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Abstract 
Plant extracts have been shown to influence gene expression in various biological systems, exhibiting potential therapeutic potential against 

multiple diseases, including cancer, cardiovascular diseases, and neurological conditions. This paper reviews shows the mechanisms through 
which plant-derived bioactive compounds modulate gene expression, focusing on the transcriptional regulation, epigenetic modifications, and 

small, non-coding RNA molecules, which is known as microRNA (miRNA), involvement. In addition, the health-related impacts of plant 

extracts, particularly their anti-inflammatory, antioxidant, anticancer properties, and their impact on various signaling pathways that control 
gene expression were discussed in this paper reviews. Through a deeper understanding of the molecular interactions between plant 

compounds and genetic material, we explore the future applications of variety of plant extracts as a natural resource in personalized medicine 
for human health and disease, as well as in crop biotechnology. Ultimately, advancing this field depend on integrative approaches that 

combine molecular biology, pharmacology, and clinical research to fully realize the therapeutic potential of plant-based compounds. 

Keywords: Plant extracts; Gene expression; bioactive compounds; transcription factors; inflammation; cancer; epigenetics; antioxidant; 

miRNA. 

____________________________________________________________________________________________________

1. Introduction 

Plants are an abundant source of bioactive molecules that have been widely utilized in traditional medicine for centuries. In 

recent decades, advances in molecular biology and high-throughput screening have revealed that many of these compounds 

exert therapeutic effects through direct modulation of gene expression and signalling pathways. Unlike conventional drugs that 

often target a single molecule, plant extracts typically contain multiple phytochemicals acting synergistically on diverse 
molecular targets, offering a broad spectrum of biological activities [1]. 

Regulation of gene expression by plant-derived compounds occurs through several mechanisms, including transcriptional 

regulation, modulation of transcription factors, epigenetic modifications (DNA methylation, histone acetylation), post-

transcriptional regulation via non-coding RNAs, and direct effects on protein translation [2]. For instance, polyphenols such as 

curcumin and resveratrol have been shown to influence key regulatory pathways like NF-κB, Nrf2, and p53, thereby 

modulating genes involved in inflammation, oxidative stress response, and apoptosis [3]. Similarly, alkaloids and terpenoids 

from medicinal plants exhibit regulatory effects on oncogenes and tumor suppressor genes, highlighting their potential in 
cancer prevention and therapy [4]. 

The therapeutic potential of plant extracts is increasingly linked to their ability to reprogram cellular gene expression profiles, 

thereby restoring homeostasis in pathological conditions such as cancer, metabolic disorders, cardiovascular diseases, and 

neurodegenerative diseases [5]. Moreover, understanding the molecular mechanisms underlying these effects provides 

opportunities for the rational design of phytochemical-based therapeutics, functional foods, and nutraceuticals with enhanced 
efficacy and safety profiles. 
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This review explores the mechanisms by which plant extracts regulate gene expression, focusing on transcriptional, epigenetic, 

and post-transcriptional pathways. It further discusses the therapeutic potential of these regulatory effects in the context of 
human health and disease. 

2. Bioactive Compounds in Plant Extracts 

Bioactive compounds are phytochemicals present in foods that can influence metabolic processes and contribute to improve 

the health. They demonstrate inhibition or induction of enzymes, suppression of receptor activities, and modulation of gene 

expression [6], they are categorized into phenolic and non-phenolic compounds and pigments, or into various groups such as 

polyphenols, phytosterols, terpenoids, carotenoids, saponins and other compounds [7]. 

 

Medicinal plants are rich in polyphenols, which include flavonoids, phenolic acids, lignans, and stilbenes [8, 9]. Polyphenols 

are a large group of natural compounds that contain multiple phenolic groups [11], in addition to vitamins (C and E) and 

carotenoids (likexanthophylls and carotenes), which make up most plant-based antioxidants [10, 8]. These compounds are 

common in plants, where they help defend against pathogens and support normal cell function. In humans, polyphenols protect 

against cardiovascular diseases, metabolic disorders, and aging [12], and slowing tumor growth, spread, and blood vessel 

formation [13–15]. Polyphenols and carotenoids, have antioxidants, anti-inflammatory, antibacterial, antiviral, anti-aging, and 

anticancer properties [23, 8, 24-33]. Flavonoids, carotenoids, and alkaloids have antioxidant activities [16], anti-inflammatory 

[17], anticancer properties [18], and antimicrobial effects [19].  

 

2.1- Polyphenols  

 

   2.1.1 Flavonoids  

 

Most edible fruits and vegetables contain flavonoids (flavanones, flavonols, catechins, flavones, anthocyanidins, and 

isoflavonoids) [34- 36], In addition to their anti-inflammatory and antioxidant properties [20], flavonoids also have anti-

proliferative, anticancer, anti-angiogenic, antimicrobial, antiviral, antimalarial, and neuroprotective properties [21, 22]. 

Flavonoids (fruits, wine, vegetables, and tea) [37]. Reduce oxidative stress and inflammatory reactions by influencing a 

number of signalling cascades, including phosphoinositide 3‐kinase (PI3K)/ the activated protein kinase (Akt), ERK, 

mitogen activated protein kinase (MAPK), and other protein kinase pathways. They have anticancer, neuroprotective, and 

cardioprotective effects through these mechanisms. Chrysin may help treat epilepsy and depression and has been shown to 

reduce neuroinflammation [21]. Likewise, isoflavones, flavanols, and anthocyanins are linked to a decreased risk of 

cardiovascular disorders. Furthermore, Brazil nuts flavonoids have shown promise in lowering the risk of cancer and 

promoting heart health [38]. As shown in Fig.1, flavonoids have been demonstrated to exhibit anti-inflammatory effects by 

reducing chemokine and COX-2 expression, modulating immune cell function, suppressing cytokine release, and inhibiting 

pro-inflammatory transcription factors such as PI3K/Akt and IKK/JNK [39,40]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: The targets of flavonoids in inflammatory processes according [41]. 
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In edible plants like onions, quercetin, Kaempferol (broccoli), isorhamnetin (onion), and myricetin (berries), fisetin, silymarin, 

and rutin are flavonols, and they are present in lettuce, saffron, tomatoes, apples, grapes, berries, onions, kale, red wine, and 

tea [36]. Kaempferol damage DNA in cancer cells, inhibits the proliferation and progression of cancer cells and induces 

apoptosis  

 

[42]. The quercetin sources are broccoli, apples, grapes, and tea, can influence the proliferation of various cancers, such as 

breast, lung, liver, colon, and gastric cancer [43]. Apigenin, luteolin, and tangeretin are flavones present in sweet red pepper, 

parsley, chamomile, celery, Ginkgo biloba, and mint [36], found in apple, cabbages, carrots, broccoli, and herbs. Apigenin has 

anticancer actions by modulating key signaling pathways [44]. Also, Luteolin hss anti-inflammatory and antioxidant effects 

and can inhibit the development of cancer cells and induce apoptosis [45, 46]. 

 

Green tea, , grapes and chocolate contain epigallocatechin gallate (EGCG), and catechin [47]. Flavanols encompass a range of 

compounds from the simple monomer catechins and epicatechin to more complex structures such as epigallocatechin, 

epigallocatechingallate, gallocatechin, epicatechingallate, and procyanidin that in green and black tea, and fruits (bananas, 

peaches, apples and blueberries) [36], they can affect gene expression and cell signaling and can inhibit the metastasis and 

proliferation of cancer cell [48].Also, EGCG can suppress angiogenesis, inhibit proliferation and metastasis, and induce 

apoptosis of cancer cells types [49, 50]. Citrus fruits, (tomatoes, and potatoes) vegetable contain flavanones that influence both 

cell signaling and gene expression in manners that enhance the effects of anti-inflammation and antioxidant. As an example, 

hesperidin prevents the growth of tumors and promotes apoptosis and naringenin have breast and skin anticancer effects [51, 

52], and potential methods for augmenting its anticancer efficacy for medical use have been investigated [53]. 

 

Phytoestrogens are a class of flavonoids that are primarily found in soy-based foods like tofu and roasted soy nuts have 

structural similarities to oestrogen [36]. The most prevalent isoflavones among them are genistein and daidzein, which are well 

known for their phytoestrogenic properties [34, 54, 55]. These substances suppress the growth and metastasis of cancer cells, 

alter gene expression, and have anti-inflammatory and antioxidant qualities [56]. Specifically, genistein has been shown to 

increase cisplatin's anticancer effectiveness in cervical cancer cells, indicating that it may play a part in enhancing the results 

of chemotherapy [57]. 

Anthocyanins as malvidin, pelargonidin, delphinidin, cyanidin, and peonidin, are responsible for colour of fruits asred grapes, 

merlot grapes, strawberries, blackberries, cranberries, blueberries, bilberries, and raspberries [36]. 

 

 2.1.2 Phenolic acids 

Utilize benzoic acid–derived compounds (including gallic and hydroxybenzoic acids) and cinnamic acid–derived compounds 

(like p-coumaric, ferulic, and caffeic acids). In edible plants, hydroxycinnamic acids are more prevalent than hydroxybenzoic 

acids [8]. 

 2.1.3. Stilbenes 

Grapes, peanuts, and red wine contain resveratrol, has anti-inflammatory, antioxidant and cardioprotective properties [58]. 

2.1.4. Lignans 
Such as secoisolariciresinol and matairesinol, are present in legumes, seeds (particularly flaxseed), and grains, transformed 

into enterolignans by gut microbiota, which demonstrate both estrogenic and antioxidant properties [59]. 

2.2. Carotenoids 

Are potent antioxidants that promote human health [60]. These compounds can work in conjunction with vitamin E as 

antioxidants to strengthen membranes and prevent the oxidative degradation in lipid-rich environments. Some carotenoids, 

such as β-carotene, serve as precursors to vitamin A, essential for immune function, cellular communication, and vision [61]. 

Carotenoids offer a wide range of health benefits that extend beyond their antioxidant roles. β-Carotene, which is a provitamin 

A compound, plays a crucial role in maintaining healthy skin and vision, while lutein and zeaxanthin accumulate in the macula 

to protect against age-related macular degeneration (AMD) [62, 63]. Lycopene is associated with a reduced risk of disease of 

heart and prostate cancer, due to its ability to reduce the oxidative damage of DNA and modulate NF-κBsignaling pathways 

[64]. 

 

2.3. Vitamins C and E 

 

Vitamins C and E are vital micronutrients that are crucial for maintaining human health [65], these vitamins help safeguard 

both water-soluble and lipid parts from damage caused by oxidative stress. Vitamin C acts to neutralize reactive oxygen 

species (ROS), restore other antioxidants (such as vitamin E), and shield biomolecules, including DNA, lipids, and proteins, 

from oxidative stress [66]. Vitamin C can regenerate oxidized vitamin E within cell membranes, enabling it to maintain its 

antioxidant function, thus establishing an efficient redox cycle that boosts overall antioxidant defense [67]. Both vitamins may 
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play a role in reducing the risk of chronic diseases as specific cancers neurodegenerative conditions and cardiovascular 

associated with oxidative stress, Vitamin E is associated with lower LDL oxidation and enhanced vascular health, while 

vitamin C is linked to improved endothelial function and stronger immune response [68]. 

 

 

 

2.4. Alkaloids 

Possess antioxidant, antibacterial, and anti-inflammatory properties. Examples of alkaloids with notable antioxidant effects 

include caffeine, berberine, and theobromine. Caffeine, found in coffee and tea, inhibit lipid peroxidation, and effectively 

scavenge hydroxyl radicals [69]. Berberine, which is derived from Coptischinensis, and Berberis vulgaris activating AMP-

activated protein kinase (AMPK) pathways and reducing oxygen reactive species (ROS) production to modulate 

oxidative stress, indicating potential benefits for metabolic and neurological disorders. Important modulators of cellular redox 

homeostasis are organosulfur compounds found in Allium plants (garlic and onion) and cruciferous vegetables (broccoli and 

cabbage). Bioactive components of garlic, such as diallyl sulphide, S-allyl cysteine, and allicin, as well as sulforaphane from 

broccoli sprouts, are known to activate the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. This pathway's 

activation boosts the body's natural antioxidant systems and increases the expression of phase II detoxification enzymes [70]. 

Sulforaphane has drawn the most attention of these substances because of its well-established ability to enhance cellular 

resistance to oxidative stress, suppress inflammatory signalling, and boost antioxidant defences. Its potential as a dietary agent 

to reduce the risk of chronic diseases is highlighted by these qualities. By directly scavenging reactive oxygen species and 

affecting the activities of antioxidant enzymes, terpenoids also contribute to the maintenance of redox balance. Antioxidant 

and anti-inflammatory properties of molecules like ursolic acid and oleanolic acid support their protective role against age-

related functional decline and metabolic disorders [71]. Saponins, a class of glycosylated metabolites widely distributed in 

foods such as legumes, spinach, quinoa, and ginseng, also exhibit antioxidant properties. Their protective effects are largely 

mediated through the suppression of lipid peroxidation and the enhancement of endogenous enzymes, particularly glutathione 

peroxidase (GPx) and catalase (CAT) [72]. These phytochemicals are consumed daily habits and have been increasingly 

advocated as a natural approach to disease prevention and management, particularly in early-stage diseases and collectively 

contribute to the potential health-promoting effects of plant-based diets. Ongoing research continues to uncover new 

mechanisms by which phytochemicals exert their health-promoting effects, highlighting their potential as therapeutic agents in 

both preventive and therapeutic strategies against various ailments [73]. Phytochemicals found in fruits and vegetables offer a 

wide range of therapeutic benefits. 

Several naturally occurring bioactive compounds including, resveratrol, curcumin, astaxanthin, sulforaphane, indole-3-

carbinol, quercetin, epigallocatechin-3-gallate (EGCG), anthocyanins, lycopene, ellagic acid, fisetin, capsaicin, and ginger-

derived phytochemicals have been reported to target different therapeutic areas and have the capability to modulate gene 

expression [74-76]. 

3.Mechanisms of Gene Expression Regulation by Plant Extracts 

The ability of plant-derived compounds to modulate gene expression underlies much of their therapeutic potential. These 

effects occur through diverse molecular mechanisms that span transcriptional regulation, epigenetic modifications, and post-

transcriptional modulation. 

3.1. Transcriptional Regulation 

 

Many plant extracts can influence the activity of transcription factors, which are proteins that bind to DNA and regulate the 

transcription of specific genes. For example:  

 3.1.1. Nuclear Factor kappa B (NF-κB): Some plant extracts (e.g., from curcumin and green tea polyphenols) can suppress 

the activation of NF-κB, which is involved in inflammation and immune responses. 

 3.1.2 Activating Protein-1 (AP-1): Plant compounds can either upregulate or downregulate AP-1 activity, which is 

associated with stress response and apoptosis. 

 3.1.3. Nuclear erythroid 2-related factor 2 (Nrf2): Nrf2 regulates antioxidant genes, and plant extracts rich in flavonoids or 

polyphenols can activate Nrf2, leading to enhance antioxidant responses. Phytochemicals can directly or indirectly modulate 

transcription factors, thereby altering gene transcription. For example, curcumin and resveratrol suppress activation of nuclear 

factor-kappa B (NF-κB), a transcription factor that controls genes associated with inflammation and oncogenesis [77, 78]. 

Similarly, nuclear factor erythroid 2–related factor 2 (Nrf2), activated by flavonoids which stimulates the expression of 

antioxidant response element (ARE)-regulated genes that combat oxidative stress [73, 79]. Terpenoids, such as ursolic acid, 

have been shown to influence peroxisome proliferator-activated receptors (PPARs), thereby regulating lipid metabolism and 

glucose homeostasis [80].  

The activity of transcription factors can be modulated by curcumin, which inhibits NF-κB, AP-1, STATs, HIF-1, Notch-1, 

Egr-1, and β-catenin, but stimulates Nrf2 activation [81]. In diabetic patients, quercetin improves insulin sensitivity by 

inhibiting NF-κB signaling in adipose tissue, which results in decreased secretion of tumour necrosis factor alpha (TNF-α) 

and interleukin-6 (IL-6) [82]. Likewise, anthocyanins, the natural pigments found in berries and red grapes, suppress NF-κB 

activation and reduce circulating levels of C-reactive protein (CRP), a recognized marker of systemic inflammation [83]. 
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Flavonoids modulate key cellular signaling pathways such as Nrf2, MAPKs, and NF-κB, thereby exerting cytoprotective and 

anti-inflammatory effects [84]. Resveratrol, a polyphenol present in grapes and red wine, activates Nrf2—the central regulator 

of antioxidant defense—promoting the expression of enzymes like superoxide dismutase (SOD) and catalase (CAT), which 

protect pancreatic β-cells and insulin-responsive tissues from oxidative injury [85]. Lycopene has been associated with a 

reduced  

 

 

risk of cardiovascular disease and certain cancers, particularly prostate cancer, through its ability to limit oxidative DNA 

damage and modulate NF-κB signaling pathways [86]. 

3.2. Epigenetic Modifications 

Some plant extracts can induce epigenetic modifications such as DNA methylation, histone modification, or regulation of 

microRNA expression. These changes affect gene expression without altering the DNA sequence itself. 

One important way that plant extracts influence gene expression over an extended period of time is through epigenetic 

regulation, which includes histone modification, DNA methylation, and chromatin remodelling. Polyphenols such as EGCG 

from green tea inhibit DNA methyltransferases (DNMTs), resulting in re-expression of tumor suppressor genes in cancer cells 

that had been silenced [87]. The processes of epigenetic, reverse DNA methylation in tumor suppressor genes can be 

influenced by catechins found in green tea, which can also enhance their relative transcription rates. Moreover, they influence 

DNA methylation and lessen the impact of DNA methyltransferase 1 (DNMT1) through mechanisms such as inhibition enzymatic 

directly and indirectly, reduced the expression and translation of DNMT1[88]. Another way in which epigenetic regulation can 

occur involves the antioxidant and redox-related activities of green tea catechins, particularly their ability to suppress histone 

deacetylase (HDAC) activity [89]. In studies of gastric carcinoma, elevated consumption of EGCG has been linked to 

decreased of the CDX2 and BMP-2 genes methylation, demonstrating a measurable epigenetic effect compared with placebo 

groups [90]. In addition, EGCG has been shown to enhance the expression of tissue inhibitors of metalloproteinases (TIMPs), 

such as TIMP-3. This factor is crucial because it interferes with the gelatinase activity of MMP-2 and MMP-9, enzymes that 

play a role in metastatic processes. EGCG is considered a modulator of metalloproteinase activity, providing advantages in 

oncological contexts [8591]. Furthermore, in acute promyelocytic leukemia (APL), EGCG contributes to tumor suppression by 

limiting cellular proliferation and inducing programmed cell death [92]. 

Curcumin has been reported to alter histone acetylation by modulating histone acetyltransferases (HATs) and histone 

deacetylases (HDACs), thereby influencing genes involved in cell cycle regulation and apoptosis [93]. Curcumin has been 

reported to modulate patterns of methylation DNA and modifications of histone, influencing genes expression involved in 

inflammation and cancer. Curcumin is well-known for its antioxidant, anti-inflammatory, and anticancer effects, as well as its 

role as an epigenetic modulator [94]. Curcumin serves as an epigenetic regulator through several mechanisms: it alters histones 

by controlling the activity of histone deacetylase (HDAC) and histone acetyltransferase (HAT); it affects DNA methylation by 

blocking DNA methyl transferase (DNMT); it modifies microRNAs by upregulating tumor-suppressive miRNAs like miR-

15a, miR-16, miR-22, miR-26a, miR-34a, miR-145, miR-146a, and let-7 [95,96]; it downregulates oncogenic miRNAs 

(miR19a, b, miR-21, miR-27a, miR-130a, and miR-186) [97]; and it activates transcription factors, cytokines, and the genes of 

tumour suppression [98]. Targeting the methylation of DNA is an effective treatment strategy because acute myeloid 

leukaemia (AML) is largely caused by the inactivation of genes caused by DNA methylation. Both in vitro and in vivo, 

curcumin has been shown to suppress DNMT1 expression in AML cell lines [99]. Curcumin may reduce the expression of 

DNMT1's positive regulators, Sp1 and p65. In AML cell lines, this decrease is correlated with a decrease in these transcription 

factors' binding to the DNMT1 promoter. Curcumin has the potential to treat AML because of these characteristics [100]. 

Moreover, dietary isothiocyanates such as sulforaphane promote histone acetylation and activate detoxification genes, 

contributing to their chemopreventive effects [106]. 

3.3. Post-transcriptional via microRNA modulation 

MicroRNAs (miRNAs) constitute a class of small non-coding RNAs that fine-tune gene expression at the post-transcriptional 

level by modulating mRNA stability and translation. Several plant extracts can influence miRNA profiles, thus indirectly 

regulating gene expression. 

Both EGCG and curcumin have change miRNA expression, which in turn regulates genes involved in inflammation, cell 

survival, and cancer.  

A single phytochemical may simultaneously influence transcriptional, epigenetic, and post-transcriptional processes. For 

example, curcumin not only inhibits NF-κB (transcriptional effect) but also modulates HDACs (epigenetic effect) and 

regulates miRNAs (post-transcriptional effect) [93, 124]. This integrative regulation underscores the multi-target nature of 

plant extracts, distinguishing them from single-compound pharmaceuticals and enhancing their potential in managing complex 

diseases. 

Curcumin, the bioactive polyphenol obtained from the rhizome of Curcuma longa, has been pleiotropic properties (antioxidant 

and anti-inflammatory actions, as well as anticancer and antimicrobial activities), underscoring its therapeutic relevance across 

diverse pathological conditions [125].The antitumor effects of curcumin may stem from several mechanisms, including the 

downregulation of gene expression that inhibits growth, the induction of apoptosis, and regulation of various signaling 
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pathways and oncogene expression. Gene expression regulated by curcumin plays a crucial role in the f cellular signaling 

pathways regulation (Akt, MAPK, NF-κB), and others. miRNAs can also regulate these signaling pathways. Curcumin was 

found to target the transcription factor SP1 and the estrogen receptor ESR1 in human pancreatic cells, leading to an up-

regulation of miRNA-22 and a down-regulation of miRNA-199a* expression. These curcumin-regulated miRNAs played a 

crucial role in its anti-tumor efficiency [124]. Furthermore, after treating several breast cancer cell lines with curcumin, both 

(miR-181b, miR-34a, miR-16, miR-15a, and miR-146b-5p) up-regulation and down-regulation (miR-19a and miR-19b) was 

observed [126]. 

 

3.4. Modulation of Signaling Pathways 

Plant extracts may impact various signaling pathways that control gene expression. For instance: 

3.4.1MAPK/ERK pathway: Some extracts, such as those from ginger, can influence on the MAPK pathway, which is 

important in cell differentiation, growth, and response to stress. 

A bioactive substance found in Coptis chinensis and Berberis vulgaris, berberine helps control oxidative stress by reducing 

ROS levels and activating AMPK signalling. As such, it may be used to treat metabolic and neurological conditions. 

Maintaining cellular redox balance is a key function of organosulfur compounds, particularly those found in cruciferous 

vegetables (like broccoli and cabbage) and Allium species (like garlic and onion) [111]. The development of insulin resistance 

and inflammation are largely influenced by the MAPK cascade, which is made up of the p38, JNK, and ERK kinases. By 

inhibiting p38 MAPK and JNK phosphorylation, curcumin reverses these effects and reduces cytokine-driven insulin 

resistance [112]. 

 

3.4.2.PI3K/Akt pathway: Certain plant compounds like those in cannabis or flaxseed may modulate the phosphoinositide 3-

kinase (PI3K)/Akt signaling axis, that is fundamental to the regulation of metabolism, survival, and tumor progression.In 

addition to this axis, dietary phytochemicals also engage other regulatory networks such as MAPK/ERK 1/2, Wnt, and 

Hedgehog, which orchestrate processes including proliferation, differentiation, and programmed cell death. When disrupted, 

these pathways contribute to the onset and progression of multiple diseases [113, 114]. By modifying the function of proteins 

embedded within these signalling cascades, phytochemicals may influence cellular behavior in ways that provide therapeutic 

benefit. This broad mechanistic capacity has led to growing interest in dietary phytochemicals as supportive agents for the 

prevention and treatment of cancer, metabolic disorders, and neurodegenerative diseases [115, 116]. 

 

The anti-inflammatory, anti-amyloid, anti-hyperphosphorylation, and antioxidant properties of phytochemicals have made 

them valuable tools as therapeutic candidates for neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and 

Huntington’s [117]. These substances are known in cancer biology to disrupt important molecular pathways that control the 

development and spread of tumours. Enhancing antioxidant defences, deactivating carcinogens, preventing unchecked cell 

division, triggering cell cycle arrest and apoptosis, and affecting immune system activity are some of their actions [118]. 

STAT proteins tightly regulate transcription factors that control decisions about cell fate, including Bcl-2, p53, interleukin-6 

(IL-6), and cyclin D [119]. Following their activation by Janus kinase (JAK) signalling, STATs undergo phosphorylation and 

move into the nucleus, where they affect the transcription of genes related to cell survival, proliferation, and apoptosis. This 

emphasises how crucial they are to maintaining cellular homeostasis and the onset of disease [120]. Numerous cancers, 

including those of the lung, breast, colon, blood, ovary, brain, and skin have been closely linked to dysregulation of the Wnt/β-

catenin pathway. Likewise, the anticancer defence depends on the tumour suppressor protein p53, which cooperates with other 

signalling cascades [114, 121]. A bioactive isothiocyanate found in cruciferous vegetables, sulforaphane, has potent anticancer 

properties by altering the PI3K/Akt signalling pathway. By inhibiting Akt phosphorylation and downregulating PTEN in 

xenograft mouse models, sulforaphane has been demonstrated in experimental studies to inhibit the progression of lung cancer. 

Due to these characteristics, sulforaphane is regarded as a potentially effective natural therapeutic agent for the treatment of 

lung cancer [122]. Mixture of natural plants extracts may be combined with chemotherapy to induce its activity or 

decrease its side effects thus improve cancer patient’s life quality. Incorporating natural products into 

conventional oncology may yield more effective, tailored, and comprehensive approaches for lung cancer 

treatment. [123]. 

4.Therapeutic Potential of Plant Extracts via Gene Expression Modulation 

The ability of plant-derived compounds to regulate gene expression has profound therapeutic implications. By modulating 

signaling pathways, transcription factors, epigenetic regulators, and non-coding RNAs, phytochemicals exert pleiotropic 

effects across diverse disease contexts. 

 

4.1. Cancer Prevention:  

Apoptosis-related Genes: Compounds derived from plants, like ginseng and garlic, have been shown to alter the ratio of pro-

apoptotic (like Bax, p53) to the genes of anti-apoptotic (like Bcl-2), which in turn controls programmed cell death, a 

mechanism of interest in cancer treatment. Specifically, quercetin increases the expression of Bax, p53, caspase-3, and 

caspase-9, which together activate the pathway of mitochondrial apoptotic and fortify pro-apoptotic responses [105, 106]. 

Grape seed extract has been shown to influence the expression of p21 and cyclin D1, genes that play a role in regulating the 
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cell cycle, which may slow cancer cell growth. Another important feature of quercetin is its ability to halt the cycle of cell in 

the phase of G1 by decreasing the ratios of (D1/Cd4 and E/Cdk2) and p21 activation [107, 108]. Quercetin also inhibits 

carcinogenesis and metastasis, according to evidence, in part by stabilising p53, a key regulator of cell survival and apoptosis 

in cancer treatment [109]. 

Many plant extracts are studied for their potential anticancer properties by altering the cell cycle regulation, apoptosis, and 

metastasis genes expression. For example: Green tea extract (rich in catechins) has been shown to inhibit the expression of 

genes that promote tumorigenesis and metastasis. In liver, prostate, and lung cancer, EGCG plays a significant role in 

regulating microRNAs associated with cancer. It upregulates miR-16, miR-210, and miR-330 while reducing the expression of 

miR-21 and miR-98-5p [124].  

Some plant extracts, including those from cruciferous vegetables (e.g., broccoli, cabbage) and green tea, have compounds like 

sulforaphane and EGCG that influence genes involved in tumor suppression, apoptosis, and cell cycle regulation. For example, 

sulforaphane activates the Keap1-Nrf2 pathway, which leads to the expression of phase II detoxifying enzymes and may 

reduce the risk of cancer. Polyphenols are used as anti-inflammatory, antihypertensive, antidiabetic, and anticarcinogenic 

properties [127].  

Nrf2 transcription factor is essential for cellular defense reactions [132]. By preventing cell transformation and tumour growth, 

Nrf2 helps prevent cancer by activating antioxidant pathways. For instance, sulforaphane inhibits NF-κB signalling and 
increases Nrf2 activity, which reduces pro-inflammatory mediators and inhibits the growth of cancer cells [133–140]. 

The NF-κB pathway is significant because it controls multiple pro-inflammatory genes, including cyclooxygenase (COX-2) 

and iNOS, and inflammation is a defining feature of many cancers and chronic illnesses. Because they inhibit NF-κB, 

compounds such as indole-3-carbinol (I3C) and its derivative diindolylmethane (DIM) have anti-inflammatory properties by 

downregulating COX-2) , iNOS, CXCL5, and interleukin-6 (IL-6) [141]. Naturally occurring in cruciferous vegetables like 

broccoli and cabbage, glucosinolates (GLSs) also have positive health effects. Antioxidant and detoxifying properties, along 

with their impact on epigenetic regulation, are thought to contribute to their anticancer potential. These impacts include 

changing histone structure, controlling microRNA expression, and changing CpG methylation in genes linked to cancer [142, 

143]. 

The main catechin found in green tea is epigallocatechin-3-gallate (EGCG), a powerful polyphenol with strong anti-

inflammatory and antioxidant [144]. EGCG inhibits the growth of cells and induces apoptosis in order to suppress acute 

promyelocytic leukaemia (APL) [145]. EGCG suppresses tumour growth by causing apoptosis and controlling proliferation 

via pathways like MAPK/ERK and growth factors like IGF1, IGF, and Insulin-like growth factor binding protein-3 (IGFBP-3) in 

both cultured cells and animal models of prostate, breast, skin, liver, bladder, lung, and gastrointestinal cancers. Additionally, 

it enhances apoptosis by interfering with the PI3K/AKT/p-BAD survival signalling cascade. Furthermore, EGCG inhibits 

vascular endothelial growth factor (VEGF) activity, invasion, and angiogenesis [146]. The modulation of cancer-related 

microRNAs is another important function of EGCG; in liver, prostate, and lung cancers, it downregulates miR-21 and miR-98-

5p while upregulating miR-16, miR-210, and miR-330 [147]. EGCG, reactivate silenced tumor suppressor genes by inhibiting 

DNA methyltransferases [131]. 

Curcumin activates the cellular antioxidant defense by inducing epigenetic modifications in the Nrf-2 gene. Increased 

expression of Nrf-2 and its downstream target NQO1 at the transcript and protein levels was linked to curcumin-induced 

demethylation of the Nrf-2 gene in TRAMP C1 prostate cancer cells [148]. Additionally, curcumin inhibits STAT3 

phosphorylation, which is a crucial mediator in oncogenic signalling pathways [149]. Additionally, it significantly suppresses 

NFκB, which encourages cell apoptosis [150]. Furthermore, curcumin decreases the anti-apoptotic regulators Mcl-1 and Bcl-2 

activation while increasing the pro-apoptotic protein Bax expression. Additionally, it alters pathways linked to apoptosis that 

involve the proteins p38, p53, and NF-κB [151]. Curcumin’s anticancer effects are primarily attributed to its ability to reduce 

the expression of cyclin-dependent kinases (CDKs), which regulate of the cell-cycle progression [152]. Curcumin can inhibit 

breast cancer cell lines by suppressing the human epidermal growth factor receptor 2, a tyrosine kinase (HER2-TK). [153]. By 

downregulating the PI3K/AKT signalling cascade, curcumin has been demonstrated to have anticancer effects [154]. 

Additionally, it alters a variety of transcription factors, increasing the activity of protective factors like Nrf2 while suppressing 

NF-κB, AP-1, STAT proteins, HIF-1, Notch-1, Egr-1, and β-catenin [155, 156]. Transcriptional factors are important targets of 

curcumin because they control important aspects of tumour development, such as proliferation, survival, angiogenesis, 

invasion, and inflammation. Their dysregulation is frequently observed in malignancies [156]. Curcumin suppresses NF-κB 

and STAT3 pathways, leading to reduced transcription of oncogenes and inflammatory mediators [129]. 

Due to its strong anti-inflammatory qualities, curcumin has been shown to slow the growth of some cancers by inhibiting the 

expression of pro-inflammatory mediators like iNOS, lipoxygenase-2, COX-2, and other cytokines [157]. Additionally, by 

scavenging free radicals and preventing their further generation, curcuminoids demonstrate their antioxidant capacity [158]. 

Curcumin increases the activity of antioxidant enzymes such as SOD, CAT, GST, and GSR, according to experimental data 

from both in vitro and in vivo studies. This process lessens the buildup of reactive species like hydrogen peroxide, nitric oxide 
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radicals, and superoxide anions. Additionally, by increasing the enzymes that break down xenobiotics, curcumin helps the 

detoxification system and helps prevent the development of cancer [159]. Curcumin’s gene-regulatory effects inhibit 

inflammation, enhance antioxidant defenses, and prevent cancer, but deeper mechanistic insights and optimized delivery are 

needed for clinical translation. 

Resveratrol causes cells to undergo apoptosis in a number of ways. Among these are cyclin-dependent kinase inhibitors, 

apoptosis-related cytokines, receptor signalling, and the start of mitochondrial pathways and caspase cascades. Pro-survival 

proteins like survivin, XIAP, cIAPs, cFLIP, Bcl-XL, and Bcl-2 are also suppressed, and transcriptional regulators like NF-κB, 

AP-1, HIF-1α, and STAT3 are downregulated, along with survival-associated kinases like MAPK, PI3K/AKT, PKC, and 

EGFR kinase. Resveratrol eventually causes programmed cell death by triggering one or more of these pathways [160, 161]. 

Furthermore, it alters important regulators of DNA synthesis and the cell cycle progression, such as p53, CDKs, Rb/E2F, and 

their inhibitors. The substance also affects the activity of transcription factors, particularly NF-κB, AP-1, and EGR1, that are 

connected to stress responses and proliferation. MAPK and tyrosine kinases like SRC are one mechanism behind these 

processes. They affect cell survival and apoptosis by controlling elements like Bcl-2 proteins, apoptosis inhibitors, and 

carcinogenesis-related enzymes (like COX, NOS, and phase I/II enzymes) [160]. Furthermore, it has been demonstrated that 

resveratrol alters the expression and function of co-transcriptional regulators, particularly SIRT1 and p300 [162]. Antioxidant 

and anticancer benefits have been linked to regular consumption of cruciferous vegetables, which include broccoli, cabbage, 

Brussels sprouts, cauliflower, and kale. Numerous studies suggest that the main bioactive substances in these vegetables that 

provide these protective benefits are glucosinolates (GLSs) [163].  Resveratrol induces p53-mediated apoptosis and regulates 

miRNAs that inhibit tumor growth [130]. 

Quercetin, a flavonoid from the flavonols group, is found in different type of fruits—as apples, grapes, olives, and citrus fruits 

like oranges, as well as vegetables including tomatoes, onions (Allium cepa L.), broccoli, and capers, and in beverages like tea 

and red wine [164]. Quercetin exhibits anticancer activity against a number of cancers, including those of the breast, prostate, 

kidney, colorectal, ovarian, gastric, nasopharyngeal, and pancreatic regions, according to both in vitro and in vivo studies. Its 

antitumor mechanisms include controlling the cell cycle, preventing tumour metastasis, and inhibiting angiogenesis and cell 

proliferation [165]. By upregulating pro-apoptotic factors like (caspase-3, BAX, caspase-9, and p53), and activating the 

pathway of mitochondrial apoptotic, quercetin increases programmed cell death and apoptosis [166, 167]. Quercetin's capacity 

to stop the cycle of cell at G1 phase, mainly by p21activation and downregulating the D1/Cdk4 and E/Cdk2 complexes is 

another noteworthy effect [107, 108]. Quercetin has been shown in multiple studies to have the ability to suppress 

carcinogenesis and metastasis in cancer. Additionally, it can stabilize p53, a crucial molecule in cancer treatment that regulates 

cell death and survival [168]. 

It has been demonstrated that quercetin suppresses the expression of particular genes, which is linked to a reduction in cell 

invasion, migration, and viability. By disrupting the regulation of uPA/uPAR systems, AMPKα, NF-κB, ERK1/2, and PKC-δ, 

it exhibits antimetastatic activity in gastric cancer [169]. By inhibiting the AKT signalling pathway and triggering the c-Jun N-

terminal kinase (JNK) pathway, quercetin reduces cell viability and triggers apoptosis in colorectal cancer cells with KRAS 

mutations [170]. 

 

By lowering androgen receptor (AR) transcription and AR-driven PSA expression, quercetin prevents the growth of prostate 

cancer tumours. Additionally, it induces apoptosis in a dose-dependent manner and inhibits the survival protein Akt [171]. 

Additionally, quercetin decreases IGF1 levels and elevates IGFBP3 levels, which is linked to enhanced pro-apoptotic effects 

and decreased levels of anti-apoptotic proteins such as BCL2 and B-cell lymphoma extra-large (BCLXL) [172]. 

 

The epigenetic effects of quercetin involve the suppression of Janus kinase 2 (JAK2), leading to reduced invasion, 

proliferation, and cancer cells migration [173], promote apoptosis via its ability to demethylate DNA. Due to enhanced 

proteasomal degradation, quercetin inhibits the expression of class I HDAC in leukemia cells [174]. It is well known that 

quercetin is a powerful nutraceutical that can improve human health by lowering the production of pro-inflammatory and free 

radical molecules. Research has also shown that quercetin can alter the expression of microRNAs in various cancer types by 

downregulating oncogenic miRNAs like (miR-155, miR-27a, miR-21, and miR-148c,miR-19b) and upregulating tumor-

suppressive miRNAs like (miR-15a, miR-let-7, miR-16, miR-22, miR-26, miR-200b-3p, miR-142-3p, miR-146a, miR-330 , 

and miR-217) [175]. 

 

Lycopene can increase the fluidity of cellular membranes and exhibits strong antioxidant activity. It has been demonstrated 

that carotenoids, along with their metabolites and oxidation products, improve gap junction communication (GJC), a crucial 

cancer prevention mechanism. Restoring GJC function can aid in suppressing unchecked cell proliferation, as it is frequently 

compromised in a variety of cancers [176]. Lycopene modulates the expression of genes associated with inflammation, 

apoptosis, and cancer progression, thereby diminishing the risk of prostate cancer [[177].  Adequate lycopene consumption 

may lower the risk of prostate cancer [178]. Fig. 2. show the gene expression and antitumor activity of curcumin. 
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Figure 2: Summary of the gene expression and antitumor activity of curcumin4.2. Cardiovascular diseases 

Flavonoids, including quercetin, suppress NF-κB activity and reduce the expression of adhesion molecules implicated in 

atherosclerosis [179]. Terpenoids such as ursolic acid enhance PPAR signaling, thereby improving lipid profiles, and reducing 

hyperlipidemia [180]. 

4.3. Neurodegenerative Diseases 

The neurodegeneration seen in many neuro-inflammatory diseases is closely linked to microglia activation. Numerous 

pathogens, including bacteria, viruses, lipopolysaccharides, and amyloidβ, can cause neuro-inflammation [182]. A variety of 

phytochemicals may suppress distinct neuroinflammatory signaling pathways. Alkaloids, essential oil components, and 

isoflavones that were separated from medicinal plants shown both increased anti-inflammatory efficacy and decreased 

inflammatory signaling [184, 181, 185, 186]. 

Ginsenosides modulate anti-apoptotic gene expression and attenuate neuroinflammation, offering therapeutic potential in 

Parkinson’s disease [188]. Alzheimer's and Parkinson's disorders are among the age-related illnesses that frequently contribute 

to neuroinflammation [183]. Resveratrol induces SIRT1, a longevity gene that protects neurons and mitigates Alzheimer’s 

pathology [187]. Research suggests that the compound may offer protection against neurodegenerative conditions like 

Alzheimer's disease and age-related cardiovascular disorders [188]. Additionally, its ability to modulate cellular pathways 
may contribute to the prevention of age-related meabolic disoreders, such as diabetes [189]. While the concentrations of 
resveratrol in natural sources as red grapes may vary in dietary sources. However, it's essential to note that the benefits of 
resveratrol are most effective when it is considered part of a holistic approach to health, including an active lifestyle and a 

balanced diet [190]. As research continues to unravel the intricate mechanisms behind these effects, nutraceuticals such 
as resveratrol hold promise as potential allies in the pursuit of prolonged health and vitality. 

4.4. Antioxidant, Inflammatory and Immune-Related Disorders 

4.4.1. Antioxidant Effects 

1.Antioxidant Genes: Many plant extracts, such as those from green tea and grapes, upregulate genes responsible for 

antioxidant protection, such as catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx); 

Through a variety of strategies, polyphenols combat oxidative stress: (1) neutralising free radicals by their hydroxyl groups; 

(2) chelating transition metals to stop Fenton-type reactions that produce hydroxyl radicals; and (3) enhancing cellular 

antioxidant defences like GPx, SOD, and CAT, which are frequently triggered by activation of the Nrf2 pathway [96102]. 

They can also inhibit the production of ROS by enzymes such as xanthine oxidase and NADPH oxidase. Flavonoids are a 

significant class of polyphenols that exhibit antioxidant activity through multiple processes, including direct neutralization of 

free radicals, sequestration of transition metals such as Fe²⁺ and Cu²⁺, regulation of endogenous defence enzymes like SOD, 

CAT, and GPx, and inhibition of pro-oxidant enzymes such as NADPH and xanthine oxidase [103, 104]. 
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At low moderate concentrations, reactive oxygen species (ROS) are essential for cell signalling and homeostasis [191]. 

Nevertheless, overproduction of ROS can harm proteins, lipids, and nucleic acids, which can lead to cellular dysfunction and 

the emergence of several chronic illnesses [192]. When ROS production surpasses antioxidant defences, oxidative stress 

results, which can damage proteins, lipids, and DNA and is a major factor in the development of disease [193]. 

Numerous substances derived from plants, such as polyphenols, flavonoids, carbohydrates, glycosides, alkaloids, saponins, 

peptidoglycans, minerals, and vitamins, have shown promise in preventing oxidative damage to cells. These substances have 

the ability to either directly neutralise free radicals or alter signalling pathways and the expression of genes related to redox 

balance [194, 195]. 

Resveratrol has strong anti-inflammatory and antioxidant qualities. By acting early in oxidative reactions, partly by chelating 

copper and preventing it from catalysing harmful reactions, it exhibits stronger antioxidant activity than flavonoids [196]. 

Beyond its direct scavenging effects, resveratrol affects the expression of genes linked to oxidative stress: it downregulates 

prooxidant genes, including those linked to NADPH oxidase, and upregulates antioxidant enzymes, such as SOD1 and GPX1, 

in a concentration-dependent manner [197]. Resveratrol effectively neutralises reactive species, incluede hydrogen peroxide 

(H2O2), superoxide (O2−), hydroxyl radicals (OH−), nitric oxide (NO), and nitrogen dioxide (NO2), according to studies [198, 

199]. Nonetheless, direct scavenger activities are not common, partly because of the reduced in vivo half-life of this molecule. 

In vivo, resveratrol’s antioxidant properties stem from its role as gene expression regulator. Resveratrol, downregulation of 

NADPH-oxidase, resulting in the reactive oxygen species (ROS) to decrease. Moreover, the expression of various antioxidant 

enzymes is enhanced by hyperstimulation of tetrahydrobiopterin-GTP-cyclohydrolase. According to [200], some genes that 

control resveratrol's impact are mediated by Nrf2. 

4.4.2. Anti-inflammatory Effects 

Inflammation-related Genes: Compounds such as curcumin (from turmeric) and boswelliagingerse can downregulate NF-κB 

pathway and the inflammatory cytokines expression (e.g., TNF-α, IL-6) and chemokines. 

A common characteristic of many chronic illnesses, including cancer, is inflammation. The expression of important pro-

inflammatory mediators like COX-2 and iNOS is largely regulated by the transcription factor NF-κB. It has been demonstrated 

that I3C and its derivative DIM both decrease inflammation by inhibiting the expression of COX-2, iNOS, CXCL5, and IL-6, 

most likely by preventing NF-κB activation [104]. 

Curcumin suppresses COX-2 and iNOS transcription, reducing chronic inflammation [201]. According to Dharmadeva et al. 

[202] and Otunola&Afolayan [203], inflammation is a process of biological defensive that allows the living cells to defend 

themselves against diseases caused by fungi, bacteria, viruses, physical agents, and compromised immune systems. Naturally, 

there are two types of inflammation: acute (the first level of inflammation) and chronic (out of proportion to protective dam 

age) [204]. To preserve human health, the body's innate immune system uses both acute and chronic inflammatory reactions as 

important defense mechanisms [205]. Inflammatory processes are characterized by the increased production of mediators such 

as reactive oxygen species (ROS), reactive nitrogen species (RNS), pro-inflammatory cytokines including interleukins (ILs) 

and tumor necrosis factor-α (TNF-α), as well as enzymes like cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). 

These molecules not only act as effectors of the inflammatory cascade but also represent key biomarkers for assessing the 

extent of the host inflammatory response [206]. Many flavonoids have biological properties such as anti-inflammatory, 

antiviral, antioxidant, and anticancer properties [207-209]. 

 

Medicinal plant phytochemicals are important in the treatment of several inflammatory conditions [210]. For instance, 

berberine and hyoscine, which are derived from Berberis vulgaris and Datura stramonium, respectively, were noted as licensed 

alkaloid compounds that are available for sale as possible anti-inflammatory agents [211]. It is often advised to use medicinal 

plant extracts as an alternative treatment approach to treat inflammatory agents [212]. Numerous inflammatory illnesses have 

been reported to be treated by secondary metabolites that have been extracted from different portions of medicinal plants 

[213]. Living organs like the skin, liver, heart, joints, stomach, brain, and lungs are all impacted by inflammatory illnesses 

[214]. Cytokines drive inflammation by promoting enzyme activation, stimulating mediator release, inducing vascular changes 

such as fluid extravasation and vasodilation, facilitating immune cell recruitment, and contributing to tissue injury [215]. 
EGCG, kaempferol and berberine, have been proven effective in causing cancer cells to undergo apoptosis by blocking 

pathways essential for the survival and cancer cells growth [216]. These results highlight the adaptability and therapeutic 

potential of phytochemicals, stimulating further investigation into their uses in the prevention and treatment of illness as well 

as their function in enhancing general health and wellbeing. Developing innovative treatments and preventive measures for a 

variety of medical disorders will depend on ongoing studies into their mechanisms of action and therapeutic potential (Table 

1). [217]. 
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  Table 1:  Phytochemical with their targeted pathways and outcomes in biological models [217] 

 

 

 

n myeloid (U-937), macrophages, dendritic cells, epithelial (HeLa), and Jurkatcells stimulated by LPS, TNF-α, or PMA, 

resveratrol primarily reduces inflammation by suppressing NF-κB [233, 234]. This substance targets IκB kinase to stop NF-κB 

activation [235]. Furthermore, resveratrol downregulates iNOS and COX-2 expression in human primary airway epithelial 

cells activated by cytokines like TNF-α, IL-1, or IFN-γ [236] and inhibits COX-2 transcription in PMA-stimulated human 

mammary epithelial cells [237]. Additionally, it inhibits splenic lymphocytes and macrophages from producing pro-

inflammatory cytokines like TNF-α, IL-12, IFN-γ, IL-1, and IL-6 [233, 238].  

 

According to Roy et al. [239], one of the most frequent causes of liver damage or malfunction is inflammatory illness. By 

blocking or modifying the signalling pathways that cause liver inflammation, extracts and isolated compounds from medicinal 

plants are particularly useful in the treatment of liver diseases [240]. Liver stress was significantly reduced by some flavonoids 

derived from a methanol extract of B. vulgaris' aerial portion [241]. According to Zhang et al. [242], ageniposide molecule that 

was extracted from G. jasminoides fruit was shown to reduce CYP2E1 expression and prevent liver fibrosis. 

The primary chemical components of the aqueous extract of the floral portion of M. recutita, matricin, α-Bisabolol, luteolin 

apigenin-7-glucoside, and apigenin, suppress the formation of leukotrienes and prostaglandins [243]. According to Wedler et 

al. [244], TNF-α stimulates epidermal cells to produce the chemokine interleukin-8 (IL-8) and vascular endothelial growth 

factor (VGEF), which lead to skin inflammation. Curcumin (C. viticella and C. longa) extracts reduce NO and TNF-α release 

and is utilized to modulate skin disruption in humans [245, 246]. 
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According to Maione et al. [242], cardiovascular inflammations are linked to factors that enhance endothelial function, activate 

enzymes that play a significant role in the development of an atherosclerosis, and boost transcriptional messengers. Quercetin, 

ferulic acid, allicin, gensenosides, myricetin, and kaempferol are found in the aqueous extract of G. biloba leaves, these 

chemicals inhibit the angiotensin-converting enzyme and reduce the inflammatory effects on the cardiovascular system [247]. 

To regulate cardiovascular inflammation, the diterpene chinone found in the rhizome portion of S. miltiorrhiza shown the 

ability to prevent the stimulation of the MAPK and NF-κB pathways [248]. 

 

Phytochemicals prevent the production of leukotrienes by inhibiting LOX-5, NF-κB activation, and the production of 

proinflammatory cytokines that lead to joint deterioration and swelling [249, 250]. According to Murugananthan et al. [251], 

oxyacanthine and berberine, which were separated from the root extract of B. vulgaris, showed a decrease in chronic joint 

inflammation. Sinomenine, the isolate of stem part of S. acutum, displayed modulation of angiogenesis [252]. Alkaloids, 

flavone aglycones, gallic tannins, and saponins from the bark portion of F. sycomorus showed a decrease in skeletal muscular 

contraction [253]. 

The antibacterial action that indirectly lowers gastrointestinal inflammation is caused by polyphenols and quercetin glycoside 

[254]. Quercetin glycoside that was separated from the root and leaf extracts of A. sylvestris and V. vinifera, respectively, 

inhibite the generation of inflammatory mediators such IL-8 [255, 256]. By lowering myeloperoxidase activity, 1,8-cineole has 

been shown to have an anti-inflammatory effect on gastrointestinal inflammation [257]. 

 

The ability of anti-inflammatory medicinal plants to alter gene expression has been studied. These plants and the compounds 

they produce primarily target signal transduction-related protein kinases, specifically protein kinase C (PKC) and mitogen-

activated protein kinase (MAPK), to influence cellular regulation. The expression of particular genes is controlled by blocking 

these enzymes, which also modifies the capacity of transcription factors like nuclear factor-kappa B (NF-κB) and activator 

protein-1 (AP-1) to bind DNA. A number of signal transduction kinases are known to be inhibited by flavonoids; for example, 

some flavonoid derivatives have the ability to block PKC and protein tyrosine kinase. In signalling pathways, MAPKs are also 

essential. In macrophages, lipopolysaccharide (LPS) activates three different MAPK types: p38 MAPK, Jun N-terminal 

kinase/stress-activated protein kinase (JNK/SAPK), p38 MAPK, and extracellular signal related kinase (ERK). A naturally 

occurring plant flavonoid called quercetin has been shown to downregulate p38 MAPK, which lowers the expression of iNOS. 

Furthermore, it has been demonstrated that quercetin inhibits AP-1-DNA binding by reducing TNF-α production in LPS-

stimulated RAW cells. It seems to affect TNF-α at the post-transcriptional level by modulating p38 MAPK and ERK1/2 

activity differently. Moreover, quercetin inhibits p38 and ERK kinases, which suppresses NF-κB activation. Research 

continuously shows that anti-inflammatory phytochemicals can partially inhibit the activation of transcription factors that are 

important for the expression of different inflammatory proteins and enzymes, including AP-1 and NF-κB. The inhibition of 

several protein kinases involved in signalling pathways most likely mediates these effects [258, 259]. 

 

Phytochemicals are thought to operate by alleviating inflammation stress through enhance the release of systematic mediators, 

cytokines, and chemokines, thereby fostering cellular infiltration to resolve inflammatory responses and reestablish tissue 

coordination [260]. At the cellular and molecular levels, the mechanism of anti-inflammatory activity is widely employed 

[261]. By targeting important regulatory enzymes like phospholipase A2, cyclooxygenases, lipoxygenases, protein kinases, 

and phosphodiesterases, as well as by modifying histamine production and transcriptase activation, phytochemicals can lower 

the levels of prostanoids and leukotrienes. Numerous substances have shown anti-inflammatory properties in vitro, including 

flavonoids, polyphenols, alkaloids, saponins, tannins, and terpenes [262]. For instance, quercetin efficiently inhibits the 

enzymes COX-2 and 5-LOX, which are crucial in the transformation of arachidonic acid into eicosanoids. By suppressing 

activated immune cells, controlling eicosanoid synthesis, and halting the release of pro-inflammatory mediators, resveratrol 

also modifies the inflammatory process [263]. In addition, it is recognized that flavonoids, curcumins, and tannins have anti-

inflammatory properties due to their ability to inhibit proinflammatory enzymes via free radical scavenging [264].  
 

Conclusion and challenges 

Plant-derived extracts exert significant influence on gene expression by modulating key molecular pathways such as oxidative 

stress regulation, inflammation, apoptosis, and cell proliferation. Bioactive compounds like polyphenols, flavonoids, and 

alkaloids interact with transcription factors including NF-κB, AP-1, and Nrf2, thereby contributing to immunomodulatory and 

protective effects against chronic diseases in modern drug development and. exhibit a wide range of pharmacological activities 

such as anti-inflammatory, antioxidant, anticancer, and cardioprotective effects. Curcumin effectively targets the NF-κB and 

mTOR pathways which has demonstrated efficacy in managing inflammatory diseases and cancer; resveratrol, known for its 

potential in combating cardiovascular diseases and quercetin, which shows promise in addressing cancer and inflammatory 

bowel diseases.  

 

Challenges and future directions; Challenges: Low bioavailability and poor solubility are significant hurdles for efficacy. 

Solutions: Innovative formulation strategies are being developed to overcome these issues.Future needs: Translating these 

molecular findings into clinical applications requires further rigorous investigation, standardization of extracts, and 

comprehensive safety evaluations. An integrative approach combining molecular biology, pharmacology, and clinical research 

is essential for full realization of their therapeutic potential.  
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