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Aging and neurodegenerative diseases are characterized by cognitive decline, impaired neuroplasticity, and epigenetic dysregulation. Curcumin, a bioactive polyphenol derived from Curcuma longa, has gained significant attention for its neuroprotective properties, particularly in enhancing cognitive function through epigenetic mechanisms. This review explores the multifaceted role of curcumin in modulating key molecular pathways involved in neuroplasticity, including histone modifications, DNA methylation, and non-coding RNA regulation. Additionally, curcumin influences neurogenesis, synaptic remodeling, and mitochondrial biogenesis, which are critical for maintaining brain function in aging and neurodegenerative conditions such as Alzheimer’s and Parkinson’s disease. By targeting neuroinflammatory and oxidative stress pathways, curcumin further supports cognitive resilience and neuronal survival. We also discuss the therapeutic implications of curcumin as a potential epigenetic modulator and neurogenic agent, emphasizing its synergistic effects with lifestyle interventions such as physical activity and dietary strategies. Despite promising preclinical and clinical findings, challenges related to curcumin’s bioavailability and translational efficacy remain. Future research should focus on optimizing delivery systems and exploring combination therapies to enhance curcumin’s neuroprotective benefits. This review highlights curcumin as a promising candidate for promoting cognitive longevity and mitigating neurodegeneration through epigenetic reprogramming.

Keywords
 curcumin; DNA acetylation; non-coding RNAs; epigenetic; neurodegenerative disorders


1 Introduction

The steady rise in global life expectancy has prompted extensive research into the biological mechanisms of aging. This research focuses on identifying and understanding the biochemical and genetic processes responsible for age-related decline. Recent findings suggest that aging is not an immutable biological reality but rather a complex process that can be manipulated and modulated. Aging is an irreversible physiological process characterized by the development of various age-related diseases, including osteoporosis, diabetes, arthritis, cerebrovascular disease, musculoskeletal disorders, neurodegenerative conditions, cardiovascular disease, cancer, cataracts, and atherosclerosis (Li Z. et al., 2021). However, it has been demonstrated that the rate and quality of aging can be influenced by specific interventions. Hallmarks of aging include genetic instability, epigenetic alterations, telomere shortening, cellular senescence, stem cell exhaustion, and mitochondrial dysfunction (López-Otín et al., 2013). Indeed, aging is associated with a multitude of epigenetic alterations observed across various species. These epigenetic modifications contribute directly to the aging process and age-related pathologies. Specifically, these changes encompass the accumulation of histone variants, alterations in chromatin accessibility, histone loss and heterochromatin reduction, aberrant histone modifications, and dysregulated expression and activity of non-coding RNAs. These epigenetic modifications impact cellular processes, ultimately leading to the onset and progression of various human diseases as mentioned above (Saul and Kosinsky, 2021).

Diet plays a crucial role in mitigating the effects of aging. Consumption of foods rich in antioxidants and anti-inflammatory compounds such as polyphenols has been associated with a reduced risk of age-related cognitive impairment and neurodegenerative diseases (Izadi et al., 2024; Zhu et al., 2025). Polyphenols could modulate epigenetic mechanisms such as DNA methylation. Qin and colleagues showed DNMT1 and DNMT3b inhibition following treatment of breast cancer cells with resveratrol in a dose dependent manner (Qin et al., 2005). Or in another study, EGCG inhibited different DNMTs especially DNMT3A in different cancer cell lines (Fang et al., 2003). Naponelli et al. (2017) also showed the inhibitory role of EGCG on DNMTs in prostate cancer cell lines. Thus, different polyphenols could modulate DNA methylations via affecting different DNMTs. Among nutrients that are helpful against aging, recent research has highlighted the therapeutic potential of curcumin. Curcumin, 1,7-bis [4-hydroxy 3-methoxy phenyl]-1,6-heptadiene-3,5-dione, is a polyphenol compound that is found in the rhizome of Curcuma longa Linn (Li Z. et al., 2021). Besides the culinary applications of curcumin, it is widely used as a beneficial compound in the field of medicine which can provide a variety of preventive or therapeutic roles against different diseases (López-Otín et al., 2013; Saul and Kosinsky, 2021; Izadi et al., 2024). For instance, it serves as an anti-inflammatory agent that is used in non-alcoholic fatty liver disease, endometriosis, and neurodegenerative diseases along with a variety of several other diseases (Vallée and Lecarpentier, 2020; Saadati et al., 2019; Azzini et al., 2024). Furthermore, it functions as an anti-aging, anti-oxidative, epigenetic modulator, antimicrobial, anti-angiogenic, and anti-mutagenic agent (Izadi et al., 2024; Jakubczyk et al., 2020; Hassan et al., 2019; Kocaadam and Şanlier, 2017; Menon and Sudheer, 2007; Adibian et al., 2019; Alizadeh et al., 2018; Asadi et al., 2019; Ms et al., 2020). Recent studies have indicated that curcumin is capable of serving as an inhibitor of histone acetyltransferase and DNMTs while modulating the methylation level of DNA regions and regulating various non-coding RNAs (i.e., microRNA and lncRNA) (Amini et al., 2021; Reuter et al., 2011; Kumar et al., 2024). Furthermore, studies have shown that curcumin not only could mitigate age-related diseases such as cancer but also improves the life span through different mechanisms such as improvement of telomere stability as well as modulation of age-related signaling pathways which discussed elsewhere (Zia et al., 2021). Therefore, we aim to investigate the role of curcumin as an epigenetic modulator in age-related diseases, such as cardiovascular diseases, diabetes, osteoporosis, cataracts, dementias, and stroke, and neurodegenerative disorders.



2 Curcumin


2.1 Chemistry

Turmeric is chemically composed of a variety of components which include carbohydrates, protein, fat, vitamins, and moisture. Furthermore, it contains essential oils (i.e., phellandrene, sabinene, cineol, borneol, zingiberene, and sesquiterpenes), minerals (i.e., iron, potassium, sodium, calcium, and phosphorus), and curcuminoids (Strimpakos and Sharma, 2008; Priyadarsini, 2014; Nelson et al., 2017; Prasad et al., 2014; Goel et al., 2008). Approximately 77% of its curcuminoids is curcumin, while demethoxyxurcumin and bisdemethoxycurcumin make up 17% and 3–6%, respectively (Prasad et al., 2014; Anand et al., 2007). The elucidation of the structure of curcumin as diferuloylmethane or 1,6-heptadiene-3,5-dione-1,7-bis (4-hydroxy-3-methoxyphenyl)-(1E,6E) was reported by Melabedzka et al. in 1910 (Vogel and Pelletier, 1815). Curcumin exists in two tautomeric forms, keto, and enol, with its solubility being largely insoluble at room temperature in aqueous solutions under neutral and acidic pH conditions. However, curcumin dissolves in organic solvents like methanol, ethanol, and acetone due to its lipophilic nature with a log p value of approximately 3.0. While the keto form predominates in neutral and acidic pH, the enol tautomer is exclusively present in alkaline conditions (Priyadarsini, 2014; Priyadarsini, 2009; Payton et al., 2007). The solubility of curcumin in aqueous solutions increases under alkaline conditions but degrades rapidly in both neutral and alkaline environments (Goel et al., 2008; Aggarwal et al., 2003).

Curcumin possesses three reactive sites, namely a hydrogen atom donor, a Michael acceptor, and a metal chelator. Curcumin’s α,β-unsaturated β-diketone section serves as an effective metal-chelating agent, forming complexes with various metal ions. The metal-chelating capability of curcumin has been used as a therapeutic agent in different diseases, such as cancer, depression, and arthritis (Banerjee and Chakravarty, 2015; Mei et al., 2011; Pucci et al., 2012; Wanninger et al., 2015). By forming complexes with metals like Al3+, curcumin is helpful in Alzheimer’s disease (AD). On the other hand, it directly binds to small β-amyloid species to prevent aggregation and fibril formation. Additionally, through creating stable complexes with heavy metals like copper (Cu), chromium (Cr), arsenic (As), mercury (Hg), lead (Pb), and cadmium (Cd), curcumin mitigates the toxicity induced by heavy metal (García-Niño and Pedraza-Chaverrí, 2014; Yadav et al., 2012; Shukla et al., 2003; Agarwal et al., 2010; Flora et al., 2012; Oguzturk et al., 2012).



2.2 Metabolism

The liver is considered the primary organ responsible for curcumin metabolism (Garcea et al., 2004; Hoehle et al., 2006). In humans, UDP-glucuronosyltransferase (UGT) 1A1, 1A8, and 1A10 isoenzymes predominantly mediate glucuronidation in the intestinal epithelium. However, hepatic glucuronidation of curcumin is entirely facilitated by UGT1A1 (Hoehle et al., 2007). Interestingly, the intestinal epithelium exhibits a higher binding rate of curcumin compared to liver microsomes, which contrasts with curcumin conjugation in rats. Compared to rats, the reduction of curcumin to hexahydrocurcumin in human intestinal and liver cytosols is 18 times and 5 times more pronounced, respectively (Xie et al., 2022).



2.3 Pharmacokinetics

Even when curcumin is administered intraperitoneally, its rapid drainage into the portal circulation subjects it to hepatic metabolism before it can reach systemic circulation, resulting in extremely low plasma concentrations of the parent compound (Marczylo et al., 2009; Hoehle et al., 2006). This explains the observed discrepancy between curcumin’s promising in vitro efficacy and its limited in vivo therapeutic impact.

To overcome these barriers, substantial efforts have been made to improve curcumin’s pharmacokinetic profile. Nanoformulation approaches have demonstrated particular promise in enhancing curcumin solubility, stability, and tissue bioavailability (Maleki Dizaj et al., 2022; Yallapu et al., 2015). These include the development of nanoparticles, liposomes, micelles, solid lipid nanoparticles, polymeric nanoparticles, and curcumin-loaded exosomes, all of which have shown improved pharmacological activity in preclinical models (Lv et al., 2023; Khezri et al., 2021). Notably, nanocurcumin enhances cellular uptake and brain delivery due to its small particle size and favorable surface properties, making it especially relevant for neurological applications (Lv et al., 2023; Kakkar et al., 2023; Sabouni et al., 2023).

In addition to nanosystems, the use of bioenhancers or adjuvants has proven effective. For instance, piperine, an alkaloid from black pepper, has been shown to increase curcumin bioavailability by up to 2000% by inhibiting hepatic and intestinal glucuronidation (Pawar et al., 2021; Heidari et al., 2023). Other strategies include complexation with phospholipids (as in Meriva®), inclusion with cyclodextrins, and co-administration with oils or emulsifying agents to improve solubilization in the gastrointestinal tract (Xu et al., 2023; Shahriari et al., 2023; Pivari et al., 2022).

Despite these advancements, many of these formulations remain in experimental or early clinical stages, and there is a pressing need for standardized, scalable, and safe delivery platforms that can maintain curcumin’s biological activity in vivo. Future research should focus on comparative clinical studies evaluating the bioequivalence and therapeutic efficacy of these delivery systems in humans.




3 Epigenetics and their modulation by curcumin

Epigenetics pertains to the examination of heritable and enduring alterations in gene expression that result from modifications in the chromosome structure rather than changes in the DNA sequence (Al Aboud et al., 2024). While not directly modifying the DNA sequence, epigenetic processes can change gene expression through the chemical modification of DNA bases and adjustments to the superstructure of the chromosome where DNA is enclosed. Alterations in histone proteins, which are important for organizing DNA into chromatin and regulating gene expression, can significantly impact the structure of chromatin and the accessibility of genetic material. These modifications can influence whether genes are actively transcribed or silenced, thereby affecting cellular functions such as development, differentiation, and response to environmental signals. Apart from histone modifications, DNA methylation is a form of epigenetic regulation linked to gene suppression when methylation transpires within CpG islands of promoter regions. Furthermore, non-coding RNA sequences have demonstrated a pivotal role in changing the expression of genes (Al Aboud et al., 2024). Current research indicates that epigenetics might play a crucial role in a range of health conditions, such as cardiovascular disorders, neurodegenerative diseases, and cancer. The alterations in epigenetic patterns have the potential to be altered back to their original state and might open up novel possibilities for therapy by utilizing epigenetic agents (Farsetti et al., 2023) (Figure 1). Studies showed that curcumin could modulate all of these three main epigenetic mechanisms. Therefore, we briefly discuss about these mechanisms and impact of curcumin on them.
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FIGURE 1
 Epigenetics and biogenetics.



3.1 DNA methylation

One of the heritable epigenetic modifications is DNA methylation which is characterized by the enzymatic addition of a methyl group to the C-5 position of cytosine within the DNA molecule by DNA methyltransferases (DNMTs) (Robertson, 2005). In mammals, DNA methylation is a widespread phenomenon across various genomic sequences (Lister et al., 2009). Notably, the predominant form of DNA methylation occurs within CpG dinucleotide contexts in somatic cells. However, a significant proportion of DNA methylation is observed in non-CpG contexts in embryonic stem cells (ESCs) (Lister et al., 2009). CpG dinucleotides are distributed throughout the genome, encompassing both coding and non-coding regions, with a propensity to form clusters known as CpG islands. Notably, approximately 70% of these islands are situated within the promoter regions of genes, and about half of the human genes initiate transcription from CpG sites (Deaton and Bird, 2011; Vavouri and Lehner, 2012). Methylation occurring in the promoter region is observed to impede the interaction of transcription factors with the DNA sequence beneath. The hypermethylation of promoters typically correlates with reduced gene expression or transcriptional silencing (Bird, 2002). Conversely, hypomethylation is associated with active transcription and heightened gene expression levels (Zhang et al., 2020). In contrast to promoter methylation, methylation within gene bodies and intergenic regions does not lead to transcriptomic silencing but exhibits a more nuanced relationship that varies across genes (Lorincz et al., 2004). It is proposed that methylation of CpG sites within gene bodies serves to prevent erroneous transcription factor binding and regulate alternative splicing processes (Wang Q. et al., 2022) (Figure 2).
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FIGURE 2
 DNA methylation.


DNA methylation profiles exhibit significant specificity to different tissues and cell types, underscoring its crucial involvement in typical ontogenic processes. The process of DNA methylation facilitates the precise activation of lineage-specific genes at particular developmental time points, while concurrently repressing pluripotency genes during the initial embryonic phases, ensuring the accurate establishment of gene expression profiles critical for the distinct development of various tissues and cell types (Gopalakrishnan et al., 2008). Moreover, DNA methylation serves as a pivotal mechanism in governing the expression of imprinted genes, enabling the allele-specific expression of gene clusters that are indispensable for normal ontogenesis (Messerschmidt et al., 2014). Indeed, the regulatory role of DNA methylation in normal developmental processes is paramount, influencing critical mechanisms such as genomic imprinting, inactivation of the X chromosome, and the regulation of repetitive element transcription and transposition. Conversely, aberrations in DNA methylation patterns have been implicated in pathological conditions, such as cancer (Gopalakrishnan et al., 2008; Jin et al., 2008; Jin et al., 2009; Bararia et al., 2023; Endo et al., 2021).

The diverse functions of DNA methylation are orchestrated by a family of DNMTs, encompassing DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L, each exhibiting distinct preferences and roles in the maintenance and establishment of DNA methylation patterns (Tajima et al., 2022; Qin et al., 2021; Chao et al., 2022; Adamczyk-Grochala et al., 2023; Lietz et al., 2022; Pires et al., 2023; Liu et al., 2024). While DNMT1 is primarily implicated in maintaining DNA methylation fidelity during replication, DNMT2 methylates transfer RNA molecules (Li, 2002; Li et al., 1992). The de novo methyltransferases DNMT3A and DNMT3B exhibit a preference for unmethylated CpG sites and are pivotal in establishing methylation patterns during developmental stages. DNMT3L acts synergistically with DNMT3A and DNMT3B to augment their enzymatic activity and facilitate binding to the methyl donor, S-adenosyl-L-methionine (SAM), although DNMT3L itself lacks catalytic function (Li, 2002; Okano et al., 1999). Recent studies suggest a level of functional interplay among DNMT1, DNMT3A, and DNMT3B in mediating both de novo and maintenance methylation processes, challenging the traditional categorization of these enzymes into distinct roles during DNA methylation dynamics (Riggs and Xiong, 2004). Liu et al. (2009) showed that curcumin covalently blocks the catalytic thiolate of DNMT1 and further inhibits DNA methylation. Furthermore, disruption of attachment of NF-κB/SP1 complex to DNMT1 promoter region is another suggested mechanism for DNA methylation regulation by curcumin (Du et al., 2012) (Table 1).


TABLE 1 Studies investigating the role of curcumin as the modulator of DNA methylation in age-related diseases.


	Disease
	Curcumin dosage
	Cell type/ study model
	Findings
	Ref.

 

 	Osteoarthritis 	- 	Chondrocytes 	Curcumin attenuates osteoarthritis by targeting miR-124/NF-kB and miR-143/ROCK1/TLR9 axis 	
Qiu et al. (2020)



 	Diabetic retinopathy 	25 μM for 6 h 	Insulin-deficient Ins2 Akita mice 	Curcumin restores ROS production as well as DNMT functions 	
Maugeri et al. (2018)



 	Alzheimer’s disease 	5 μM CUR for 48 h 	N2a cells 	Curcumin suppresses the AKT/NF-κB pathway via CpG demethylation of the promoter and restoration of NEP 	
Deng et al. (2014)



 	Atherosclerosis 	5 μM 	Vascular smooth muscle cells 	Curcumin induces cell cycle arrest by SIRT7 inhibition and upregulation of DNMT2 	
Lewinska et al. (2015)





 



3.2 Histone modification

A crucial constituent of nucleosomes is histone proteins which undergo post-translational modifications that influence chromatin organization (Dekker and Haisma, 2009). There are six primary histone types, including H1, H2A, H2B, H3, H4, and H5, characterized by high levels of positively charged amino acids, particularly lysine and arginine. These histones exhibit remarkable evolutionary conservation, with nearly 100% sequence homology across all eukaryotic species. The nucleosome, comprising two tetrameric complexes of H2A, H2B, H3, and H4 histones forming the nucleosome core, represents the basic unit of chromatin (Onufriev and Schiessel, 2019). Linker histones H1 connect the octameric units, which are subsequently organized fibrils and further condensed into loops, helices, chromatids, or sockets. Indeed, H1 as linker histones play a critical role in chromosome stabilization, contributing to the formation of higher-order chromatin structures (Fyodorov et al., 2018). Alterations in histone modifications are linked to heterochromatin assembly and transcriptional activation processes. The structural configuration of histones influences DNA-associated functions such as transcription. Euchromatin, with a looser structure, promotes transcription of highly expressed genes, whereas heterochromatin is characterized by a denser arrangement. Epigenetic modifications, like acetylation and methylation, serve as diagnostic markers for distinct chromatin states (Neganova et al., 2022). Up to now, several different types of modifications have been identified to regulate the state of chromatin, leading to modulation of transcription and providing a suitable state of chromatin throughout cell proliferation (Neganova et al., 2022; Kundu et al., 2017; Poepsel et al., 2018).

Acetylation, methylation, phosphorylation, and ubiquitination are the most extensively researched and critical kinds of histone modifications that regulate chromatin structure and gene activity (Healy et al., 2012; Sawicka and Seiser, 2012; Rossetto et al., 2012; Swygert and Peterson, 2014; Bannister and Kouzarides, 2011). Typically, histone modifications are facilitated by specific enzymes that primarily target the histone N-terminal tails, which contain amino acids like lysine, arginine, serine, threonine, and tyrosine. However, some types of histone modifications, such as a variety of histone phosphorylation, do not follow the mentioned process. Histone acetylation typically enhances gene expression levels, although this effect may not be consistent for histone H4 (Gansen et al., 2015; Kurdistani et al., 2004; Agricola et al., 2006). Conversely, histone methylation can have either activating or repressive effects on transcription, determined by the specific amino acid positions modified in the histone tail and the number of methyl groups introduced (Swygert and Peterson, 2014; Bannister and Kouzarides, 2011; Harb et al., 2016; Potaczek et al., 2017; Morera et al., 2016; Sawicka et al., 2014). Studies have shown that dysregulation in each of the pathways and modifications may lead to a wide variety of diseases, such as cancer, atopy, and AD (Alaskhar Alhamwe et al., 2018; Santana et al., 2023). For instance, the dysregulation of histone modifications, including methylation, acetylation, sumoylation, glycosylation, phosphorylation, poly-ADP-ribosylation, and ubiquitination, can lead to the initiation and progression of cancer by modulating the activity of oncogenes or tumor suppressors (Neganova et al., 2022; Urrutia et al., 2021; Zhang et al., 2023; Montero-Hidalgo et al., 2024). Curcumin modulates histone modifications primarily by acting as a histone deacetylase (HDAC) inhibitor, meaning it prevents the removal of acetyl groups from histone proteins, leading to increased histone acetylation and ultimately influencing gene expression by making chromatin more accessible for transcription factors; this effect is considered a key mechanism in curcumin’s potential anti-cancer and anti-inflammatory properties (Hu et al., 2017). Curcumin directly inhibits the activity of several HDAC enzymes, like HDAC1, HDAC3, and HDAC8, which results in increased acetylation of histone proteins, particularly histone H3 and H4 (Hu et al., 2017).



3.3 Non-coding RNAs

Despite their name, non-coding RNAs (ncRNAs) are functional regulatory RNAs that take part in gene expression without making any alterations on the genome (Nemeth et al., 2024). Primarily, ncRNAs were discovered in 1965 by Holley and colleagues while working on a yeast (Holley et al., 1965). New research indicates that even though around 66% of the mammalian genome is involved in transcription, only about 1.9% of their genome codes for proteins and the rest are transcribed into non-coding RNAs (Nemeth et al., 2024). The exact amount of ncRNAs in the human genome is not still clear, but recent studies indicate that there are thousands of these transcripts. Many of these new ncRNAs do not have a known function and it remains a question whether most of them are just “junk RNA” or if they play a role in cellular processes which will be discovered in the years to come. This wide range of RNAs can be classified according to their function. There are two types of ncRNAs: housekeeping and regulatory RNAs. Housekeeping RNAs include ribosomal RNA, transfer RNA, small nuclear RNA, small nucleolar RNA, telomerase RNA, etc. On the other hand, regulatory ncRNAs also contain some subgroups: ncRNAs with a size of 200 nucleotides or less are considered small ncRNAs (sncRNA), and ncRNAs with more than this amount are known as long ncRNAs (lncRNAs) (Zhang P. et al., 2019). Each of these groups is categorized into subgroups that differ from each other not only by size but also by their functions and roles in cellular processes (Figure 3).
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FIGURE 3
 Non-coding RNAs.



3.3.1 MicroRNA

MicroRNAs (miRNAs) are the most studied type of sncRNAs which can be found in many living and non-livings (viruses) and are known to have effective parts in gene expression at the mRNA level (Lu and Rothenberg, 2018; Bhaskaran and Mohan, 2014). The development of miRNAs occurs through different steps: In the first step, RNA polymerase II (Pol II) transcribes a large primary miRNA (pri-miRNAs) from specific genes. Pri-miRNAs consist of one or a few stem-loop structures with about 70 nucleotides each which are in the nucleus (Bhaskaran and Mohan, 2014; Saliminejad et al., 2019). The next step which also occurs in the nucleus, is the cleavage of pri-miRNAs by Drosh into precursor miRNAs (pre-miRNAs). Afterward, the pre-miRNAs are translocated into the cytoplasm by means of Exportin5 (XPO5) and under the effect of an endoribonuclease named Dicer transform into small double-stranded RNAs (dsRNAs) (Bhaskaran and Mohan, 2014; Pozniak et al., 2022; Nervi and Grignani, 2014). The double-stranded microRNA then is loaded into a protein named argonaute. The combination of dsRNA and argonaute protein makes a complex that promotes the assembly of a ribonucleoprotein complex and is called RNA-induced silencing complex or RISC. After all, microRNAs are matured and target the 3′ end mRNAs and thereby, affect protein production and gene expression (Lu and Rothenberg, 2018; Saliminejad et al., 2019; Nervi and Grignani, 2014). Curcumin modulates miRNAs by directly interacting with transcription factors that regulate miRNA expression, thereby influencing the transcription of specific miRNAs, as well as by affecting epigenetic modifications like DNA methylation at miRNA promoter regions (Wan Mohd Tajuddin et al., 2019). Mechanistically, curcumin can bind to transcription factors like NF-κB, AP-1, and p53, which are known to regulate the expression of various miRNAs, leading to either upregulation or downregulation of specific miRNAs depending on the cellular context (Zhou et al., 2017). Furthermore, changing in the pattern of DNA methylation (as discussed above) by curcumin could also lead to the activation or inhibition of certain miRNAs (Wan Mohd Tajuddin et al., 2019; Mahmoudi et al., 2023).



3.3.2 Small interfering RNA

siRNAs are another group of sncRNAs that mostly contain 20–25 nucleotides and have many common characteristics with miRNAs. Initially, two main differences distinguished miRNAs and siRNAs (Alshaer et al., 2021; Zhang M. M. et al., 2021). First, miRNAs were seen as naturally occurring products expressed by an organism’s genome, while siRNAs were believed to mainly come from external sources like viruses, transposons, or transgenes. Second, miRNAs were thought to be processed from stem-loop precursors with partially double-stranded features, while siRNAs were found to be derived from long, fully complementary double-stranded molecules (Zhang M. M. et al., 2021; Friedrich and Aigner, 2022). Gene silencing by siRNAs is mostly similar to the mechanisms by which miRNAs exert their effects. In the first step, long dsRNAs which have an exogenous origin, are cleaved by Dicer (Friedrich and Aigner, 2022; Carthew and Sontheimer, 2009). The next step occurs inside cells when siRNAs enter the cell and get incorporated into proteins to form the RISC (Alshaer et al., 2021; Friedrich and Aigner, 2022). After joining the RISC complex, a single-stranded siRNA is produced which searches for a matching mRNA within the RISC complex. When this siRNA links to its mRNA target, it triggers the mRNA to be cleaved, and all this leads to identifying the cut mRNA as a defect. As a result, the transcribed mRNA is degraded and no protein is translated from it (Carthew and Sontheimer, 2009; Ahn et al., 2023). Combination of curcumin and siRNAs could have synergistic effects on several preclinical cancer models (Sanati et al., 2023).



3.3.3 LncRNAs

Long non-coding RNAs contain a wide range of RNAs and their classification is still somehow challenging. These RNAs can be classified according to their length, mRNA resemblance, association with repeats, biochemical pathway, etc. (St Laurent et al., 2015). Besides their vague classification, there are numerous potential ways in which lncRNAs impact chromatin changes and structure, ultimately affecting transcription or other chromatin-related processes through epigenetic means, which have been studied. Interacting with transcription factors including definitive endoderm-associated lncRNA1 (DEANR1), rhabdomyosarcoma-associated transcript (RMST), STAT3, etc. as well as chromatin remodeling are just some of their cellular effects (Lorenzi et al., 2019; Onoguchi-Mizutani and Akimitsu, 2022; Schmitz et al., 2016). Other than that, a more interesting function of these RNAs is gene silencing in post-transcriptional levels through binding to splicing factors such as PTBP1. All of the mentioned roles of lncRNAs have made them great candidates for easing the prognosis, diagnosis, and treatment, and decreasing drug resistance in many diseases (Lorenzi et al., 2019; Onoguchi-Mizutani and Akimitsu, 2022; Schmitz et al., 2016). For instance, cancer (Chu et al., 2020; Li et al., 2019), neurodegenerative diseases (Balusu et al., 2023; Plewka and Raczynska, 2022; Sekar et al., 2022), diabetes (Li et al., 2022b; Tang et al., 2023), and cardiovascular diseases (Lozano-Vidal et al., 2019; Shi and Yang, 2016; Yu et al., 2021) are only some of the diseases in which lncRNAs are studied. Curcumin could effect on the expression of different types of lncRNAs and further resulted in the inhibition or activation of a specific signaling pathway as it would be discussed in following sections (Cai et al., 2021; Liu et al., 2016).

Figure 4 provides an overview of these three main epigenetic mechanisms and impact of curcumin on them.
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FIGURE 4
 Schematic representation of curcumin’s effects on epigenetic regulation. Curcumin modulates DNA methylation by inhibiting DNA methyltransferases and enhancing TET enzyme activity, reduces histone deacetylase function to increase histone acetylation, and regulates non-coding RNAs (ncRNAs) by upregulating protective microRNAs (miRNAs) and downregulating pathogenic long non-coding RNAs (lncRNAs). These combined actions contribute to curcumin’s gene-regulatory and neuroprotective effects.






4 Curcumin roles in modulating epigenetic changes in age-related diseases


4.1 Diabetes

Several studies have explored the epigenetic modulation by curcumin in diabetic complications, particularly its influence on DNA methylation, histone modifications, and non-coding RNAs. For instance, curcumin has been shown to reduce DNMT3A expression by 50% in insulin-deficient Ins2 Akita mice, suggesting a potential role in mitigating hyperglycemia-induced retinal epigenetic alterations (Maugeri et al., 2018). However, while this animal model provides insights into mechanistic pathways, its clinical translation remains uncertain, as similar reductions in DNMT activity and ROS production in human retinal pigment epithelium have not been consistently observed (Ding et al., 2022).

In vitro studies further suggest that curcumin inhibits NF-κB binding and decreases histone acetylase activity in monocytes exposed to high glucose (Yun et al., 2011), potentially lowering vascular inflammation. Yet, these findings are based on immortalized cell lines, which do not fully replicate the complex cellular milieu of human diabetic vasculature. Moreover, dose–response relationships and curcumin’s bioavailability were not addressed, limiting the translational value.

Similarly, Wu et al. (2022) reported that curcumin downregulated IL-17A target genes and their associated histone acetylation in diabetic retinopathy models. While promising, this study lacked controls that would clarify whether curcumin’s effects were IL-17 specific or part of broader anti-inflammatory mechanisms. The therapeutic efficacy of curcumin also remains constrained by its limited absorption and rapid metabolism in vivo.

C66, a curcumin analog, demonstrated reduced renal fibrosis in diabetic mice through epigenetic modifications of p300/CBP HAT expression and H3K9/14 acetylation (Wang et al., 2015). Though compelling, the use of analogs like C66 complicates direct extrapolation to native curcumin, and these findings require validation in larger animal cohorts and human studies to assess safety and pharmacodynamics (Tikoo et al., 2008).

In diabetic encephalopathy models, curcumin improved cell viability and downregulated pro-inflammatory cytokines while increasing anti-inflammatory miR-218-5p (Cui et al., 2022). While these molecular alterations are noteworthy, the in vitro nature of the study in PC12 cells limits its applicability to human neuronal contexts. Moreover, such single-pathway-focused findings do not account for the multifactorial nature of diabetic neurodegeneration.

Several studies also reported curcumin’s regulation of miRNAs, such as miR-152-3p in diabetic foot ulcers (Cao et al., 2024) and miR-489 in glucose-fluctuated HEK-293 cells (Fu et al., 2021). Although these studies support a regulatory role of curcumin in epigenetic networks, many rely on small sample sizes or single time-point analyses, limiting their robustness. More importantly, systemic factors influencing miRNA regulation in diabetic patients were not explored, making it unclear how these in vitro findings reflect real-world disease complexity.

Additionally, curcumin’s modulation of miR-124 in diabetic podocytes (Li et al., 2013) supports a protective role against adhesion dysfunction. However, the mechanistic specificity of curcumin’s action on miR-124 versus other competing miRNAs remains unclear. More comprehensive in vivo profiling is necessary to delineate the full epigenetic landscape altered by curcumin.

Taken together, while current studies highlight curcumin’s multifaceted epigenetic modulation in diabetes, most are limited by small sample sizes, short study durations, and poor clinical translation. A recurring issue is the bioavailability of curcumin, which may significantly diminish its therapeutic efficacy in humans compared to experimental models. Future research should prioritize clinical trials, pharmacokinetic assessments, and comparative studies with standard treatments to clarify curcumin’s true therapeutic potential in diabetes-related epigenetic regulation.



4.2 Cardiovascular diseases and hypertension

Curcumin has been extensively investigated for its role in cardiovascular diseases (CVD) through epigenetic and inflammatory pathways. However, despite promising preclinical data, several studies lack rigorous validation in clinical models and suffer from limited translational impact.

In vascular smooth muscle cells (VSMCs), curcumin demonstrated cytostatic effects and upregulated p21 and p53, potentially through SIRT7 suppression and DNMT2 upregulation (Lewinska et al., 2015). These findings suggest transcriptional silencing of rDNA and stabilization of RNA. Nevertheless, the study’s reliance on in vitro VSMC cultures, without parallel in vivo models, restricts its generalizability. Furthermore, the DNA damage-independent p53 induction observed contradicts typical stress-induced apoptotic pathways, suggesting a need for further mechanistic clarification.

Morimoto et al. reported that curcumin disrupts p300/GATA4 complexes and inhibits hypertrophy in rat cardiomyocytes (Morimoto et al., 2008). Although in vivo experiments supported reductions in myocardial thickness, functional outcomes like exercise tolerance or survival were not assessed. Additionally, these rodent models may not fully recapitulate the heterogeneity of human heart failure, especially in aged or comorbid populations.

In the context of atherosclerosis, the TFEB-p300-BRD4 axis was shown to mediate the inflammatory response in macrophages exposed to ox-LDL (Remmerie and Scott, 2018; Li et al., 2022a). Curcumin restored autophagy and lipid metabolism via TFEB nuclear translocation. However, a critical limitation of this model is the absence of in vivo validation of TFEB’s role as a mediator in curcumin’s activity. Moreover, while super-enhancer modulation by curcumin appears promising, this remains a relatively unexplored area requiring deeper molecular mapping and longitudinal outcome studies.

Nanocurcumin has shown benefits in hypertrophied cardiomyocytes by modulating mitochondrial stress markers and preventing substrate switching (Nehra et al., 2015). Despite advanced bioengineering approaches, the lack of comparative data with standard therapies (e.g., ACE inhibitors) raises questions about therapeutic relevance. Moreover, the use of nanocarriers, though advantageous for bioavailability, introduces complexity regarding toxicity, clearance, and regulatory approval.

In spontaneous hypertensive rats (SHRs), curcumin reduced TGFβ, HDAC1, and MMP-2, promoting histone acetylation at the TIMP1 promoter (Hu et al., 2017). While these epigenetic shifts align with decreased fibrosis, the study failed to show changes in blood pressure-lowering efficacy, a primary endpoint in hypertension treatment. Similarly, Sunagawa et al. observed improvements in left ventricular (LV) mass and wall thickness in salt-sensitive rats (Sunagawa et al., 2021), but the dissociation between structural changes and systolic function raises concerns about functional benefit versus biomarker modulation.

The involvement of NLRP3 inflammasome in VSMC proliferation and vascular remodeling has been supported by both in vitro and in vivo evidence (Zhang J. et al., 2019). Curcumin was shown to inhibit NLRP3 activation via suppression of NF-κB and histone acetyltransferase activity. However, curcumin’s dose-dependent effects on inflammasome components were not adequately characterized, and the long-term cardiovascular outcomes of NLRP3 inhibition remain unexplored.

In peripheral arterial disease (PAD), curcumin increased angiogenesis by upregulating miR-93 (Geng et al., 2016). While endothelial function improvements were notable, suppression of miR-93 abolished curcumin’s benefits, indicating a narrow mechanistic focus that may limit therapeutic robustness. Similarly, in myocardial infarction models, curcumin increased miR-7a/b and decreased SP1, reducing apoptosis (Jiang et al., 2024). However, these miRNA-mediated effects are highly context-dependent and may not generalize across diverse cardiovascular injuries.

In a model of acute pulmonary embolism, curcumin alleviated myocardial injury and inflammation by upregulating miR-145-5p and targeting IRS1 (Ouyang et al., 2022). Yet, potential off-target effects of miRNA regulation were not addressed, and the therapeutic window remains unclear. Moreover, translating these findings to human pulmonary embolism is challenging due to the absence of coagulopathy, hemodynamic variables, and standard interventions in the model.

Curcumin also modulates atherosclerotic inflammation through the MIAT/miR-124 axis, as evidenced by studies in ox-LDL-treated macrophages (Chen C. et al., 2022). While this axis appears promising, the use of single-cell types without immune cell interaction or hemodynamic stress limits the system’s fidelity. Furthermore, the regulation of lncRNA/miRNA networks by curcumin requires broader transcriptomic validation.

Another mechanism involves curcumin’s modulation of exosomal miR-92b-3p, targeting KLF4 and RUNX2 to mitigate vascular calcification (Tan et al., 2021). While curcumin improved VSMC calcification markers in vitro and in animal models, human studies assessing vascular compliance or calcium scores are lacking. The therapeutic modulation of exosomal miRNAs also introduces challenges regarding dosing consistency and systemic off-target effects.

Tan et al. demonstrated curcumin-induced cholesterol efflux in THP-1 macrophages via the miR-125a-5p/SIRT6/ABCA1 axis (Xu et al., 2019). However, curcumin’s effect on lipid panels or atherosclerotic burden in vivo was not reported, limiting clinical relevance. Moreover, the study did not compare curcumin’s efficacy with statins or PCSK9 inhibitors, which are standard in lipid modulation.

In models of cerebral ischemia, curcumin influenced several miRNAs, including miR-7-5p, miR-1287-5p, and LONP2, leading to improved oxidative resilience and reduced infarct size (Zhang T. et al., 2021; Zhou et al., 2021). While compelling, these studies relied on rodent stroke models, which often fail to reproduce human heterogeneity in infarct evolution, comorbid conditions, and rehabilitation response. Moreover, miRNA-target dynamics in the ischemic brain are temporally complex, and curcumin’s acute versus long-term effects were not delineated.

Overall, while curcumin demonstrates robust epigenetic and anti-inflammatory actions in preclinical CVD and hypertension models, clinical translation remains limited due to the lack of long-term outcome studies, variability in dosage and bioavailability, and inadequate comparison with standard-of-care treatments. Many studies are conducted in small sample sizes, single animal models, or isolated cell systems, making it difficult to predict efficacy in complex human diseases. Future research must address these limitations through rigorously designed clinical trials, multi-omic analyses, and head-to-head comparisons with existing therapies to validate curcumin’s therapeutic relevance in cardiovascular health.



4.3 Neurodegenerative diseases and dementia

Neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) involve complex epigenetic dysregulation. Curcumin has been shown to modulate these pathways in preclinical studies, but significant limitations hinder its translation to clinical use.


4.3.1 Curcumin and its role in epigenetic modifications in AD

Alzheimer’s disease (AD) is a progressive neurodegenerative condition marked by memory loss, synaptic dysfunction, neuroinflammation, mitochondrial deficits, and accumulation of amyloid-beta (Aβ) plaques and hyperphosphorylated tau tangles (Rafiyan and Mojtahedi, 2025). Epigenetic alterations play central roles in AD pathogenesis, making them attractive therapeutic targets. Curcumin, a natural polyphenol with multi-targeted properties, has garnered attention for its capacity to modulate these pathways, offering potential neuroprotective benefits.

Curcumin influences several epigenetic mechanisms relevant to AD. It downregulates DNA methyltransferases (DNMTs), reversing the aberrant hypermethylation of neuroprotective genes such as BDNF and CREB, and mitigating the hypomethylation of pro-inflammatory genes. This contributes to restored neuronal plasticity and reduced inflammation (Prasanth et al., 2024; Abdul-Rahman et al., 2024). Curcumin also inhibits histone deacetylases (HDACs), leading to increased acetylation at key promoters that regulate learning and memory-related genes. Additionally, it modulates histone methylation by promoting demethylation of H3K27, enhancing transcription of genes involved in synaptic function and neuronal survival (Li J. et al., 2021; Wang Y. et al., 2022).

Non-coding RNAs represent another layer of epigenetic regulation affected by curcumin. It upregulates neuroprotective microRNAs (e.g., miR-132) and suppresses neuroinflammatory ones like miR-155, contributing to decreased cytokine production and improved synaptic integrity. Curcumin also influences long non-coding RNAs such as BACE1-AS and MIAT, which are implicated in Aβ accumulation and neuronal apoptosis (Wang et al., 2025; Zhao et al., 2023).

Moreover, curcumin enhances neurogenesis and synaptic plasticity, largely through the activation of the BDNF–TrkB signaling cascade and phosphorylation of CREB, a transcription factor essential for memory consolidation (Huang et al., 2015; Xu et al., 2019). It also activates peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), which stimulates mitochondrial biogenesis and improves cellular energy metabolism (Reddy et al., 2016). This leads to increased ATP production and a reduction in oxidative stress via upregulation of antioxidant enzymes like superoxide dismutase (SOD) and catalase (He et al., 2025).

Curcumin’s effects extend to the pathological hallmarks of AD. It inhibits glycogen synthase kinase-3β (GSK-3β), thereby reducing tau phosphorylation. Simultaneously, it facilitates autophagic clearance of Aβ plaques by enhancing lysosomal activity and promoting microglial phagocytosis (Yang et al., 2025; Huang et al., 2014). Animal studies consistently demonstrate curcumin’s cognitive benefits, including improved spatial memory and learning, reduced plaque burden, and normalization of synaptic protein expression.

Additionally, curcumin modulates major inflammatory pathways in AD. It suppresses nuclear factor-kappa B (NF-κB) activation, leading to decreased expression of pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-6. It also induces a shift in microglial phenotype from pro-inflammatory (M1) to anti-inflammatory (M2), further supporting neural repair and anti-apoptotic processes (Azzini et al., 2024).

Despite these promising preclinical findings, translation to human therapy faces significant barriers. The majority of existing studies are based on in vitro models or transgenic mice, which often fail to capture the multifactorial nature of human AD, particularly in aged populations (Rafiyan et al., 2023). Furthermore, curcumin suffers from poor bioavailability, rapid metabolism, and limited blood–brain barrier penetration—issues that limit its efficacy in clinical settings. Clinical trials to date have reported mixed outcomes, often attributed to formulation variability, short study durations, and small sample sizes (Dong et al., 2012; Ruan et al., 2022; Huang et al., 2012).

To address these limitations, recent efforts have focused on nanoformulations and liposomal carriers to improve curcumin’s pharmacokinetics and brain delivery. However, these approaches remain in early stages and require rigorous clinical evaluation. Moreover, while curcumin’s multi-targeted actions are theoretically advantageous, they may also pose risks of off-target effects or unanticipated gene modulation.

In summary, curcumin exerts significant modulatory effects on epigenetic pathways involved in AD, including DNA methylation, histone modification, non-coding RNA regulation, neurogenesis, mitochondrial function, and protein aggregation. These mechanisms contribute to improved neuronal survival, reduced inflammation, and enhanced cognitive performance in preclinical models. However, its clinical utility remains constrained by pharmacological and translational challenges. Future research should prioritize high-quality clinical trials, multi-omic validation, and optimized delivery systems to fully evaluate curcumin’s therapeutic potential in Alzheimer’s disease.



4.3.2 Curcumin and epigenetic modifications in Parkinson’s disease (PD)

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the selective degeneration of dopaminergic neurons in the substantia nigra, leading to motor symptoms such as bradykinesia, tremor, and rigidity, along with cognitive and mood impairments. Epigenetic dysregulation plays a significant role in PD pathogenesis, making these mechanisms appealing therapeutic targets. Curcumin, owing to its broad bioactivity, has been studied extensively for its potential neuroprotective effects in PD models.

Curcumin has been shown to influence epigenetic modifications implicated in PD. It inhibits DNA methyltransferases (DNMTs), leading to demethylation and reactivation of silenced neuroprotective genes such as Nurr1, DJ-1, and PARK genes. These genes are essential for dopaminergic neuron maintenance and mitochondrial function (Chiu et al., 2020; Giordano et al., 2014). In parallel, curcumin acts as a histone deacetylase (HDAC) inhibitor, enhancing histone acetylation and promoting the transcription of genes involved in neuronal survival and synaptic plasticity (He et al., 2025). It also reduces repressive histone methylation marks such as H3K27me3 and H3K9me2, creating a chromatin environment more favorable to neuroprotective gene expression (Prasanth et al., 2024).

Beyond chromatin remodeling, curcumin modulates non-coding RNAs, including miRNAs that regulate oxidative stress, inflammation, and proteostasis. While specific targets in PD are still emerging, early findings suggest that curcumin may restore miRNA balance disrupted in neurodegeneration, further supporting neuronal homeostasis (Cai et al., 2025).

Curcumin also exerts biogenetic effects critical to PD pathology. It enhances mitochondrial biogenesis and function by activating antioxidant enzymes such as SOD2 and catalase, thereby mitigating oxidative damage—a central feature in PD progression (Dehghani et al., 2020). Curcumin modulates the AMPK-mTOR signaling axis to enhance autophagy, facilitating the degradation of misfolded α-synuclein aggregates, a major pathological hallmark of PD (Khayatan et al., 2025). It further promotes lysosomal enzyme activity, including cathepsin D, improving proteostasis and reducing neurotoxicity (Jiang et al., 2013).

In preclinical PD models, curcumin improves dopaminergic function by increasing the expression of tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis, and restoring dopamine levels in the striatum (Sang et al., 2018). It also enhances dopaminergic signaling through upregulation of D2 receptors and protects neurons via activation of PI3K/Akt and ERK pathways, which are involved in cell survival and synaptic integrity (Naser et al., 2022).

Behaviorally, curcumin has demonstrated the ability to improve motor deficits and cognitive impairment in animal models of PD. It reduces neuroinflammation by inhibiting NF-κB and pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6. Moreover, it activates the Nrf2-ARE pathway, enhancing antioxidant responses and reducing oxidative stress (Nebrisi, 2021; Cui et al., 2022; Sharma and Nehru, 2018). Curcumin also inhibits α-synuclein aggregation by directly interacting with fibrils and promoting their disassembly, contributing to preserved neuronal function (Sharma and Nehru, 2018).

Despite these promising results, the translation of curcumin’s effects to clinical use remains challenging. Most evidence arises from in vitro studies or toxin-induced rodent models that do not fully replicate the complex, chronic, and age-related nature of human PD. Moreover, curcumin’s poor bioavailability and limited blood–brain barrier penetration significantly restrict its therapeutic efficacy. While nanoformulations such as Lipocurc™ have shown improved delivery and motor benefits in PD models (Chiu et al., 2013), these approaches are still in the early stages of clinical investigation.

There is also a lack of large-scale human trials assessing curcumin’s impact on PD progression or symptom management. The available data often lack standardization in dosing, delivery systems, and outcome measures, making it difficult to draw firm conclusions. Furthermore, curcumin’s broad range of molecular targets, while beneficial in theory, may lead to unpredictable effects or off-target consequences in complex human neurobiology (Liu et al., 2019; Gong and Sun, 2022).

In conclusion, curcumin exhibits neuroprotective effects in PD models through a combination of epigenetic regulation, mitochondrial support, anti-inflammatory action, and enhancement of autophagy and dopaminergic signaling. These effects contribute to improved neuronal survival, reduced α-synuclein pathology, and better motor and cognitive function in experimental settings. However, curcumin’s clinical translation is limited by pharmacokinetic constraints, model-system gaps, and a lack of robust human data. Future research should focus on optimizing bioavailability, clarifying target specificity, and conducting well-designed clinical trials to assess its therapeutic potential in Parkinson’s disease.




4.4 Other diseases


4.4.1 Osteoarthritis

In osteoarthritis cells, exosomes that are derived from curcumin-treated MSCs suppress apoptosis and maintain cell viability. These exosomes also restore the expression of miR-124 and miR-143 which are downregulated in osteoarthritis. Furthermore, the exosomes derived from curcumin-treated MSCs modulate the expression of ROCK1 and NF-kB which are increased in osteoarthritis. Further investigations have indicated that curcumin administration leads to DNA methylation at promoter regions of miR-124 and miR-143. Besides, 3′UTRs of ROCK1 and NF-kB have shown sites to bind to miR-124 and miR-143, respectively. Altogether, curcumin leads to the production of exosomes that upregulate miR-124 and miR-143, preventing the progression of osteoarthritis (Qiu et al., 2020).



4.4.2 Arthritis

A study conducted on synovial fibroblasts has shown that in the promoter region of IL-6, histone modification levels are increased in patients with rheumatoid arthritis compared to patients with osteoarthritis. Thus, it is suggested that in rheumatoid arthritis synovial fluid, the structure of chromatin is in a loose or open state. On the other hand, treating cells with curcumin is found to significantly decrease the H3ac level in the promoter region of IL-6 while reducing IL-6 expression at mRNA and protein levels (Wada et al., 2014). In rheumatoid arthritis, fibroblast-like synovial (RAFLS) cells, curcumin increases apoptosis while suppressing growth, invasion, and migration. Furthermore, it inhibits cells’ inflammatory responses. Linc00052 levels are increased following curcumin treatment which serves as a regulator of the protein inhibitor of activated STAT 2 (PIAS2) through sponging miR-126-5p. In addition, curcumin suppresses the signal transducer and activator of transcription 3 (STAT3) and Janus kinase 2 (JAK2) pathways. In vivo studies also revealed that curcumin alleviates inflammatory infiltration, proliferation of synovial cells, and arthritis score (Xiao et al., 2022).



4.4.3 Osteoporosis

In dexamethasone-induced osteoporosis, hypercalciuria is observed in mice; whereas, treating them with curcumin leads to a reduction in calcium in urine. Curcumin administration is able to abolish dexamethasone-mediated resorption of bone, as evidenced by a decrease in CTX and TRAP-5b which are bone resorption markers as well as an increase in serum levels of OCN. Further investigations revealed an increased separation in the trabecular bone network. In addition, trabecular thickness in the tibia’s proximal metaphysis has been reduced in mice with osteoporosis. However, curcumin is indicated to reverse the mentioned adverse effects and induce bone remodeling. Indeed, curcumin is found to reverse miR-365 downregulation in the tibia which regulates MMP9. Therefore, it is suggested that curcumin exerts protective roles in osteoporosis partially by targeting miR-365 which consequently leads to the suppression of MMP9 (Li et al., 2015).



4.4.4 COPD

Histone deacetylase-2 (HDAC2) is found to impair the lungs of patients suffering from COPD. Furthermore, corticosteroids exert their anti-inflammatory roles partly through HDAC2. Meja and colleagues have indicated that at nanomolar concentrations, curcumin is able to restore the activity of HDAC2 which is impaired by the extract of cigarette smoke or oxidative stress. Furthermore, it can restore the corticosteroids’ anti-inflammatory roles at a concentration of 200 nM. Interestingly, this restoring function of curcumin on the expression of HDAC2 works even when a protein synthesis inhibitor, such as cycloheximide, is present. Further studies have also revealed that up to muM of curcumin exerts its roles through a pathway that is not dependent on anti-oxidative and rather related to the phosphorylation-ubiquitin-proteasome axis (Meja et al., 2008). Findings of an investigation have revealed that in the type II alveolar epithelial cells (AEC II) of the rat COPD model, mRNA levels of MIP-2α, MCP-1, and IL-8 are upregulated compared to the control group. Meanwhile, HDAC2 protein expression has been significantly lower compared to the control group and has been negatively correlated to the increased levels of MIP-2α, MCP-1, and IL-8. Furthermore, cells of the COPD model showed higher acetylation levels of H3/H4 and lower methylation levels of H3K9 in the promoter region of different chemokine genes. Curcumin is able to abolish the mentioned changes while restoring the expression of HDAC2, reducing the acetylation levels of H3/H4, and increasing the methylation of H3K9 (Gan et al., 2016).



4.4.5 Nephrosclerosis

A study regarding the effects of curcumin on nephrosclerosis has found that rates with a high-salt diet whether they received curcumin or not show an increase in their systolic blood pressure. However, serum creatinine level is only increased in rats with high-salt diet rats. Curcumin treatment is found to suppress the fibrosis and inflammation which occur in nephrosclerosis. Furthermore, it suppresses histone acetylation at Lys 9 which is increased in rats with a high-salt diet. In addition, the chromatin immunoprecipitation test demonstrated that the expression of IL-6 is correlated with acetylated H3K9. Therefore, it is implied that curcumin improves nephrosclerosis by suppressing the acetylation of histones (Muta et al., 2016).



4.4.6 Cataracts

In SRA01/04 cells, curcumin decreases transforming growth factor-β2 (TGF-β2)-mediated invasion, migration, and proliferation. In patients with posterior capsule opacification, KCNQ10T1 is increased. Whereas, curcumin’s beneficial effects in TGF-β2-induced SRA01/04 cells are abolished by overexpression of KCNQ10T1. Indeed, KCNQ10T1 is negatively correlated to the miR-377-3p which interacts with COL1A2 3′ untranslated region (3′UTR). Therefore, it is concluded that curcumin plays a protective role against adverse changes in lens epithelial cells through KCNQ1OT1/miR-377-3p/COL1A2 signaling (Huai et al., 2022).





5 Current imitations and future perspectives

Although a number of studies demonstrate that curcumin has beneficial effects on epigenetic modulation and therapeutic potential for age-related diseases, several significant limitations impede its clinical translation. These challenges are primarily associated with curcumin’s poor bioavailability, inconsistent results in clinical studies, the lack of standardized doses, and limited understanding of its mechanism of action in human models (Anand et al., 2007). Addressing these issues is essential for curcumin’s successful incorporation into clinical therapies.


5.1 Pharmacokinetic limitations and poor bioavailability

One of the most significant limitations of curcumin is its poor bioavailability. Curcumin has low water solubility (with about 11 ng/mL in alkaline conditions), undergoes extensive metabolism in the liver and intestines, and is rapidly eliminated from the body, forming various metabolites (e.g., glucuronides, sulfates) that result in low plasma concentrations (Anand et al., 2007; Hussain et al., 2022; El Oirdi and Farhan, 2024; Lopresti, 2018). Additionally, curcumin has a short half-life, which further limits its therapeutic potential (Henrotin et al., 2010).

To overcome these limitations, several strategies have been developed.


5.1.1 Nanoparticle drug delivery systems

Nanocurcumin, polymeric nanoparticles, and liposomal curcumin enhance solubility and increase systemic absorption (Szymusiak et al., 2016; Shojaei et al., 2023). Szymusiak et al. (2016) developed nanocurcumin for using in CNS of mice and found significant increase of bioavailability compared to curcumin suggested the potential therapeutic application of this method. Also, curcumin is a lipophilic agent and load liposomes with curcumin could enhance its bioavailability significantly (Hegde et al., 2023; Tønnesen et al., 2002). In another study, Chen W. T. et al. (2022) showed significant improvement of bioavailability of curcumin and its antibacterial effects by curcumin-loaded liposomes.



5.1.2 Curcumin analogs

Chemically modified curcumin derivatives like EF24 and GO-Y030 show improved stability and bioactivity (Sato et al., 2011; Wu et al., 2017; Adams et al., 2005). Adams et al. (2004) developed EF24 as an analog of curcumin and showed its high potential against inflammation and cancer. Further studies increased the bioavailability of these analogs; as an example, Wu et al., developed another analog of EF24 with greater anti-cancer activity as well as better bioavailability than curcumin and EF24 (Wu et al., 2017; Adams et al., 2004). Shimizu et al. (2020) also developed GO-Y030 as another curcumin analog and found greater bioavailability of this analog than curcumin.



5.1.3 Bioenhancers

Piperine, an extract from black pepper, has been shown to increase curcumin absorption significantly with up to about 20 times (Patil et al., 2016; Shoba et al., 1998).




5.2 No standardized dosage and formulation used in clinical studies

The variability in dosage, formulation, and treatment duration across clinical studies on curcumin has contributed to inconsistent results. Most preclinical studies use doses of curcumin that are many orders of magnitude higher than those achievable through food alone, complicating direct translation to human therapy (Liu et al., 2022). Moreover, various formulations, such as pure curcumin, curcumin-phytosome, and nanocurcumin, have been used in separate studies, making it difficult to compare results (Stohs et al., 2020; Gera et al., 2017). Development of standardized dosage forms that maintain stable plasma concentrations, enabling their use in clinical settings as well as refining curcumin formulations to ensure consistent and effective bioavailability across different patient populations are suggested to address these issues.



5.3 Translational facets and limited clinical evidence

While curcumin has shown efficacy in animal models and in vitro experiments, there is still a lack of large, well-controlled clinical trials to confirm its effectiveness in human populations. Most studies are limited by small sample sizes, short treatment periods, and reliance on surrogate markers rather than long-term clinical outcomes (Gupta et al., 2013; Kuszewski et al., 2018). Additionally, genetic polymorphisms affecting curcumin metabolism and disposition vary significantly across populations, which could further complicate the effectiveness of curcumin in diverse groups (Yan et al., 2018; Mukwevho and Matumba, 2019; Hassaninasab et al., 2011). These trials should evaluate the lasting effects of curcumin on age-related diseases and consider long-term clinical outcomes. Furthermore, personalized approaches could enhance curcumin’s efficacy, tailoring treatments to the individual’s genetic and metabolic profile.



5.4 Potential risks and concerns about long-term safety

Curcumin is generally regarded as safe, but excessive dosages or long-term use may lead to gastrointestinal discomfort and potential drug interactions with medications such as anticoagulants. Despite the fact that curcumin could be used as a reliever of gastrointestinal symptoms such as bloating and indigestion, use of high dose of curcumin could induce abdominal pain (Carroll et al., 2011). In a study conducted by Carroll et al. (2011), patients who used 8 g/d of curcumin for 2 weeks have complaints about abdominal pain and bulky volume of the tablets. Curcumin could inhibit platelet aggregation and further inhibits blood coagulation suggesting that taking it with other anticoagulants should be with cautious (Kim et al., 2012; Keihanian et al., 2018). However, some studies showed no significant interaction between antocoagulants and curcumin which suggested further studies for better evaluation of these effects (Hu et al., 2018). Some studies have also suggested that curcumin might affect iron metabolism, which could pose problems for individuals with iron-deficiency disorders (Smith and Ashar, 2019). Curcumin downregulates hepcidin production, a protein involved in iron metabolism, and in high doses or in the previous subclinical iron-deficiency anemia, it could induce iron-deficiency disorders (Jiao et al., 2009). Some case reports also suggested the potential of hepatotoxicity of curcumin and increase of liver enzymes (Halegoua-DeMarzio et al., 2023). Comprehensive data on the long-term effects of curcumin supplementation, especially in aging populations, is crucial. Additionally, understanding how curcumin interacts with commonly prescribed medications to avoid adverse effects.




6 Conclusion

Curcumin emerges as a promising neuroprotective agent capable of modulating epigenetic pathways to enhance cognitive function and neuroplasticity in aging and neurodegenerative diseases. Its ability to regulate DNA methylation, histone modifications, and non-coding RNAs, alongside its influence on neurogenesis, mitochondrial function, and synaptic remodeling, underscores its therapeutic potential in conditions such as AD and PD disease. Furthermore, curcumin’s anti-inflammatory and antioxidant properties contribute to its capacity to counteract neurodegeneration and promote brain resilience. Despite these compelling benefits, several challenges remain, particularly regarding curcumin’s bioavailability, effective dosing strategies, and long-term safety in human populations. Innovative drug delivery systems, including nanoparticle formulations and lipid-based carriers, are promising approaches to enhance curcumin’s stability and absorption. Additionally, combining curcumin with lifestyle interventions such as exercise and dietary modifications may further potentiate its neuroprotective effects through complementary mechanisms. Future research should focus on well-designed clinical trials to establish optimal curcumin formulations, precise molecular targets, and its long-term impact on cognitive function. Moreover, studies exploring personalized approaches that integrate curcumin with other therapeutic strategies may pave the way for more effective neuroprotective interventions. By harnessing curcumin’s epigenetic potential, we can advance novel strategies to promote cognitive longevity and mitigate the burden of neurodegenerative diseases. While this review does not present new experimental data, its novelty lies in the synthesis of current findings into a unified framework that bridges nutraceutical interventions—specifically curcumin—with epigenetic regulation in age-related diseases. By categorizing curcumin’s molecular actions into DNA methylation, histone modification, and non-coding RNA modulation, this review offers a mechanistic scaffold that connects diverse studies under a coherent epigenetic lens. This integrated perspective may help guide future experimental designs and therapeutic strategies targeting the epigenome through bioactive dietary compounds.
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