflammatory pathway.>*-%*

Discussion

This review analyzes the multidimensional pathogenesis of CMD, considering secondary factors such as endothelial dysfunction,
microvascular structural abnormalities, inflammatory imbalance, sex-specific regulation, and metabolic disturbances. It proposes
an innovative multi-target intervention strategy utilizing natural compounds. Analysis of studies on natural compounds in
cardiovascular diseases (such as atherosclerosis and myocardial ischemia-reperfusion injury) that share similar inflammatory
pathways and endothelial dysfunction mechanisms with CMD revealed that at the level of endothelial function regulation, natural
compounds enhance NO bioavailability through bidirectional regulation of eNOS/iNOS expression while inhibiting the release
of platelet-activating factors to maintain endothelial barrier integrity. Regarding oxidative stress injury, they construct
amultilayered defense network to clear excess ROS by activating the PI3K/Akt-Nrf2/ARE signaling axis to enhance the activity
of endogenous antioxidant enzymes such as SOD and GSH-Px. In terms of inflammation regulation, they inhibit the transcription
and expression of pro-inflammatory mediators such as TNF-a and IL-6 by blocking the IKK/IkB/NF-kB pathway and down-
regulating VCAM-1 level to improve the vascular inflammatory microenvironment. This “mechanistic homology - target
sharing” feature across cardiovascular pathologies suggests that the verified effects of natural compounds in multi-target
synergistic regulation could potentially be translated into intervention strategies for the specific pathological progression of
CMD. This lays a theoretical basis for developing innovative therapeutic drugs targeting microvascular dysfunction.

Current research on CMD, summarized in this review, highlights the following key points: (1) Deepening pharmacological
mechanisms research of natural compounds facilitates the elucidation of disease essence. In recent years, driven by the rapid
development of cutting-edge technologies, research on the mechanisms of action of natural compounds has entered a stage of
multi-level, multi-dimensional systematic exploration. Current studies integrating data science, animal experiments, and
multi-omics technologies, are gradually revealing the roles of natural active components in regulating cellular signaling
networks, modulating cytokine levels, and maintaining metabolic homeostasis. The research focus has shifted from single-
target identification to the analysis of multi-target synergistic regulation. These studies not only deepen the understanding of
the molecular essence of disease occurrence and development but also identify various novel biomarkers and therapeutic
targets, providing a critical theoretical basis for precision medicine. (2) Broad suppression of inflammatory responses is
currently the main research direction for natural compounds in treating CMD. Current research focuses on the comprehensive
regulatory capacity of natural components over the entire inflammatory cascade chain, including the source intervention of
upstream inflammatory signaling pathways, the dynamic balance regulation of midstream inflammatory mediator release, and
the synergistic promotion of downstream tissue repair processes. Through summarization, it has been found that multiple
natural components can target key inflammatory pathway nodes such as NF-kB, MAPK, and JAK-STAT, exhibiting unique
dose-dependent regulatory characteristics. This multi-target intervention model, compared to traditional anti-inflammatory
drugs, can circumvent the limitations of single-target inhibition while achieving the overall restoration of homeostasis in the
inflammatory microenvironment. (3) Natural compounds are progressively entering clinical application, gaining recognition
by medical institutions and patients as systemic treatments and complementary and alternative therapies. In clinical practice,
traditional medication approaches of the past are becoming less prevalent. Natural compounds are gradually being integrated
into the application system spanning the entire cycle of disease prevention, treatment, and rehabilitation. Their systematic
application is reflected in three dimensions: As independent therapies, they enable holistic regulation of body functions
through the synergistic action of multiple components. As adjuvant treatments, they complement conventional drugs,
enhancing efficacy while reducing toxicity. As alternative options, they offer options for patients intolerant to standard
treatments. Medical institutions can also formulate personalized integrative treatment plans based on patients’ physical
conditions and disease characteristics. This promotes the deep integration of traditional medical knowledge with modern
medical advances, injecting new momentum into the diversified development of the healthcare system.
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Although this review summarizes the pathogenesis of CMD and the therapeutic approaches using related natural
compounds, some limitations in current research have been identified: (1) While the pathological mechanisms of CMD
are largely understood, it remains extremely difficult to investigate its signs and symptoms through in vivo experiments
due to the lack of specific in vivo models. Consequently, evaluating the efficacy of natural compounds in treating CMD is
difficult based on disease phenotypes in animals. The highly heterogeneous clinical manifestations of CMD make
existing animal models inadequate for accurately simulating pathological features such as vascular endothelial dysfunc-
tion and abnormal microcirculatory resistance during human disease progression. This leads to a gap in the efficacy
assessment of natural compounds. A unified standard for correlating disease phenotypes in vivo systems with clinical
indicators has not yet been established, particularly lacking highly sensitive and specific dynamic monitoring techniques
for key evaluation dimensions such as microvascular reactivity testing and quantification of endothelium-dependent
vasodilatory function. (2) Comprehensive toxicological studies on natural compounds for CMD treatment have not been
widely conducted. Researchers primarily focus on studying effective doses, while long-term toxicology experiments are
scarcely reported, hindering further drug translation. The current research paradigm excessively focuses on exploring
effective dose ranges, lacking systematic assessment of potential risks such as metabolic toxicity, organ-specific damage,
and drug interactions that may arise from long-term medication. This research imbalance results in significant gaps in the
toxicological database for natural compounds, failing to meet the regulatory requirements for innovative drug applica-
tions and hindering the optimization design of clinical medication regimens. (3) Extensive randomized controlled trials
(RCTs) and real-world studies have not been conducted. The efficacy and safety of natural compounds as complementary
and alternative medicines, or even conventional therapeutics, have not gained broad acceptance. The clinical evidence
generation system for natural compounds requires systematic strengthening. Although therapeutic potential is reported,
extant clinical trials generally suffer from small sample sizes, insufficient observation periods, and single endpoint
indicators, making it difficult to generate clinically actionable evidence. This evidence gap directly causes medical
decision-makers and regulatory agencies to adopt a cautious stance regarding their clinical positioning, constraining their
standardized application in modern healthcare systems. Based on the above limitations, future research can explore the
following directions: (1) Constructing a multi-dimensional dynamic disease model system. To overcome the limitations
of in vivo CMD models, future efforts need to break through traditional animal model construction approaches and
establish pathology mechanism-driven precision modeling strategies. Focus on developing specific CMD animal models,
coupled with organ-on-a-chip and 3D bioprinting technologies to construct myocardial organoids with functional
vascular networks, enabling multi-scale simulation of the CMD pathological microenvironment. Utilize existing tech-
nologies to establish dynamic models spanning from molecular mechanisms to organ dysfunction, and develop models
capable of real-time monitoring changes in myocardial metabolism, electrophysiology, and contractile function. (2)
Establishing a full-cycle integrated toxicological assessment framework. The current fragmented state of toxicology
research necessitates a paradigm shift, requiring the construction of a toxicity early-warning system covering the entire
drug development chain. Methodologically, high-throughput in vitro toxicity screening platforms for relevant organs
should be established, combined with Quantitative Structure-Activity Relationship (QSAR) models to predict potential
compound toxicity, and develop chronic toxicity animal models capable of simulating long-term exposure. Technically,
integrate metabolomics to track in vivo drug transformation pathways and analyze target organ-specific injury mechan-
isms, and utilize CRISPR interference (CRISPRIi) libraries to screen toxicity-related gene networks. In designing the
evaluation system, standardized testing protocols covering genotoxicity, epigenetic effects, and transgenerational influ-
ences need to be developed, with a key focus on modeling the correlation between subchronic toxicity endpoints and
clinical adverse reactions. (3) Building an evidence-based medicine-driven clinical validation system. To overcome the
challenge of low clinical recognition of natural compounds, a hierarchical and progressive evidence-generation system
needs to be constructed. Foundationally, prioritize designing international multicenter, adaptive-design RCTs, employing
composite endpoints to assess efficacy and embedding pharmacogenomic biomarker modules, while developing blinding
implementation and quality control standards tailored to the characteristics of natural compounds. Regarding clinical
treatment, integrate electronic medical records, device monitoring, and medical Internet of Things (IoT) data streams to
establish a dynamic adverse reaction monitoring network. For evidence integration, create a multi-dimensional evaluation
matrix incorporating molecular mechanism data, toxicological information, and clinical evidence, develop a quantitative
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scoring system to assess their risk-benefit ratio as complementary or alternative therapies, and form an evidence
translation pathway that harmonizes traditional medical wisdom with modern scientific standards.

Conclusion

Natural compounds exert multi-target regulatory effects on core pathological pathways shared between CMD and other
cardiovascular diseases—exemplified by the NF-kB/NLRP3 inflammasome axis—suggesting a paradigm of “hetero-
geneous pathologies, homologous mechanisms”. However, direct evidence derived from CMD-specific models remains
scarce, with most findings extrapolated from atherosclerosis or ischemia-reperfusion studies. This review systematically
consolidates mechanism-based evidence, identifies this critical translational gap, and underscores the urgent need for
CMD-authentic animal models to validate efficacy and enable clinical translation. Bridging this gap will not only
advance precision therapies for CMD but also refine cross-disease drug development strategies in cardiovascular
medicine.
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