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Abstract: Cardiovascular diseases (CVDs) severely threaten human health, and microtubule dysfunction is one of the major 
contributing factors. Tubulin post-translational modifications (PTMs), such as detyrosination, acetylation, and polyglutamylation, 
regulate microtubule homeostasis, among which the upregulation of detyrosination is a key feature of cardiovascular diseases. 
Traditional Chinese Medicine (TCM) can alleviate cardiac pathologies by targeting these modifications. This review discusses the 
driving mechanisms of PTMs in relation to the pathological changes that occur in CVDs and summarizes the therapeutic effects of 
traditional Chinese Medicine targeting these modifications that have been identified in recent years. By systematically searching 
databases such as PubMed, it was found that PTMs primarily control the stability and contractility of the microtubule cytoskeleton in 
cardiomyocytes. Their dysregulation promotes the progression of diseases such as myocardial infarction (MI), atherosclerosis (AS), 
arrhythmias, and cardiac hypertrophy by disrupting key processes including mitochondrial energy metabolism, inflammasome 
activation, calcium homeostasis, and oxidative stress (OS). Certain active compounds found in TCM, such as curdione, evodiamine, 
and tanshinone IIA (Tan-IIA), can modulate PTMs through the synergistic regulation of multiple pathways. This review provides 
a theoretical basis for establishing TCM-based therapeutic strategies for CVDs that target PTMs. 
Keywords: cardiovascular diseases, tubulin post-translational modifications, traditional Chinese medicine intervention

Introduction
Cardiovascular diseases (CVDs) are disorders that impair the normal function of the heart and lead to increased disease burden 
and death rates in many people globally. These disorders include coronary artery disease, heart failure, myocardial infarction, 
and arrhythmias. CVDs are more prevalent globally because of the aging population, rapid urbanization, and lifestyle changes. 
Cardiomyocytes are groups of cardiac cells that generate contractile force in the human heart, and their structure and normal 
function (normal contractile dynamics, intracellular cargo transport, and mechano-transduction) are maintained by the 
microtubule network. This network is composed of α-tubulin and β-tubulin heterodimers1 Various cardiovascular disorders 
occur when there are disruptions in the integrity of microtubules.2–5

Tubulin post-translational modifications (PTMs) maintain the balance of the microtubule network. In cardiac pathologic 
conditions, aberrant activation of these PTMs,6 especially detyrosination, acetylation, and polyglutamylation, leads to 
functional remodeling of the microtubule7 This process disrupts microtubule mechanics, dynamics, and interactions with 
microtubule-associated proteins, thereby affecting contractile function and intracellular signaling. Acetylation is closely 
associated with the stability and flexibility of microtubules, which means it can affect long-distance protein and organelle 
transportation8 Detyrosination makes microtubules more rigid, which improves the load-bearing capacity of cardiomyocytes9 
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Research conducted into these processes shows that excessively activated detyrosination leads to increased rigidity of the 
microtubules, which can impact the contractility of the heart, thereby causing heart failure. Consequently, proper regulation of 
the detyrosination modification is essential in preserving the normal function of the heart and preventing the onset of diseases2 

These findings show that tubulin PTMs regulate heart biomechanics, thus offering new, potentially effective therapeutic 
targets for the management of CVDs.

Researchers have identified active TCM compounds that could affect the activation and expression of tubulin PTMs. These 
findings indicate potentially effective therapeutic approaches to treating cardiovascular disorders. Tanshinone IIA is an example 
of a Traditional Chinese Medicine (TCM) that regulates microtubule acetylation and inhibits the NLRP3 inflammasome. This 
results in reduced microtubule-dependent inflammasome assembly and vascular inflammation.10 The bioactive component of 
Curcuma zedoaria, curdione, another example of TCM, demonstrates substantial anticoagulant and antithrombotic properties.11

In this review, the mechanisms underlying PTM-induced cardiovascular diseases were analyzed and discussed. These 
findings offer valuable insights into the underlying mechanisms of PTMs, how they contribute to the initiation and 
progression of CVDs, and how TCM-based treatment strategies can regulate them for more effective treatment 
approaches.

Graphical Abstract
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Methods
Search Strategy
A systematic and comprehensive search of PubMed, Web of Science, Embase, and Scopus between June 2010 and 
July 2025 was conducted to obtain relevant English-written publications. Endnote was used to eliminate any duplications. 
Medical Subject Headings (MeSH) and free-text keywords were incorporated in the data search associated with 
cardiovascular disease, tubulin post-translational modifications, microtubule dynamics, and traditional Chinese medicine. 
Boolean operators (“AND”, “OR”) were used to construct the search queries across three core domains:

(1) Cardiovascular diseases: “Cardiovascular Diseases” OR “Heart Failure” OR “Myocardial Infarction” OR 
“Atherosclerosis” OR “Arrhythmias” OR “Cardiac Hypertrophy” OR “Ischemia-Reperfusion Injury” OR 
“Cardiac Fibrosis” OR “Ventricular Dysfunction”.

(2) Traditional Chinese Medicine: “Traditional Chinese Medicine” OR “Chinese Herbal Medicine” OR “Chinese 
Herbal Drugs” OR “Herbal Extracts” OR “Natural Compounds”.

(3) Microtubules and PTMs: “Microtubules” OR “Tubulin” OR “Cytoskeleton” OR “Post-translational Modification” 
OR “Tubulin Post-translational Modification” OR “Acetylation” OR “α-Tubulin Acetylation” OR “HDAC6” OR 
“αTAT1” OR “Detyrosination” OR “Tyrosination Cycle” OR “Glutamylation” OR “Glycylation” OR “MARK4” 
OR “VASH/SVBP Complex” OR “Microtubule Dynamics”.

Inclusion and Exclusion Criteria
The publications included in the study encompassed the following: Study type: (1) Clinical studies, in vivo animal 
studies, or in vitro mechanistic studies; (2) Disease relevance: Investigations conducted on cardiovascular diseases or 
cardiac/vascular cell models; (3) Mechanistic relevance: Investigation conducted o tubulin post-translational modifica
tions (such as acetylation, detyrosination, glutamylation) or their regulatory enzymes; (4) Intervention relevance: 
Analysis of traditional Chinese medicine, including monomers, herbal extracts, or compound formulations, that influence 
microtubules or PTMs; (5) Availability: Full-text, peer-reviewed, original scientific publications.

The exclusion criteria for the publications encompassed the following: (1) Studies examining active ingredients 
derived from non-TCM sources; (2) Research investigating non-cardiovascular cellular or tissue models; (3) 
Investigations involving non-TCM drug combinations; (4) Studies lacking a control group; (5) Unrelated articles, 
reviews, case reports, book chapters, letters, conference abstracts, editorials, or non-original research.

Study Selection and Data Extraction
Two independent researchers evaluated each eligible study and collected the data listed below: (1) First author and year 
of publication; (2) Study models (clinical, in vivo, and/or in vitro); (3) Type of cardiovascular disease (such as 
myocardial infarction, atherosclerosis, arrhythmia); (4) Type of tubulin post-translational modifications (such as acetyla
tion, detyrosination, glutamylation); (5) Types of traditional Chinese medicine interventions (monomeric compounds, 
compound formulations, and extracts); (6) Dosage, experimental protocol, and administration route of TCM; (7) Effects 
of TCM on tubulin PTMs their implications for cardiovascular functional outcomes; (8) Main conclusions of the study.A 
PRISMA flowchart summarizing study selection is provided in Figure 1.

The Microtubule Network in the Cardiac System
Microtubules are dynamic filamentous protein structures that make up the cellular cytoskeleton. They contribute to the 
structural integrity that supports cell shape, enable intracellular transport, and ensure that chromosomes accurately segregate 
during cell division1 Cardiomyocytes are comprised of three distinct populations that overlap.12,13 These populations are 
interfibrillar, cortical, and perinuclear microtubules. Interfibrillar microtubules run lengthwise along the myofibrils, forming 
an additional group around the nucleus14 The cortical microtubules surround the cardiomyocyte and are lined up at right angles 
to the myofibrils. These microtubules regulate transmembrane proteins and ion channels. They also help transmit external 
mechanical signals15 Lastly, perinuclear microtubules form a network around the nucleus and nearby organelles. They provide 
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structural support and assist in the organization of these organelles6 The structural integrity and functionality of cardiomyo
cytes are highly dependent on the microtubule network’s dynamic stability16 Disruptions in this network lead to mechanical 
rigidity and instability, which are linked to cardiac conditions such as arrhythmias, cardiomyopathy, and heart failure.16,17

Figure 1 Schematic diagram of the PRISMA guideline for screening of research articles.

https://doi.org/10.2147/DDDT.S616766                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 4

Qi et al                                                                                                                                                                               

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Tubulin Post-Translational Modifications
PTMs are dynamic and reversible processes that occur on α- and β-tubulin subunits. They cause changes that regulate the 
structure and function of the microtubule network.18 These changes can impact the crosstalk between the microtubules and other 
proteins, proper cell division, and intracellular transportation1 Furthermore, they enable coordinated communication between the 
network and its surrounding environment for effective response to stimuli. Consequently, preserving the proper function of these 
modifications is essential for supporting a healthy heart.7,15 Acetylation, detyrosination, glutamylation, and glycylation have been 
identified as the key types of tubulin PTMs,6 with acetylation and the detyrosination/tyrosination cycle having more significant 
regulatory functions. These PTMs work together and form a highly sophisticated, well-coordinated system called a “tubulin 
code,” which facilitates the proper function of the microtubule network and maintains microtubule integrity.

Internal and environmental stimuli modulate PTMs through enzymes and signaling pathways. When the heart sustains 
injury or assault, the pathological changes can alter the normal function of the enzymes and the activation of the 
pathways. This can further lead to the dysregulated upregulation or downregulation of some key PTMs.2,19 

Glutamylation and glycylation, as well as acetylation and detyrosination, are central to microtubule regulation under 
cardiovascular pathology.20,21 These PTMs regulate key processes such as myocardial cytoskeletal remodeling, angio
genesis, ciliary signaling, and endothelial proliferation. It can be determined that more PTMs are involved in generating 
the “tubulin code” that controls cardiac and vascular function.4,22 A visual overview of these key modifications and their 
enzymatic regulators is presented in Figure 2.

Acetylation
This process adds an acetyl group to the α-tubulin K40 lysine residue on the luminal surface of microtubules23 The site of 
this acetylation is indicated in Figure 2. Its role is to stabilize microtubules and improve mechanical resilience by 
increasing lattice flexibility.24 Through this process, the structural integrity of the microtubules is protected from the 
cyclic rhythmic contraction of the heart. This results in enhanced long-distance intracellular transport, preserved network 
organization in cardiomyocytes, and improved self-repair.8

Acetylation of microtubules is controlled in a dynamic balance by two enzymes, namely, α-tubulin acetyltransferase 1 
(αTAT1)25 and histone deacetylase 6 (HDAC6).19 αTAT1 adds acetyl groups, whereas HDAC6 removes them. This 
opposing enzymatic relationship is summarized in Figure 2. Moreover, HDAC6 participates in cellular plasticity and 
microtubule dynamics as the central regulator19 Additionally, it interacts with silent information regulator 4 (SIRT4) and 
regulates mitochondrial metabolism. This process creates a link between cytoskeletal remodeling and cellular energy 
regulation26 Studies show that when HDAC6 is silenced, the acetylation of microtubules is enhanced, which leads to 
increased microtubule stability and enhanced mitochondrial trafficking along microtubule tracks. This promotes intra
cellular energy distribution.

Microtubule acetylation, along with the actin cytoskeleton, is involved in maintaining cell morphology.27,28 This 
process usually involves HDAC6 interacting with cortactin (Arp2/3-stabilizer) to alter tubulin.29 Disrupting the crosstalk 
between the actin cytoskeleton and microtubules decreases tubulin acetylation and weakens the stability of the cellular 
cytoskeleton. This results in the impaired contraction of the cardiomyocytes, a feature indicative of the development of 
CVDs such as cardiomyopathy, coronary artery disease, and heart failure28 Therefore, analyzing the communication 
between HDAC6-dependent microtubule deacetylation and actin network remodeling may offer new therapeutic 
approaches for managing cardiovascular diseases.

Detyrosination/Tyrosination
The detyrosination and tyrosination of tubulin are among the earliest PTMs that have been extensively studied and play 
a crucial role in cellular physiological processes.30 Although this modification’s regulatory role has been observed in 
many cellular processes, tubulin modulation is one of its most important applications. It modulates tubulin by either 
removing or reintroducing the tyrosine residues, which control the interaction between microtubules and different 
regulatory proteins and the dynamics and stability of microtubule.31 The balance between detyrosination and tyrosination 
forms a “tubulin code,” which determines the function of microtubules and their relationship to other proteins.32
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The VASH/SVBP enzyme complex initiates detyrosination in microtubules33 by acting as a carboxypeptidase and 
removing the C-terminal tyrosine from α-tubulin, resulting in detyrosinated α-tubulin. This enzymatic action is depicted 
in Figure 2. This detyrosinated form can undergo further processing to generate Δ2-tubulin. SVBP has to bind to and 
interact with VASH for the complex’s carboxypeptidase activity to be stabilized and enhanced. SVBP binds to VASH to 
stabilize and enhance the carboxypeptidase activity of the complex.34 The balance between detyrosination and tyrosina
tion (detyrosination/tyrosination cycle) has to be maintained to preserve the normal structure of the intracellular network 
and the function of the microtubules. This mechanism is catalyzed by tubulin tyrosine ligase (TTL), which adds the 
tyrosine residue back to the C-terminal of the α-tubulin31 Circumstances that lead to the failure of the proper regulation 
of this modification, similar to others, result in the development of severe CVD35 Therefore, cellular mechanisms that 
facilitate the optimal function of cardiomyocytes depend on the balance between detyrosination and tyrosination. It has 
been observed that when detyrosination of microtubules is increased, the microtubule becomes more rigid, which 
prevents it from contracting and relaxing normally. This means that the function of the heart becomes compromised as 
a result36 Conversely, retyrosination of these microtubules decreases cell stiffness and increases heart muscle contrac
tility. Therefore, maintaining the balance of the detyrosination/tyrosination cycle is a promising area of research for 
developing innovative heart disease treatments.9,36

Microtubule-associated proteins (MAPs), such as MAP4, control microtubule stability. MAP4 is phosphorylated by 
microtubule Affinity-Regulating Kinase 4 (MARK4), allowing the VASH/SVBP enzyme complex to induce 

Figure 2 Types of Tubulin Post-Translational Modifications. Types of Tubulin Post-Translational Modifications: Microtubules dynamically assemble from head-to-tail arrays of 
α β-tubulin dimers. Tubulin post-translational modifications occur either at specified sites of the tubulin body (acetylation), or within the C-terminal tails (detyrosination and 
tyrosination, glutamylation and glycylation). These modifications are often dynamic, reversible, and catalyzed by a range of enzymes from multiple families. During the 
process, the functional properties of microtubules are changed by single residue alternations (acetylation, detyrosination) or modulating the non-binary signals by elongation 
of the side chains (polyglutamylation, polyglycylation). 
Abbreviations: αTAT1, α-tubulin acetyltransferase 1; CCP, cytoplasmic carboxypeptidases; HDAC 6, histone deacetylase 6; K40, lysine 40; TTL, tubulin tyrosine ligase; 
TTLL, tubulin tyrosine ligase-like; SIRT 2, sirtuin 2; SVBP, serpin vascular biology partner; VASH, vasohibin.
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detyrosination2 The function of MARK4 leads to rigid and stabilized microtubules; however, its downregulation in 
a mouse model showed a decrease in detyrosination, and an increase in myocyte contractility2 Furthermore, the 
detyrosination of microtubules can be controlled by production ofreactive oxygen species (ROS) dependent on 
NADPH oxidase 2 (NOX2) and calcium (Ca2+) channels. When a cell undergoes mechanical stretching, microtubules 
serve as mechanotransducers to activate NOX2, subsequently leading to the generation of ROS through the mechanically 
activated reactive oxygen species (X-ROS) signaling pathway. During the detyrosination of microtubules, this process is 
substantially upregulated. Under normal physiological circumstances, this signaling system supports the maintenance of 
the heart’s normal contraction; however, disruption of the pathway can lead to the aberrant Ca2+ release, which can result 
in, which can cause arrhythmias.5 Therefore, the detyrosinated modification connects the generation of ROS in 
cardiomyocytes to the mechanical stress of the microtubule network.

Glutamylation
This process reversibly adds glutamate residues to the C-terminal ends of α- and β-tubulin.37 It is induced by tubulin 
tyrosine ligase-like (TTLL) family and cytoplasmic carboxypeptidases (CCPs) enzymes. The glutamate residues are 
added by the former and removed by the latter.38 The enzymes responsible for glutamylation are included in the 
schematic shown in Figure 2. This modification occurs in two stages, namely initiation and elongation, which are 
catalyzed by TTLL1,39 TTLL4,40 TTLL6,41 and TTLL7.40 The length of the glutamate chains is controlled by severing 
enzymes such as katanin and spastin. The variation of the chain lengths affects the characteristics of microtubules and 
their accessibility to microtubule-associated proteins.20,42

Glutamylation has been thoroughly investigated in various tissues, such as neurons and ciliated cells, and the findings 
show that it contributes to the regulation of the cardiovascular system. Microtubules are involved in modulating the 
directional migration and morphology of endothelial cells during angiogenic sprouting.43 CEP41 regulates ciliary tubulin 
glutamylation and enhances cell migration and blood vessel growth through the HIF1A-AURKA-VEGF signaling 
pathway44 These findings reveal the participation of glutamylation in maintaining endothelial homeostasis and facilitat
ing vascular remodeling. According to mRNA–SNP–miRNA network analysis, CEP41-dependent glutamylation may 
have a role in the development of cardiovascular disorders in individuals with type II diabetes mellitus21 This suggests 
that this modification may be involved in cytoskeletal organization and the mechanical stability of the heart21 However, 
the relationship between microtubule glutamylation and the pathophysiology of cardiovascular diseases has not been well 
established yet. From these findings, we can determine the potential involvement of tubulin glutamylation as a regulatory 
mechanism for endothelial migration, angiogenesis, and cardiac structural integrity. This correlates cardiovascular 
physiology and disease onset with cytoskeletal post-translational modification.

Glycylation
Glycylation is a post-translational modification closely related to glutamylation, in which glycine residues are covalently 
added to the C-terminal tails of α- and β-tubulin. It is also catalyzed by the enzymes from the tubulin tyrosine ligase-like 
(TTLL) family.45 Similarly, this modification comprises the initiation and elongation stages. TTLL3 and TTLL8 catalyze 
initiation by attaching the first glycine through an isopeptide bond, and TTLL10 elongates the glycine chain through 
sequential additions.46 Figure 2 illustrates the location of glycylation alongside other tail modifications. Evidence on the 
deglycylation process remains limited, and the enzymes involved are yet to be determined.

The participation of glycylation in cellular movement and signaling by controlling the stability and motility of ciliary and 
flagellar microtubules has been investigated and established;47 however, its potential role in the cardiovascular system remains 
largely unexplored.48,49 The involvement of cilia biology in endothelial mechanosensation, cardiac morphogenesis, and 
vascular development, processes fundamental to cardiovascular homeostasis, has been extensively studied.22,50,51 Glycylation 
was determined to participate in the function of ciliary stability and signaling capacity. The dysregulation of this modification 
may impair the endothelial primary cilia which can disrupt flow sensing and angiogenic signaling, two key regulators of 
vascular remodeling and cardiac tissue repair.47,50 The presence of endothelial and fibroblast cilia in embryonic and adult 
cardiac tissues may implicate the possible involvement of tubulin glycylation in maintaining the structural integrity.52 Current 
research has yet to establish an association between tubulin glycylation and the development of cardiovascular disorders. 

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S616766                                                                                                                                                                                                                                                                                                                                                                                                       7

Qi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



However, ciliary dysfunction has been linked to cardiovascular diseases, including congenital heart defects and vascular 
malformations. With this evidence, future research should be aimed at establishing the potential involvement of tubulin 
glycylation in regulating endothelial or cardiac cilia.

Tubulin Modifications and Cardiovascular Diseases
Tubulin post-translational modifications (PTMs) are closely associated with cardiovascular physiology and pathology. 
The dysregulation of these modifications, which control microtubule stability, mechanics, and cellular activities, is linked 
to several cardiovascular disorders. The key pathological mechanisms through which specific PTMs contribute to major 
cardiovascular diseases are synthesized in Figure 3. The following sections describe and explore the functions of tubulin 
PTMs in the development of illnesses. This article methodically highlights the significance of their involvement in 
prevalent CVDs, with a central focus on the link between pathogenic processes and cytoskeletal remodeling.

Tubulin Modifications and Myocardial Infarction
Myocardial infarction (MI) is a condition that develops due to the occurrence of acute ischemia, which causes metabolic 
stress and substantial cell death. This condition initiates a cascade of complex changes inside the heart, usually known as 
cardiac remodeling.53 The advancement of MI may result in the impaired function of the microtubule network, as it leads 
to myocardial stiffness, contractile dysfunction, and impaired mitochondrial transport.54–56 PTMs are regulated by 
specific enzymes and pathways to maintain the functions of the microtubule network and control its interaction with 
microtubule-associated protein.17 However, when MI develops, this process becomes disrupted, changing the micro
environment of the myocardium to an oxidative and mechanically stressful one and compromising the integrity and 
function of the microtubule network.57

Detyrosination significantly alters lattice mechanics, and its significant increase in microtubules is a characteristic feature 
of post-infarction cytoskeletal remodeling.2,9 Acute ischemia triggers the activation of MARK4, which phosphorylates 
MAP4. Following the phosphorylation of MAP4, the VASH2/SVBP complex can access the microtubules, where it catalyzes 
the detyrosination of α-tubulin2 As outlined in Figure 3 (MI panel), this MARK4-driven detyrosination axis causes dysfunc
tion in mitochondrial transport, decreases respiratory chain activity, impairs metabolic flexibility, and increases the production 
of reactive oxygen species54 The combined impact of microtubule stiffness and mitochondrial dysfunction promotes further 
maladaptive remodeling, including fibrosis, matrix deposition, and cardiomyocyte apoptosis.58

Yu et al studied these effects using an MI mouse model. The study discovered that mice that were MARK4-deficient 
showed negligible reductions in left ventricular ejection fraction after the mice developed MI, whereas wild-type mice 
with similar infarct sizes showed a significant decrease in left ventricular ejection fraction.2 The difference suggests that 
a key determinant of systolic failure is pathological detyrosination rather than just infarct size9 Furthermore, inhibition of 
detyrosination restores mitochondrial positioning, improves mechanochemical coupling within myofibrils, attenuates 
maladaptive inflammatory signaling, and reduces fibrotic remodeling of the infarct border zone.35

These results show that in ischemic injury, detyrosinated microtubes trigger mechanical dysfunction, bioenergetic 
impairment, and progressive structural deterioration2 As a result, to treat or manage MI, therapeutic approaches that 
target the MARK4-VASH2-detyrosination pathway may be very effective as they can alter post-MI remodeling, maintain 
the contractile capacity of the myocytes, and enhance long-term recovery.

Tubulin Modifications and Atherosclerosis
Atherosclerosis (AS) is a chronic inflammatory disease characterized by the accumulation of lipids, the infiltration of 
immune cells, and the abnormal activation and migration of vascular smooth muscle cells (VSMCs).59 Current 
investigations have shown the pathological effect the dynamic remodeling of the cytoskeleton exerts, particularly 
alterations in the stability and function of the microtubule network3 Post-translational modifications of tubulin are the 
major regulators of microtubule function, and their dysregulation is tightly associated with the advancement of AS.3

Atherosclerotic lesions induce a significant remodeling of the microtubule network. These changes disrupt the 
homeostatic balance between microtubule detyrosination and acetylation. Results from clinical and pathological studies 
indicate that detyrosinated α-tubulin (dTyr-tubulin) levels are substantially elevated in human atherosclerotic plaque 
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Figure 3 Tubulin Modifications and Cardiovascular Diseases. Arrow interpretation: In this figure, upward arrows (↑) indicate upregulation, increased activity, or aggravated 
pathological processes. Downward arrows (↓) indicate downregulation, decreased activity, or impairment of protective mechanisms.The figure systematically summarizes the 
roles of PTMs in the core pathological processes of cardiovascular diseases: (1) MI: Under ischemic stress, upregulated MARK4 kinase activity causes a significant increase in 
microtubule detyrosination. This hyper-modification enhances microtubule network stability and mechanical resistance, subsequently inducing mitochondrial damage and 
ultimately leading to cardiomyocyte apoptosis and fibrosis. (2) AS: MARK4-mediated detyrosinated microtubules provide a platform for NLRP3 inflammasome assembly and 
activation, promoting the release of inflammatory factors such as IL-1β. In addition, reduced microtubule acetylation diminishes microtubule stability, driving pathological 
migration and phenotypic switching of VSMCs, thereby accelerating arterial plaque formation. (3) Arrhythmias: Detyrosinated microtubules amplify the X-ROS signaling 
pathway through efficient mechanotransduction, causing abnormal RyR2 calcium channel opening and calcium Sparks that trigger afterdepolarizations. Moreover, 
Downregulated acetylation resulting from HDAC6 overexpression or LMNA mutations leads to compromised microtubule stability, which interferes with normal Cx43 
trafficking and localization and impairs electrical conduction. (4) HCM: Under high pressure overload, progressively accumulating detyrosinated microtubules reduce 
diastolic compliance of cardiomyocytes and directly activate mechanosensitive transcription factors, which include YAP/TAZ and MRTF-SRF. This results in activating pro- 
hypertrophic genetic mechanisms. (5) HF: The VASH/SVBP complex interacts with MARK4 to induce pathological elevation of microtubule detyrosination in cardiomyo
cytes. The hyper-stabilized microtubule network forms tight associations with Z-discs of sarcomeres, generating substantial intrinsic mechanical resistance that severely 
compromises cardiac diastolic function, thus creating a key pathological environment for heart failure. 
Abbreviations: Ace-tubulin, Acetylated microtubules; Cx43, Gap junction protein 43; DTyr-tubulin, Detyrosinated microtubules; ECM, Extracellular matrix; HCM, 
Hypertrophic cardiomyopathy; HDAC6, Histone deacetylase 6; IL-1β, Interleukin-1β; IRI, Ischemia-Reperfusion Injury; MARK4, Microtubule affinity-regulating kinase 4; 
MRTF/SRF, Myocardin-related transcription factor A/serum response factor; NLRP3, Nucleotide-binding oligomerization domain-like receptor protein 3; OS, Oxidative 
Stress; ROS, Reactive oxygen species; RyR2, Ryanodine receptor 2; SVBP, Serpin vascular biology partner; VASH, Vasohibin; VSMC, Vascular Smooth Muscle Cell; X-ROS, 
Mechanically activated reactive oxygen species.
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tissues.3 Additionally, changes in microtubule acetylation exhibit cell-specific patterns; in vascular smooth muscle cells 
(VSMCs), acetylation levels are inversely correlated with the ability of the cells to migrate.4

The abnormal changes that occur in PTMs are tightly controlled by key regulatory enzymes. MARK4 is one of these 
enzymes. Its function is to promote detyrosination,2 and it is found to be significantly upregulated in human AS plaques.3 It 
directly drives the detyrosination process through the phosphorylation of microtubule-associated proteins. This then allows for 
the VASH/SVBP complex to remove tyrosine from the C-terminus of microtubules.34 Other pathways have been linked to the 
regulation of PTMs.4 The knockdown of ULK1 in VSMCs inhibits autophagic flux, resulting in the increased levels of histone 
acetyltransferase KAT2A/GCN5, which in turn raises acetylation at the Lys40 position of α-tubulin.4

The dysregulated PTMs aggravate the pathology of AS by activating different downstream molecular mechanisms. 
MARK4-driven microtubule detyrosination facilitates the spatial organization of the NLRP3 inflammasome by generat
ing a stable platform.3 The detyrosinated microtubule network facilitates the clustering of NLRP3, ASC, and caspase-1 at 
the microtubule-organizing center, resulting in the formation of ASC specks. When this occurs, caspase-1 becomes 
activated, leading to the secretion of mature pro-inflammatory cytokines such as interleukin-1β (IL-1β) and IL-18. This 
results in a significantly amplified local inflammatory response in the vascular wall.60,61 As summarized in the AS section 
of Figure 3, in an in vivo study, the silencing of the MARK4 gene led to the suppression of NLRP3 inflammasome 
activation and a reduction of atherosclerotic lesions in mice.3 On the other hand, KAT2A-mediated microtubule 
acetylation makes the microtubule cytoskeleton more stable, restricting the directional migration ability of VSMCs. As 
a result, this slows their migration into the intima and subsequent neointimal hyperplasia. This mechanism has been 
investigated and validated in vascular injury models.4

Targeting the regulatory network of microtubule post-translational modifications (PTMs) reveals significant therapeutic 
promise based on the previously mentioned mechanisms. Inhibiting the activity of MARK42 or interfering with the function of 
the VASH/SVBP34 complex anti-inflammatory and anti-AS effects.34 However, the pharmacological enhancement of micro
tubule acetylation34 or suppression of aberrant detyrosination36 could be a possible approach to stabilizing the VSMC 
phenotype and preventing their pathological migration. In summary, tubulin PTMs play a crucial role in the onset and 
progression of AS by tightly regulating vascular inflammation and VSMC activity. Therapeutic intervention that target key 
regulatory factors in this network open new avenues for developing effective targeted therapy for AS.

Tubulin Modifications and Arrhythmias
Cardiac arrhythmias are heart disorders that disrupt the heart’s electrical system, leading to the irregular generation, 
frequency, or distribution of the electrical impulses. In serious conditions, sudden death can occur. Tubule PTMs and the 
microtubule network are linked to the onset of this illness16 Pathological conditions such as pressure overload, ischemia, 
or gene alterations such as LMNA increased microtubule detyrosination and led to unbalanced tubule PTMs.2,5 

Detyrosination increases microtubule stability and mechanical stability, which elevates their load-bearing capabilities 
and resistance to force. However, in disease states, this modification can become detrimental.35,36

Furthermore, the specific enzymes that drive tubule PTMs can also be activated in pathological states, thus leading to 
the progression of the disease. For example, the activation of MARK4 phosphorylates MAP4 from microtubules,2 which 
allows the VASH/SVBP complex to remove the tyrosine residue at the C-terminus of tubulin. Under pathological states, 
increased detyrosination is harmful34 HDAC6 is yet another enzyme that, when present in abnormally high levels, 
reduces α-tubulin acetylation, resulting in the destabilization of the microtubule network62 LMNA mutations trigger 
dilated cardiomyopathy, and the unique signaling pathway from the nucleus to the cytoplasm plays a significant role. 
Myocardin-related transcription factor A (MRTF-A)–serum response factor (SRF) complex transcriptional activity is 
decreased by the ERK/Cofilin pathway because of the structural disruption of the nuclear lamina. Then, the microtubule 
acetylation levels decrease as a result of the downregulation of αTAT1 levels.63

As summarized in the Arrhythmias section of Figure 3, through different but complementary downstream pathways, the 
changes in these PTMs together contribute to the arrhythmogenic electrophysiological substrate. The heavily detyrosinated 
microtubule network serves as a powerful amplifier of the X-ROS signaling pathway.5 During diastole, microtubules act as 
load-bearing structures that efficiently transmit mechanical stretch to activate the NOX2 enzyme, leading to an increased 
production of Ca2+ and ROS. The elevated increase in Ca2+ from the sarcoplasmic reticulum ryanodine receptor 2 (RyR2) 
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causes spontaneous calcium sparks and calcium waves. These conditions are the source of afterdepolarizations and aberrant 
activity, which eventually result in fatal arrhythmias.5,64,65 In addition, the downregulated activity of microtubule acetylation 
substantially disrupts the normal function of the intracellular transport system.8 In LMNA mutation models, the decrease in 
acetylated microtubules directly interferes with the transport and precise localization of the gap junction protein Cx43 between 
cardiomyocytes. Its accumulation at the intercalated discs is then prevented by this interference, which leads to its abnormal 
distribution along the lateral membrane. The abnormal distribution of Cx43 significantly impacts its function. This leads to 
delayed longitudinal conduction velocity of electrical impulses and increased Cx43 heterogeneity, thus creating a conducive 
environment for the development of recurrent arrhythmias.63,66

In conclusion, microtubule PTMs play a major role in the development of abnormal contractions of the heart by 
dysregulating calcium cycling and intercellular electrical connection between heart cells. Therefore, strategically target
ing key enzymes that regulate microtubule PTMs to restore cytoskeletal dynamic equilibrium and normal function is 
a more promising route of treatment compared to suppressing or stabilizing microtubules.

Tubulin Modifications and Cardiac Hypertrophy
Myocardial hypertrophy is an adaptive mechanism to chronic conditions, which results in increased cardiomyocyte size 
and thicker ventricular walls.67 Although this adaptation can sustain cardiac output during the initial phases, ongoing 
progression results in compromised diastolic function, myocardial fibrosis, and electrical irregularities, eventually 
advancing to heart failure and severe arrhythmias.9 The modification of the cardiomyocyte cytoskeleton, including 
structural and functional changes in the microtubule network, has received growing consideration in the investigation of 
pathophysiology and the course of pathological cardiac hypertrophy.16 According to current clinical and experimental 
research, tubulin post-translational modifications have been determined to significantly participate in the progression of 
myocardial hypertrophy, with the abnormal increase in detyrosination being particularly prominent.2,36

Myocardial tissues from patients with cardiac hypertrophy and pressure overload-induced animal models show a clear 
rise in microtubule network density, along with significantly elevated levels of detyrosinated α-tubulin.68,69 According to 
an HFpEF (heart failure with preserved ejection) study conducted by Schulz and et al on a ZSF1 obese rat model, both 
total α-tubulin and its detyrosinated form were consistently elevated in hypertrophied left ventricular tissue at 20 weeks 
and 32 weeks stages of the disease. The results from this study suggest a strong association between this modification and 
the development of cardiac hypertrophy.68 They also reveal the potential impact of detyrosination in the structural and 
functional deterioration of cardiac hypertrophy as the central factor, rather than an accompanying event.36

TTL and the VASH/SVBP complex regulate the detyrosination/tyrosination cycle. The VASH/SVBP complex is 
responsible for regulating detyrosination, whereas TTL is in charge of regulating tyrosination.30,34 In cardiac hypertrophy 
models, higher VASH1/SVBP activity or lower TTL activity raises levels of detyrosinated microtubules. This creates 
higher microtubule stability and mechanical stiffness.2 In a study conducted by Pietsch et al, myocardial dTyr-tubulin 
levels were markedly decreased, and cardiac function improved when AAV9-mediated TTL was overexpressed in mice 
with myocardial hypertrophy. The study demonstrated the enzyme system’s principal regulatory function in regulating 
cardiac hypertrophy in the field of reverse genetics.70,71

Abnormally high levels of detyrosinated microtubules aggravate cardiac dysfunction via a number of downstream 
pathways. During heart contractions, these rigid, altered microtubules “buckle” instead of bending. Then the diastolic 
function becomes damaged by mechanical resistance to sarcomere shortening9 Additionally, they can function as 
intracellular signaling platforms that activate mechanosensitive transcription factors, including MRTF-SRF and YAP/ 
TAZ, which in turn initiate a program of pro-hypertrophic gene expression.70,71 Moreover, detyrosinated microtubules 
interfere with the location of calcium-handling proteins and mitochondrial transport, which exacerbates the imbalance in 
calcium homeostasis and energy metabolism, creating a pathological loop.5,54 The cascade from microtubule detyrosina
tion to diastolic dysfunction and transcriptional activation in hypertrophy is captured in the HCM section of Figure 3.

In conclusion, tubulin PTMs participate in the onset and progression of ventricular hypertrophy, and detyrosination 
plays a more significant role. These enzyme-regulated modifications impair the mechanical properties of cardiomyocytes, 
intracellular signal transmission, and microtubule stability, thereby leading to diastolic dysfunction and pathological 
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remodeling.2,9 Therefore, research involving how PTMs restore microtubule dynamic balance can be a new, effective 
therapeutic approach to treating myocardial hypertrophy.

Tubulin Modifications and Heart Failure
The final stage of many CVDs is heart failure. At this stage, the heart fails to pump blood adequately to meet the body’s 
basic metabolic needs72 Furthermore, the cardiomyocyte cytoskeleton undergoes significant and frequently irreversible 
alterations16 In particular, microtubule stability becomes impaired.

Increased detyrosination stiffens the microtubules, causing diastolic dysfunction and reduced contractile efficiency.2,9 

This phenomenon was observed in a study involving heart pathologies and heart failure animal models. The results 
showed a notable and consistent elevation of tubulin detyrosination levels.9,73 The increased activation of this PTM is not 
an isolated event; rather, it represents the combination of several of the previously discussed pathological events (such as 
ischemia and pressure overload).2,9 For instance, activated MARK4 kinase phosphorylates MAP4 during post- 
myocardial infarction remodeling, which subsequently establishes catalytic conditions for the VASH2/SVBP complex.2 

Whereas mechanical stress directly causes the detyrosinated microtubule network to expand in pressure-overload 
hypertrophy.36 Therefore, in heart failure, the microtubule network acts like a stiff scaffold that carries marks from 
many past diseases. Its upregulated detyrosination serves as downstream manifestation of converging upstream signaling 
pathways.

This stiffened structure results in cardiomyocyte impairment. The close association of highly detyrosinated micro
tubules with the Z-discs of sarcomeres creates significant internal mechanical resistance within the cell, greatly limiting 
the complete expansion of myofibrils during diastole and thus increasing diastolic stiffness.9,73 This is a key feature in 
heart failure pathophysiology and is characteristic of most in HFpEF cases.68 Clinical data reveal that cellular diastolic 
stiffness and the amount of detyrosinated microtubules in pathological hearts are positively correlated.9,73 Additionally, 
the stiffened network causes direct mechanical blockage as well as impairs the normal intracellular transport, resulting in 
mislocalization of critical proteins, like as connexin 43 (Cx43), and increasing electrical conduction heterogeneity. This 
paves the way for heart failure with arrhythmias.5,63

As synthesized in Figure 3 (HF panel), detyrosination is central to the pathogenesis of heart failure; hence, controlling its 
activation may be a significant approach to treatment.2,73 Current research reveals that therapeutic approaches targeting the 
detyrosination/tyrosination cycle significantly enhance the mechanical performance and diastolic function of cardiomyocytes. 
This offers a new treatment option for heart failure that treats more than just standard nerve and hormone control9 As a result, 
expanding therapeutic targets to the cytoskeleton mechanisms of the microtubules can mitigate cardiac “stiffness” at the basic 
level of cellular mechanics.16 Consequently, future studies focusing on the regulatory interventions that target tubule PTMs 
may both supplement current treatments and provide new targeted interventions for heart failure phenotypes characterized 
primarily by diastolic dysfunction. This means that assessing the tightly regulated restoration mechanism of microtubule 
dynamic stability in cardiomyocytes may lead to new ways to treat heart failure. This approach can shift the focus from 
symptom relief to reversing the structural and functional damage.

Traditional Chinese Medicine and Tubulin Modifications
The latest investigations show that several cardiovascular pathogenic processes, such as cardiac hypertrophy, fibrosis, and 
endothelial dysfunction, are closely correlated with dysregulated microtubule and aberrant PTMs.2,9,68,71 Conventional 
microtubule-targeting agents (MTAs) like colchicine and paclitaxel can alleviate these pathogenic processes; however, 
their long-term clinical application is restricted due to considerable toxicity.74,75

Compared to conventional forms of treatment, TCM restores microtubule homeostasis and cytoskeletal integrity through 
its multi-component, multi-target mechanisms of action.76 Monomeric TCM compounds, such as Cinnamaldehyde, Icariin, 
and Tanshinone IIA, have primarily been the main subject of research.10 They have been observed to affect the regulation of 
microtubule polymerization, stability, and specific post-translational modifications (such as acetylation, detyrosination). This 
allows them to protect cardiovascular tissues against oxidative stress and inflammatory injury.77

However, limited research has been done to identify these components and their formulations and reveal their 
mechanism of action, although it is gradually becoming more prevalent.78 Some TCM compounds, such as Guizhi 
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Gancao Decoction, Tongyang Huoxue Decoction, and Zishen Huoxue Decoction, were determined to change the 
structure of β-tubulin and the expression of tubule PTM in cardiovascular models.79,80 According to these preliminary 
results, TCM compounds and their formulations may protect the heart by controlling microtubule dynamics and PTMs.81 

However, additional studies are needed to determine their systematic mechanisms and key targets.
The current TCM analyses and the therapeutic influence on microtubule PTMs remain primary at the monomeric 

level remains predominantly at the monomeric level. In the following section¸ the effects and underlying mechanisms of 
representative TCM monomers and their regulation of tubulin PTMs within the cardiovascular system are discussed.

Natural Compounds
Natural compounds serve as the main active ingredients in compound formulas. They have well-defined chemical structures 
and relatively focused target specificity, making them crucial entry points for investigating PTM regulation of tubulin by 
traditional Chinese medicine.10,76 In recent years, numerous bioactive monomers derived from natural medicines have 
demonstrated directly or indirectly regulation of microtubule polymerization status, stability, and PTM levels, thereby 
participating in both pathological regulation and protective processes within the cardiovascular system (Table 1).

Evodiamine
Evodia rutaecarpa is a Chinese herb derived from the dried, nearly ripe fruit of several Evodia species, such as Evodia 
rutaecarpa, Evodia officinalis, or Evodia melanophylla (Rutaceae).87 For centuries, it has been used to treat conditions 
such as digestive system disorders and cancer.88,89 Evodiamine is the main active compound in Evodia rutaecarpa. In 
recent years, it has drawn more interest for its therapeutic ability to treat heart and blood vessel disease. Specifically, its 
therapeutic effects have been observed in tubulin PTMs82 Recent studies demonstrate that evodiamine may regulate the 
balance between tubulin acetylation and detyrosination. This slows the progression of CVDs (such as atherosclerosis) by 
improving the cytoskeletal stability and function of vascular smooth muscle cells.82,83

Li and et al studied the underlying mechanism of this herb using mouse macrophage and vascular smooth muscle cell 
models.82 They also constructed acute infection and peritonitis mouse models by intraperitoneally injecting monosodium urate 
crystals or a fatal dosage of Escherichia coli, thus replicating immunological stress and inflammation in vivo.82 In the 
experimental design, evodiamine was administered orally at 10–20 mg/kg, while cells were pretreated with 1–10 μM of 
evodiamine. The experimental models were then exposed to LPS + ATP or oxidized low-density lipoprotein to examine. 
Following this, the therapeutic effects of this compound on microtubule structure and function were examined.82 Acetylation 
level at the Lys40 site of α-tubulin, ASC speck formation, caspase-1 activity, and interleukin-1β release were measured, and 
the results showed that evodiamine significantly upregulated microtubule acetylation in macrophages. This treatment 
improved the body’s capacity to eradicate bacterial infections, enhanced the perinuclear clustering of mitochondria and the 
assembly of the NLRP3 inflammasome, and increased survival rates82 The mechanism of action was dependent on the 
activation of αTAT1, which can be reversed by acetylation inhibitors. The mechanism is as follows “evodiamine → αTAT1 → 
microtubule acetylation → NLRP3 inflammasome activation → antibacterial immunity”.82,90

An investigation conducted by Zha et al developed an oxidized low-density lipoprotein (ox-LDL)-stimulated vascular 
smooth muscle cell (VSMC) mouse model and an atherosclerosis LDLR−⁄− mouse model caused by a high-fat diet. In this 
study, the mechanisms underlying the anti-atherosclerotic effects of evodiamine were investigated.83 Following treatment 
with 10 mg/kg/day of evodiamine, the development of aortic plaques in the mouse models was substantially reduced.83 

An extensive study of the mechanism of evodiamine showed that its therapeutic action involves regulating microtubule 
stability in vascular smooth muscle cells. When exposed to ox-LDL, VSMCs underwent a pathological phenotypic shift 
in response, which is marked by decreased expression of contractile markers (Myh11, Acta2) and increased proliferative 
(upregulated PCNA expression) and migratory (upregulated MMP2 expression) capacity. However, administering 
evodiamine restored the imbalanced microtubule acetylation levels induced by ox-LDL in vascular smooth muscle 
cells.83 Microtubule acetylation maintains microtubule mechanical stability and cellular transport functions.23,24 

Evodiamine improved microtubule stability by increasing acetylation levels. This suppressed the pathology induced in 
VSMCs by microtubule dynamic instability and eventually impeded the development of atherosclerosis.83
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Table 1 The Effects of Microtubule-Targeting TCM Monomers on Cardiovascular Diseases

Main Active 
Ingredient

Molecular 
Formula

Primary PTM 
Target

Key Enzyme/ 
Molecular 

Target

Major Signaling Pathway Cardiovascular Effect Model Level of 
Evidence

Refs

Euodiae 
Fructus

Evodiamine C19H17N3O α-Tubulin 
Acetylation ↑

αTAT1 ↑ 
(Activity/Effect); 

SIRT2 ↓ 
(Activity); 
Dynein ↑ 
(Mediated 
Transport); 

p-PI3K/p-Akt ↓ 
(Activation)

Microtubule acetylation-dependent 
NLRP3 inflammasome activation: 
Induces acetylated α-tubulin 
(AcK40), facilitating mitochondrial 
trafficking and ASC speck formation, 
thereby augmenting NLRP3 
inflammasome assembly and 
activation; 
PI3K/Akt signaling pathway: 
Suppresses its activation, reducing 
VSMC proliferation, migration, and 
inflammatory responses.

Augments innate immunity: 
Promotes the release of IL-1β and 
IFN-γ, enhances bacterial clearance, 
and improves survival in mice with 
lethal bacterial infection; 
Inhibits atherosclerosis: Suppresses 
phenotypic switching, migration, and 
proliferation of VSMCs, and reduces 
atherosclerotic plaque formation; 
Modulates microtubule stability: 
Restores microtubule acetylation 
levels and dynamic balance, 
improving cytoskeletal mechanical 
function.

Cellular models: Mouse 
macrophages (J774A.1, 
BMDMs), human THP-1 
macrophages, mouse vascular 
smooth muscle cells 
(MOVAS); 
Animal models: Mouse model 
of lethal E. coli infection, 
LDLR−/− mouse model of 
high-fat diet-induced 
atherosclerosis, MSU-induced 
mouse peritonitis model.

Cellular + 
animal 
models

Li et al, 
2019a;82 

Zha 
et al, 

202383

Curcuma 
zedoaria

Curdione C15H24O2 Tubulin 
expression/ 

stability 
(indirectly 

affects PTMs) ↓

β1-tubulin 
(TUBB1) ↓; 
Vinculin↓; 
Talin1↓

Integrin signaling pathway; Inhibits 
“inside-out” integrin signaling by 
downregulating β1-tubulin, which 
suppresses Vinculin/Talin1 activation

Inhibits platelet activation; 
Antithrombotic effects; Indirectly 
modulates microtubule post- 
translational modifications and 
function by regulating cytoskeletal 
stability

In vitro washed human 
platelet model (Thrombin- 
induced); Proteomic analysis 
(nano ESI-LC-MS/MS); 
Western Blot validation; 
Transmission electron 
microscopy for α-granule 
secretion

In vitro 
cellular 
model + 
proteomics

Janke 
and 

Magiera, 
2020;6 

Zhang 
et al, 

201711

Salvia 
miltiorrhiza

Tan-IIA C19H18O3 Acetylation ↓ Succinate 
Dehydrogenase 

(SDH)↓; 
Sirtuin 2 (Sirt2) 

↑; 
Acetylated α- 

tubulin (K40) ↓; 
NLRP3 

Inflammasome↓

Inhibits SDH to reprogram cellular 
metabolism, increases NAD+/NADH 
ratio, and activates Sirt2, leading to 
α-tubulin deacetylation and 
subsequent suppression of NLRP3 
inflammasome assembly.

Exerts anti-inflammatory and anti- 
atherosclerotic effects; Reduces the 
release of pro-inflammatory 
cytokines (IL-1β, IL-6) and promotes 
the production of the anti- 
inflammatory cytokine IL-10; 
Ameliorates the cardiovascular 
inflammatory microenvironment by 
modulating the acetylation status of 
tubulin.

LPS-induced inflammatory 
model in mouse bone 
marrow-derived 
macrophages (BMDMs); 
RAW 264.7 cell line; LPS- 
challenged mouse model.

Cellular + 
animal 
models

Lian 
et al, 

2021;84 

Liu et al, 
2021;10 

Mao 
et al, 

202185

Feverfew Parthenolide C15H20O3 Detyrosination↓ VASH1/SVBP↓ It covalently inhibits the catalytic 
activity of the VASH1/SVBP complex, 
reducing tubulin detyrosination, 
which subsequently decreases 
cardiomyocyte mechanical stiffness 
and improves contractile and 
relaxation function.

Improves cardiomyocyte contraction 
and relaxation kinetics, reduces 
myocardial stiffness, and presents 
a potential therapeutic strategy for 
genetic hypertrophic 
cardiomyopathy.

Human cardiomyocytes, 
HCM mouse models 
(MYBPC3 mutation), in vitro 
tubulin detyrosination activity 
assays.

Cellular + 
transgenic 
animal 
models

Hotta 
et al, 

2021;86 

Schuldt 
et al, 

202136

Cassia twig Cinnamaldehyde C9H8O Detyrosination↓ VASH1↓; 
SVBP↓; 

STIM1↓; Orai1↓

Microtubule detyrosination cycle; 
SOCE; Calcineurin/NFAT signaling 
pathway; T-tubule remodeling and 
junctophilin-2 distribution

Suppresses cardiac hypertrophy; 
improves cardiomyocyte 
contractility; corrects calcium 
mishandling; reduces expression of 
hypertrophy markers (ANP, BNP, β- 
MHC)

In vitro: Neonatal rat cardiac 
myocytes (NRCMs); Adult 
mouse cardiac myocytes 
(AMCMs); 
In vivo: C57BL/6 mice (PE- 
induced cardiac hypertrophy 
model)

Cellular + 
animal 
models

Tian 
et al, 

202277

Notes: Arrow interpretation: Upward arrows (↑) indicate upregulation, increased expression, enhanced activity, or promotion of the indicated protein, modification, or signaling event. Downward arrows (↓) indicate downregulation, 
decreased expression, reduced activity, or inhibition of the indicated target. These arrows reflect the directional changes induced by the TCM monomer treatment under the experimental conditions described.
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Although ongoing research is still in the preclinical phase, the mechanism by which evodiamine modulates microtubule 
post-translational modifications to address cardiovascular diseases has established a basic therapeutic framework.82,83 To 
provide more substantial experimental proof for clinical translation, future research should reinforce its validity in complex 
animal models and investigate its potential for combined therapy with current cardiovascular medications.

Curdione
Curdione is an established active ingredient of the traditional Chinese medicinal herb Curcuma phaeocaulis. According to 
research, curdione has strong anti-platelet activation properties. Its mechanism is strongly linked to the direct targeting of 
tubulin and the regulation of cytoskeletal remodeling.11

Significant experimental proof was shown in the Zhang et al study to clarify its mode of action. This study employed 
a washed human platelet model. A thrombin-induced platelet activation system was implemented using 0.3 U of thrombin. The 
system was pre-incubated with 100 μM curdione to evaluate its therapeutic effects. The results from the transmission electron 
microscopy revealed that curdione pretreatment significantly prevented thrombin-induced α-granule release, thus demonstrating 
its efficient inhibition of platelet activation at the morphological level11 Researchers examined platelet proteins utilizing 
a quantitative proteomic analysis and used nano ESI-LC-MS/MS to identify molecular targets. They discovered that 22 proteins 
were differentially upregulated in response to thrombin induction, while only Talin1 and β1-tubulin were effectively down
regulated following curdione therapy. These results suggest that β1-tubulin could be a key target for curdione’s actions.11

Additionally, Western blot analysis was used to verify the results from the proteomic analysis and identify down
stream signaling pathways involved. It was observed that β1-tubulin was downregulated by curdione, which further 
inhibited the activation of its downstream cytoskeletal linker proteins, vinculin and talin1.11 A bioinformatic study 
illustrated that the integrin signaling pathway involves both β1-tubulin and Talin1. This implies that curdione may 
influence integrin-mediated “inside-out” signal transduction by modulating the “β1-tubulin–Vinculin–Talin1” axis, which 
would ultimately prevent platelet activation and aggregation.11 To validate these findings, the researchers used targeted 
inhibitors. ABT-751 was chosen for β1-tubulin, and melittin for vinculin. Both inhibitors were observed to replicate 
similar effects to curdione. They inhibited platelet activation and reduced the expression of associated proteins, thus 
functionally confirming the key involvement of this pathway.11

β1-tubulin is an essential component of microtubules. Its expression levels in specific PTMs, such as detyrosination, 
greatly impact the dynamics and stability of microtubules.6 The downregulation of β1-tubulin expression by curdione suggests 
that there is a potential route through which modified tubulin isotype composition may indirectly impact global microtubule 
PTM balance and function. This provides a fresh perspective on its antithrombotic mechanism. However, very little direct 
enzymological evidence exists regarding the regulation of specific PTMs, such as acetylation and detyrosination.1

It should be noted that cellular models and in vitro platelet evaluations continue to be the main forms of investigating 
the cardiovascular protective properties of curdione.11 Nonetheless, clinical evidence on its safety and effectiveness is 
notably absent, as well as the direct proof of its regulation of microtubule PTMs in whole-animal models.

Tanshinone IIA
Salvia miltiorrhiza is highly valued for its therapeutic properties in TCM. It is widely used in treating a wide range of 
cardiovascular diseases and promotes the circulation of blood.91,92 Tanshinone IIA (Tan-IIA) is the primary therapeutic 
compound in Salvia miltiorrhiza. It possesses strong antioxidant and anti-inflammatory properties, which lead to reduced 
myocardial and short-term cardiac damage risk.84,85 Its anti-inflammatory properties in the cardiovascular system are 
associated with the regulation of tubulin acetylation.10

These findings were validated by an experimental study conducted by Liu et al10 In this study, LPS-treated bone marrow- 
derived macrophages from mice were used as an inflammation model to replicate the activated state of immune cells in 
cardiovascular inflammation in vivo. Following treatment with LPS, macrophages experienced metabolic reprogramming, 
which was marked by succinate accumulation and increased succinate dehydrogenase (SDH) activity.93,94 This subsequently 
leads to a significant increase in the production of mitochondrial ROS, which stabilizes the expression of HIF-1α protein as 
well as promotes glycolytic metabolic reprogramming. This establishes an environment conducive to the assembly of the 
NLRP3 inflammasome.95

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S616766                                                                                                                                                                                                                                                                                                                                                                                                      15

Qi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Treatment with Tan-IIA suppresses the transmission of this inflammatory signaling at its metabolic source. According 
to the study, Tan-IIA functions by inhibiting SDH activity in a concentration-dependent manner (IC50 ≈ 4.47 μM), lowers 
succinate levels, decreases the burden of mitochondrial ROS, and subsequently the stability and nuclear translocation of 
HIF-1α.10 Moreover, Tan-IIA restored the activity of the downstream deacetylase Sirtuin2 (Sirt2) by raising the NAD 
+/NADH ratio. It dramatically reduced the acetylation level at the Lys40 location of α-tubulin by enhancing the 
interaction between Sirt2 and α-tubulin, as demonstrated by co-immunoprecipitation findings.10 The acetylation status 
of α-tubulin serves as a critical regulatory factor for the spatial assembly of the NLRP3 inflammasome.96 Microtubules 
function as scaffolding to encourage the activation of caspase-1 and the aggregation of NLRP3 and ASC when they are 
hyperacetylated. Tan-IIA, on the other hand, disrupts this assembly platform by encouraging Sirt2-mediated deacetyla
tion, which prevents IL-1β from maturing and being released.10 The knockout of the Sirt2 gene, along with treatment 
using the AGK-2 inhibitor, reversed the previously mentioned effects of Tan-IIA, demonstrating how crucial the Sirt2- 
microtubule acetylation axis is to this regulating mechanism.

It is worth noting that in some cases, Tan-IIA protects by suppressing the activation of tubulin acetylation, a modification 
that has been established to play a protective role in cardiomyocytes.10,24 This contradiction reveals that the activity of tubulin 
PTM may be dependent on the type of cell, stimulation, and environment. Nevertheless, acetylation serves a protective role in 
cardiomyocytes by increasing microtubule flexibility to withstand mechanical stress.24 However, in M1-polarized macro
phages, acetylation drives detrimental inflammatory responses by providing a “molecular scaffold” of highly acetylated 
microtubules for NLRP3 inflammasome assembly.96 This mechanism does not generally disrupt the cytoskeleton, but Tan-IIA 
-induced deacetylation specifically reverses the pathologically increased acetylation levels in immune cells that arise from 
overactivation, removing the crucial physical substrate needed for inflammasome.10 This precisely exemplifies the “tubulin 
code”. PTMs can regulate a tubulin molecule to trigger various cellular processes. This is highly dependent on factors such as 
the specific cell type, the environmental conditions, and the presence of other interacting proteins.

The currently available evidence that supports the therapeutic role of Tan-IIA in regulating tubulin PTMs is mainly derived 
from models of macrophage inflammation.10 However, its role in electrophysiological stability, pathological hypertrophy 
suppression, or inhibiting migration in cardiovascular cells (cardiomyocytes and vascular smooth muscle cells) through 
similar tubulin deacetylation mechanisms has not been determined. As a result, this research gap is important and warrants 
further study.

Parthenolide
Parthenolide is a compound obtained from the feverfew plant (Tanacetum parthenium).97 It is a type of TCM that has been used 
to treat rheumatoid arthritis, migraines, and fever. Current research has shown that parthenolide has a variety of therapeutic 
properties, including anti-inflammatory effects, apoptosis induction, and prevention of microtubule detyrosination.86,97,98 Studies 
have focused on determining parthenolide’s tubulin PTM-related mechanisms in treating CVDs. This interest comes from 
increasing evidence of its mechanisms involved in cytoskeletal remodeling associated with these conditions.99

In cardiovascular disease conditions, high levels of microtubule detyrosination cause rigid cardiomyocytes, which lead to 
weakened contractile function.9,36 This process is predominantly mediated by the VASH/SVBP complex.34 Using structural 
biology research and functional studies, parthenolide was determined to significantly inhibit the VASH/SVBP complex99 

A study conducted by Li et al, using crystallographic analyses to determine the chemical process, determined that parthenolide 
inhibits VASH1’s carboxypeptidase activity by forming a covalent adduct between its α-methylene group and the cysteine 
residue (C169) in the catalytic core via Michael addition.99 The results revealed that parthenolide inhibited microtubule 
detyrosination in a concentration-dependent manner in a co-incubation system containing recombinant human VASH1-SVBP 
protein with either microtubules or C-terminal tubulin peptides. In a cellular model using HeLa cells, a study by Li et al (2019) 
showed the therapeutic effects of parthenolide in reversing the effects of α-tubulin detyrosination induced by the exogenous 
overexpression of VASH1-SVBP99 In yet another study, these findings were verified using a genetically engineered mouse 
model of hypertrophic cardiomyopathy.36 Their study used a novel gene-knockin HCM mouse model carrying the 
MYBPC32373insG mutation. These mice exhibited thickening of the left ventricle wall, decreased diastolic function, 
a significant rise in detyrosinated microtubule levels in cardiomyocytes, and altered systolic/diastolic dynamics. Their findings 
showed that following treatment with parthenolide, detyrosinated microtubule levels substantially decreased, and the 
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abnormal systolic and diastolic durations were restored to wild-type levels observed in intact cardiomyocytes isolated from 
this model.36

From these findings, it can be suggested that parthenolide protects the heart by targeting the VASH/SVBP-microtubule 
detyrosination axis.99 However, there are still several limitations in this area. First, the majority of research is still in the 
preclinical phase, with a deficiency of organized clinical trials to assess its safety and effectiveness in human subjects.98 

Second, parthenolide may affect pathways other than VASH/SVBP inhibition due to its ability to target multiple factors. As 
a result, more research is needed to determine the specificity of its protective effects.100,101 Future research should be aimed at 
developing more selective small-molecule inhibitors of VASH/SVBP to mitigate potential off-target effects associated with 
parthenolide. Moreover, a new generation of lead drugs that target microtubule PTMs to treat cardiovascular disorders may be 
identified through the combination of organoid models or patient-derived cardiomyocytes for high-throughput screening.

Cinnamaldehyde
Cinnamomum cassia (Lauraceae) is the dried young twig of the cinnamon tree, known as Gui Zhi in traditional Chinese 
medicine, with common medicinal uses.102,103 Cinnamaldehyde, the core active component of Cinnamomum cassia, 
ameliorates pathological cardiac hypertrophy through direct modulation of tubulin detyrosination.77 According to a study 
by Tian et al (2022), cinnamaldehyde remedies pathological microtubule hyperstabilization and restores dynamic 
equilibrium in cardiac hypertrophy models by significantly suppressing abnormally elevated α-tubulin detyrosination 
levels. This process occurs through the downregulation of the key detyrosinase VASH1/SVBP complex.34,77

Tian et al conducted both in vitro and in vivo experimental models. The study used phenylephrine (PE) to establish 
a cardiomyocyte hypertrophy model in neonatal rat cardiomyocytes (NRCMs) and adult mouse cardiomyocytes (AMCMs). 
Cinnamonaldehyde was then used as an intervention.77 It was observed that exposure to PE significantly raised the level of α- 
tubulin detyrosination and the protein expression of two key detyrosinating enzymes, VASH1 and SVBP.34 Treatment with 
cinnamaldehyde effectively inhibited the overexpression of VASH1 and SVBP induced by PE, consequently decreasing the 
accumulation of detyrosinated microtubules and restoring the dynamic equilibrium of the microtubule network.77 Further 
studies on its mechanism of action showed that cinnamaldehyde lowers VASH1/SVBP expression, thus preventing the 
abnormal translocation of the STIM1/Orai1 complex to the plasma membrane, which was induced by excessive detyrosina
tion. This inhibited the aberrant activation of store-operated calcium entry (SOCE), as well as the nuclear translocation of 
NFAT transcription factors and the production of hypertrophy-associated genes (ANP, BNP, β-MHC) by directly decreasing 
the activity of the downstream calcineurin pathway.77 Osmotic minipumps were subcutaneously implanted for continuous PE 
infusion, and cinnamaldehyde intervention was administered contemporaneously. This was done to induce heart hypertrophy 
in mice in in vivo studies. The results showed that cinnamaldehyde significantly reduced the mRNA expression levels of ANP, 
BNP, and β-MHC in cardiac tissue. Furthermore, it considerably reduced PE-induced morphological changes, such as 
ventricular wall thickening and increased cardiomyocyte cross-sectional area.77 Additionally, myocardial tissue immuno
fluorescence and Western blot analyses verified that cinnamaldehyde successfully reversed the PE-induced rise in microtubule 
detyrosination levels and downregulated the expression of VASH1 and SVBP proteins, confirming its regulatory role in 
microtubule stability in vivo.77

In summary, the available data clearly indicates a causal pathway through which cinnamaldehyde regulates microtubule 
stability by targeting the VASH1/SVBP–dTyr–tubulin axis. This enhances calcium homeostasis and cellular architecture, 
which in turn reduces cardiac hypertrophy.77 While this mechanism has predominantly been validated in models of cardiac 
hypertrophy, its possible therapeutic function as a natural microtubule-stabilizing agent presents innovative opportunities for 
cardiovascular therapies targeting PTMs. Future research should be aimed at establishing fundamental mechanisms in a wider 
range of cardiovascular disease models and findings that are easier to apply in clinical settings.

Other Monomeric Compounds
In addition to the TCM monomers discussed above, other monomeric substances have also been shown to affect PTM- 
related enzyme activity or microtubule integrity. For instance, resveratrol indirectly regulates α-tubulin acetylation levels 
by activating the deacetylase SIRT1.104–106 Additionally, Berberine has been demonstrated to directly induce α-tubulin 
acetylation in p53-deficient HL-60 leukemia cells.107 Lastly, In a primary rat cortical neuron model of homocysteine- 

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S616766                                                                                                                                                                                                                                                                                                                                                                                                      17

Qi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



induced injury, icariin significantly restored the suppressed expression levels of both acetylated α-tubulin and tyrosinated 
α-tubulin.76 These findings further support the potential role of TCM monomers in regulating tubulin post-translational 
modifications.

Traditional Chinese Medicine Formula and Tubulin Post-Translational Modifications
Compound formulations of traditional Chinese medicine (TCM) exert complex regulatory effects on cellular structure and 
function in cardiovascular diseases through their multi-component, multi-target mechanisms of action. Recent research has 
gradually shown that their effects exceed those observed in macroscopic processes like signal transduction, metabolic regulation, 
and anti-inflammatory responses. They may also affect the cytoskeletal system to help maintain cellular mechanical homeostasis, 
especially by modifying tubulin dynamic stability and spatial organization.79–81 However, overall, the research field on TCM 
compound formulations targeting the microtubule system for the treatment of cardiovascular diseases remains relatively 
underexplored, and the existing evidence is limited both in scope and mechanistic depth. Nevertheless, research on Guizhi 
Gancao Decoction (GGD)80 provides fairly direct and systematic mechanistic evidence for how TCM compound formulas can 
directly regulate the cardiomyocyte microtubule PTMs network, making it worthy of focused discussion.

Guizhi Gancao Decoction (GGD), composed of Cinnamomum cassia and Glycyrrhiza uralensis, has been tradition
ally used to warm and unblock heart-yang and restore pulse regularity. In a mouse model of pressure overload-induced 
heart failure, Chen et al demonstrated that GGD significantly ameliorated cardiac hypertrophy, myocardial fibrosis, and 
contractile dysfunction.80 Importantly, its cardioprotective effect is closely linked to the precise regulation of tubulin 
post-translational modifications, extending beyond mere hemodynamic modulation.80 At the mechanistic level, pressure 
overload triggers aberrant cytoskeletal remodeling in cardiomyocytes, characterized by excessive detyrosination and 
reduced acetylation of α-tubulin. These modification abnormalities impair microtubule dynamics, increase cytoskeletal 
stiffness, and compromise myocardial compliance.8,24,36 GGD counteracts these pathological changes through a dual 
regulatory pathway: First, it significantly suppresses tubulin detyrosination, a process potentially achieved by modulating 
yet-to-be-fully-identified carboxypeptidase activity or its upstream signaling.80 Second, it effectively inhibits HDAC6, 
thereby enhancing the acetylation level at the Lys40 site of α-tubulin.19,80 Acetylation stabilizes microtubules and 
maintains their functional flexibility,24 while reduced detyrosination alleviates excessive microtubule polymerization 
and cytoskeletal rigidity.36 It is important to note that the downregulation of TTL expression observed does not signify an 
initial target of GGD. However, it indicates a recovery of intracellular microtubule homeostasis and a compensatory 
alleviation of stress that occurs after the effective upstream suppression of the detyrosination cascade.80 This coordinated 
restoration of tubulin PTM homeostasis helps preserve sarcomere structural integrity, reduces pathological collagen 
deposition, and improves both systolic and diastolic cardiac function.23,35

Furthermore, other compound formulations, such as Zishen Huoxue Decoction (ZSHX), reduces ischemic cardiac 
damage through the Sirt5-β-tubulin-mediated “mitophagy–UPR” synergistic pathway. This suggests that this drug 
formulation can alter β-tubulin and contribute to cytoskeletal stability and cellular stress response.79 Tongyang 
Huoxue Decoction (TYHX) regulates β-tubulin expression in sinoatrial node cells, ameliorating calcium homeostasis 
imbalance induced by hypoxia/reoxygenation and thereby maintaining rhythm stability.81

In summary, existing research indicates that TCM compound formulations, represented by Guizhi Gancao Decoction,80 

can precisely intervene in key enzymes within the microtubule PTM network through multi-component synergy. This results 
in the comprehensive regulation of modification states like acetylation and detyrosination, thereby restoring cardiomyocyte 
cytoskeletal homeostasis and improving cardiac function. However, current research on the regulation of tubulin post- 
translational modifications by traditional Chinese medicine compound formulations remains preliminary, with clarity and 
mechanistic depth far behind that of monomeric compounds. This represents a major bottleneck in the field. First, evidence for 
the effects of most compound formulas on various PTM types is still lacking, and studies have been highly focused on only 
a few formulations, with conclusions lacking systematic validation across models and modification types. Second, and more 
critically, even for formulations with preliminary clues (such as Guizhi Gancao Decoction), the active component profile, the 
dominant constituents, and their interactions remain unclear. This makes it difficult to construct a precise causal chain linking 
the compound formula to specific PTM enzyme targets and functional phenotypes, and to clarify potential synergistic or 
antagonistic effects among components. Third, the research paradigm itself has limitations, as current evidence relies almost 
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entirely on preclinical models and has not yet been connected to human pathophysiology. These gaps collectively lead to 
a fundamental problem: we are still unable to map out a clear pathway from the multi-component input of a compound 
formula, through precise regulation of the tubulin PTM network, to the eventual improvement of specific cardiovascular 
functions (such as enhancing myocardial mechano-transduction or calcium handling). Therefore, future research should aim to 
penetrate this complex system. The focus should not only be on expanding the screening of compound formulas and PTM 
types but also on adopting strategies such as spectrum-effect relationship analysis, simplified artificial formulation design, and 
high-throughput target screening to decipher the compositional logic of compound formulas. Furthermore, efforts should be 
made to advance research toward clinically relevant models and biomarker validation. This will help transform TCM 
compound formulations from empirical “modulators” into mechanism-defined “targeted regulators.”

Clinical Translation and Safety Considerations
In experimental settings, TCM has demonstrated the ability to modify microtubule PTMs, consequently enhancing 
cardiac remodeling and function. Extensive research in cardiomyocytes and hypertrophic hearts from mouse models has 
determined that trans-cinnamaldehyde reduces pathogenic microtubule detyrosination, thereby relieving structural remo
deling. This work highlights the axis defined by detyrosination, microtubule function, and mechanical remodeling as 
a potential therapeutic target for therapies derived from traditional Chinese medicine.77 Furthermore, Guizhi Gancao 
Decoction directly demonstrates that multi-component TCM formulations may coordinately modify PTMs in pressure- 
overload heart failure by restoring aberrant α-tubulin detyrosination and acetylation and improving both systolic and 
diastolic performance.80

Despite these advances, the majority of existing evidence is still derived from cell and animal studies, and there is a notable 
lack of clinical studies that directly examine the regulation of tubulin post-translational modifications by traditional Chinese 
medicine in cardiovascular diseases. Several factors contribute to this gap. First, from a technical perspective, the definitive 
assessment of PTMs currently requires myocardial biopsy. Non-invasive surrogate biomarkers, such as circulating micro
tubule-associated proteins or PTM enzymes within exosomes, have not yet been established or clinically validated. Second, 
the field itself is relatively nascent. The pathological significance of PTMs in CVDs has only been widely recognized in the last 
5–8 years, and mechanistic studies of TCM targeting these modifications have emerged even more recently. Third, the inherent 
complexity of TCM, particularly the undefined active components and diverse pharmacological targets within multi-herb 
compound formulations, poses substantial challenges for designing early-stage clinical trials with well-defined pharmacody
namic endpoints. Nevertheless, direct evidence from failing human myocardium has already validated the pathophysiological 
relevance of this axis. Specifically, Chen et al demonstrated that failing human cardiomyocytes exhibit a dense, highly 
detyrosinated microtubule network, and that pharmacological inhibition of detyrosination restored 40–50% of the lost 
contractile function.73 Caporizzo et al further showed that detyrosinated microtubules directly contribute to diastolic 
viscoelastic resistance in human failing myocardium, and that either microtubule depolymerization or inhibition of detyr
osination reduces diastolic stiffness in isolated human myocardial trabeculae.9 These human tissue studies confirm that 
detyrosinated microtubules represent a functionally relevant and therapeutically targetable node in human CVDs, thereby 
providing a strong mechanistic rationale for TCM interventions that modulate this PTM axis. Strikingly, this mechanistic 
framework is not without clinical precedent. A recent randomized controlled trial in Parkinson’s disease demonstrated that 
Modified Zhigancao Decoction significantly reduced serum levels of α-tubulin and microtubule-associated protein-2 in 
patients, providing direct human evidence that a TCM compound formulation can act on the microtubule system.108 

Although this study is not in the cardiovascular field, its mechanistic core shares fundamental commonalities with the PTM- 
based strategies articulated in this review. Thus, this cross-disease proof-of-concept does far more than confirm target 
accessibility; it strongly suggests that the translational gap in cardiovascular medicine is not a matter of principle, but rather 
one of priority. Based on the mechanistic insights articulated thus far and ex vivo validation in human tissues, well-designed 
clinical studies to evaluate TCM interventions targeting tubulin PTMs in patients with cardiovascular diseases are not only 
justified but also eminently feasible.

Given the current evidence gaps, we propose a phased translational roadmap to bridge preclinical findings of TCM 
with future clinical applications. In the short term, priority should be given to utilizing existing human cardiac tissues, 
such as discarded left ventricular specimens from heart transplant recipients or surgical biopsies, for ex vivo validation. 

Drug Design, Development and Therapy 2026:20                                                                             https://doi.org/10.2147/DDDT.S616766                                                                                                                                                                                                                                                                                                                                                                                                      19

Qi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



This would involve testing whether TCM monomers, herbal extracts, or medicated serum can reduce dTyr-tubulin 
levels,9 modulate HDAC619/αTAT125 activity, or alter the VASH/SVBP33 complex in human cardiomyocytes. In the 
medium term, efforts should focus on developing non-invasive circulating biomarkers, such as plasma detyrosinated 
microtubule fragments, exosomal HDAC6,19 or VASH/SVBP33 enzymatic activity, as pharmacodynamic readouts of 
TCM interventions. Such biomarkers would facilitate dose-finding and proof-of-mechanism studies without the need for 
repeated myocardial biopsies. In the long term, leveraging the extensive clinical safety record of TCM compound 
formulations, such as Guizhi Gancao Decoction,80 small-scale proof-of-concept clinical trials should be designed 
incorporating dual endpoints: conventional echocardiographic parameters of diastolic and systolic function, alongside 
PTM-related biomarkers.

Importantly, the long-term clinical use of TCM not only provides a safety record but also offers a rich repository of 
empirically validated therapeutic paradigms awaiting mechanistic decoding. This mechanistic reinterpretation transforms 
traditional empirical knowledge into testable hypotheses, offering immediate translational insights for clinical practice. 
First, disease-specific PTM signatures can guide patient stratification. Given that HFpEF myocardium exhibits a distinct 
viscoelastic/PTM profile compared to HFrEF,68 measuring myocardial or circulating levels of dTyr-tubulin, HDAC6 
activity, or VASH/SVBP complex abundance could help identify patient populations most likely to benefit from PTM- 
targeting TCM therapies. Second, these PTM parameters themselves can serve as pharmacodynamic biomarkers to 
monitor treatment response and optimize dosing regimens in future trials, transforming empirical formula modification 
into evidence-based precision medicine. Third, the differential involvement of PTMs across distinct CVD etiologies 
suggests that TCM compound formulations could be tailored to the dominant PTM pathology in each patient, analogous 
to how modern targeted therapies are guided by molecular subtyping. Thus, the established clinical experience of TCM, 
combined with recent mechanistic insights into the regulation of PTMs, positions TCM as a promising source for 
developing novel microtubule-modulating therapies for CVDs.

In addition to clinical translation considerations, the safety of TCM use must also be taken into account. The intrinsic 
complexity, batch variability, and chemical instability of TCM preparations present additional difficulties when compared 
to the high dosage sensitivity of microtubule PTMs. Moderate suppression of detyrosination leads to a decrease in 
viscous resistance within cardiomyocytes; however, excessive stabilization of microtubules correlates with diastolic 
stiffness, diminished compliance, and electrophysiological irregularities.9,73,109 Therefore, well-defined exposure- 
response and exposure-toxicity relationships across the continuum from effective exposure to PTM response and finally 
to functional outcome are essential for the clinical translation of PTM-targeting TCM beyond standard quality control.

It is also important to carefully investigate any potential interactions between TCM and widely used cardiovascular 
drugs. Certain phytochemicals can affect CYP450 enzymes or P-glycoprotein, altering the pharmacokinetics of β- 
blockers, anticoagulants, and other cardiovascular drugs, and indirectly affecting microtubule homeostasis. For example, 
when combined with warfarin, Salvia miltiorrhiza preparations may enhance the anticoagulant effect and increase the risk 
of bleeding.110 The representative calcium channel blocker nifedipine is primarily metabolized by CYP3A4. Compound 
formulations containing Glycyrrhiza uralensis may decrease its plasma concentration, as glycyrrhizic acid can induce 
CYP3A4 activity.111 The shortage of systematic pharmacokinetic, pharmacodynamic, and safety data for combination 
therapy represents another major limitation.

Overall, translating TCM-based treatment to clinical settings requires extensive pharmacokinetic studies, safety, and 
standardization of formulations, and robust clinical validation.

Knowledge Gaps and Future Directions
More evaluations are still required to increase our understanding of the underlying mechanisms, regardless of the advance
ments made in learning about microtubule PTMs in cardiovascular disease. First, each biological effect of PTMs can vary 
greatly depending on the microenvironment. For example, although acetylation generally improves microtubule mechanical 
resilience and flexibility,24 it may interfere with sarcomere–microtubule coupling in some pathological conditions.10 

Additionally, although detyrosination is closely linked to diastolic dysfunction and cardiac stiffness,96 it physiological 
functions in preserving baseline mechanical homeostasis are still poorly understood. Therefore, it is essential to compare 
PTM functions systematically across cell types, disease stages, and mechanical conditions.
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Second, the rapid and transient PTM dynamics occurring throughout every cardiac cycle cannot be well captured by 
existing methods. Microtubule subpopulations cannot be fully resolved by proteomics, and traditional immunostaining 
lacks the temporal resolution to identify structural alterations at the microsecond scale. Advances in super-resolution 
imaging and spatial proteomics7 may enable the construction of a comprehensive “spatiotemporal atlas” of microtubule 
PTMs in the myocardium, providing new insight into their dynamic regulatory roles.

Third, other PTMs, such as glutamylation, glycylation, and phosphorylation, have remained underinvestigated 
compared to acetylation and detyrosination in cardiovascular biology. Systematic characterization of these underinves
tigated modifications has the potential to significantly expand existing models of microtubule regulation.

Fourth, mechanistic research on TCM modulation of microtubule PTMs is still in its infancy. Although 
cinnamaldehyde77 and Guizhi Gancao Decoction80 provide preliminary data, the multi-component, multi-target feature 
of TCM formulae restricts mechanistic interpretation. To determine the mechanism through which TCM controls PTMs 
across molecular and cellular levels, integrated methods integrating network pharmacology, single-cell omics, and in vivo 
functional validation are required.

Fifth, bridging the gap between the empirical practice of TCM and modern mechanism-based medicine requires the 
coordinated advancement of clinical research on PTMs. The long-standing clinical experience accumulated with TCM 
compound formulations should be systematically re-examined through the lens of PTM mechanisms, thereby generating 
translatable knowledge to guide patient selection, treatment monitoring, and individualized therapy in CVDs.

Future research should target these key areas: (1) Frameworks that compare PTM functions across disease stages and 
mechanical conditions. (2) High-resolution imaging tools and real-time monitors for PTM studies. (3) Cardiovascular 
significance of understudied PTMs such as glutamylation. (4) Multi-omics and network pharmacology integration to map 
PTM networks influenced by TCM formulas. (5) Translating PTM-guided TCM empirical knowledge into clinical 
practice through clinical research.

Conclusion
Cardiovascular diseases are often linked to problems inside cells, especially with the microtubule network. Post- 
translational modifications of tubulin, such as acetylation and detyrosination, are key ways to control how this network 
works. This review connects the key role of PTMs in cardiovascular disease with the potential of traditional Chinese 
medicine, including its active monomers and compound formulas, to regulate this system. So, it points to a new way to 
treat diseases by targeting the cytoskeleton’s “modification code.” Studies show that some TCM ingredients can act on 
key enzymes for PTMs, affecting microtubule stability and function. So, in model systems, they can improve cardiac 
hypertrophy, reduce vascular inflammation, or stabilize electrical signals. This gives a new molecular way to explain how 
traditional drugs like Tanshinone IIA and evodiamine work. Also, it shows a possible link between TCM’s holistic 
approach and changes at the cytoskeleton level.

As a review that brings ideas together, this paper’s main value is in suggesting this cross-disciplinary framework and 
giving early evidence. But, how deep we can discuss it is limited by what basic research has found so far. There are two 
main limits. First, most of the mechanisms cited for how TCM regulates PTMs come from scattered, early experimental 
studies. These results have not yet been fully tested or put together in more complex animal models or disease settings. 
Second, when discussing TCM compound formulas, because related studies are few and their mechanisms are not deeply 
explored, we could not detail how different components in a formula work together to regulate the PTM network. So, the 
discussion still stays at the level of “overall association.”

Future research based on this framework should focus on two things. First, it needs more strict tests to prove the cause-and- 
effect link between “component – PTM target – functional outcome.” Second, it needs new models and methods to study how 
TCM multi-component systems work. Doing this could move this promising field from the stage of just having ideas to the 
stage of truly finding mechanisms. Third, timely translation of PTM-guided TCM insights into clinical practice enables the 
reinterpretation of long-accumulated empirical knowledge through mechanistic understanding, thereby guiding patient 
stratification, treatment monitoring, and individualized therapy. Doing so will advance this promising field from the stage 
of merely having ideas to the stage of truly delivering value.
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