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Abstract 8 

Olive oil, a cornerstone of the Mediterranean diet, is increasingly recognized not only for 9 

its cardiovascular benefits but also for its potential role in cancer prevention and therapy. 10 

Among its bioactive constituents, several phenolic compounds—tyrosol, hydroxytyrosol, 11 

oleuropein, oleacein, and oleocanthal—have demonstrated promising anticancer activi- 12 

ties in various experimental models. These compounds act synergistically through diverse 13 

mechanisms, including antioxidant, anti-inflammatory, and immunomodulatory effects, 14 

as well as modulation of cell proliferation, apoptosis, angiogenesis, and metastasis. Nota- 15 

bly, oleocanthal selectively induces cancer cell death via lysosomal membrane permea- 16 

bilization, while hydroxytyrosol and oleuropein exhibit potent radical-scavenging and 17 

anti-proliferative properties. This review synthesizes findings from in vitro, in vivo, and 18 

clinical studies on the anticancer potential of these polyphenols, with emphasis on their 19 

mechanisms of action and possible applications in cancer prevention and adjunctive ther- 20 

apy. Given the established link between obesity and cancer development, clinical studies 21 

examining the metabolic, anti-inflammatory, and immunomodulatory effects of olive pol- 22 

yphenols in populations with obesity or prediabetes provide valuable insights into their 23 

potential to influence cancer-related pathways indirectly. However, direct clinical evi- 24 

dence in cancer patients remains limited and preliminary, underscoring the need for fo- 25 

cused, well-controlled trials with cancer-specific endpoints. Furthermore, it critically eval- 26 

uates the translational relevance of these findings, highlighting gaps in clinical research 27 

and future directions. Literature was retrieved from Google Scholar, PubMed, and Sci- 28 

enceDirect using keywords such as cancer, immunomodulatory, anti-inflammatory, olive, 29 

tyrosol, hydroxytyrosol, oleuropein, oleacein, and oleocanthal. Given the rising global 30 

cancer burden and the favorable safety profiles of these natural molecules, elucidating 31 

their molecular actions may support the development of novel integrative therapeutic 32 

strategies. 33 
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 35 

1. Introduction 36 

Cancer remains a major global health burden, ranking as the second leading cause of 37 

death worldwide after cardiovascular diseases [1]. To date, over 130 distinct cancer types 38 

have been identified, with breast, lung, colorectal, prostate, and stomach cancers among 39 

the most prevalent [1]. The etiology of cancer is multifactorial, involving inherited genetic 40 
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mutations and diverse environmental exposures that disrupt normal cellular homeostasis 41 

[2]. Lifestyle factors such as poor dietary habits, obesity, excessive alcohol consumption, 42 

smoking, and micronutrient deficiencies (e.g., vitamin B₁₂) further contribute to cancer 43 

risk [3]. Alarmingly, global cancer incidence is projected to rise, with new cases expected 44 

to increase from 19.3 million in 2024 to nearly 28.4 million by 2040 [1,4,5]. 45 

At the molecular level, carcinogenesis is driven by accumulated genetic alterations 46 

that dysregulate cell growth and apoptosis. These changes may be inherited or acquired 47 

through exposure to carcinogens, including chemical agents, ionizing radiation, and on- 48 

cogenic viruses [6]. Although conventional cancer treatments—such as surgery, chemo- 49 

therapy, radiotherapy, and targeted molecular therapies—have improved survival rates, 50 

they are often associated with severe adverse effects, including immunosuppression and 51 

increased susceptibility to secondary malignancies [7]. Moreover, the high cost and com- 52 

plexity of these treatments pose significant barriers to healthcare access, particularly in 53 

low-resource seĴings [8]. Socioeconomic and ethnic disparities exacerbate these chal- 54 

lenges, as minority populations frequently encounter systemic barriers to adequate care 55 

[9,10]. These limitations underscore the pressing need for alternative, accessible, and ef- 56 

fective approaches to cancer prevention and therapy. 57 

Herbal medicine is widely used by cancer patients globally, particularly in low- and 58 

middle-income countries [11–13]. A systematic review and meta-analysis of 155 studies 59 

involving over 800,000 participants reported a global prevalence of 22% for herbal medi- 60 

cine use among cancer patients, with notably higher rates in Africa (40%) and Asia (28%) 61 

[13]. Cross-sectional studies from Iran and Malawi revealed that over 80% of cancer pa- 62 

tients used herbal or traditional medicines during treatment, often without informing 63 

their healthcare providers [11,12]. In Morocco, 70% of breast cancer patients reported us- 64 

ing complementary and alternative medicine, with phytotherapy being the most common 65 

modality [14,15]. Similarly, a survey of 339 oncology healthcare professionals across 16 66 

Middle Eastern countries highlighted widespread herbal use among cancer patients, with 67 

80.3% of respondents reporting encounters with patients using at least one herbal prod- 68 

uct—raising concerns about potential herb–drug interactions and toxicity [15]. 69 

Among various dietary-based preventive approaches, the Mediterranean diet has at- 70 

tracted considerable aĴention for its protective effects against cancer, inflammatory dis- 71 

eases, and neurodegenerative disorders [16]. A central component of this diet is extra vir- 72 

gin olive oil (EVOO), derived from the olive tree (Olea europaea), which has been used 73 

for centuries in Mediterranean and Arab-Islamic traditional medicine to treat wounds, 74 

gastrointestinal disorders, and other health conditions [17–19]. Modern scientific studies 75 

have validated many of these traditional uses, showing that olive polyphenols—including 76 

oleocanthal and oleuropein—exhibit potent antioxidant, immunomodulatory, anti-in- 77 

flammatory, and anticancer effects [20,21]. For instance, oleocanthal has been shown to 78 

induce apoptosis and inhibit proliferation in multiple cancer cell lines, highlighting its 79 

potential as a natural anticancer agent [21] (Figure 1). 80 

Polyphenols are a diverse class of plant-derived secondary metabolites abundant in 81 

olives, fruits, vegetables, and teas. These compounds modulate critical cellular pro- 82 

cesses—including immunomodulation, anti-inflammatory responses, cell proliferation, 83 

apoptosis, angiogenesis, and metastasis—that contribute to cancer chemoprevention and 84 

therapeutic strategies [22–25]. Specifically, olive polyphenols such as hydroxytyrosol and 85 

oleuropein have demonstrated efficacy in inhibiting tumor cell proliferation, enhancing 86 

chemotherapy effectiveness, and reducing treatment-associated toxicities [26–28]. Their 87 

widespread dietary presence and broad spectrum of biological activities make them 88 

promising candidates for integrative oncology.  89 
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Figure 1. Traditional and evidence-based health beneficial effects of olive and olive-derived poly- 103 

phenols and related products. These compounds exhibit diverse bioactivities, including antioxidant, 104 

anti-inflammatory, immunomodulatory, anticancer, cardioprotective, and metabolic effects. Nota- 105 

bly, many of these benefits have been demonstrated in vitro and in vivo, with emerging clinical 106 

evidence supporting their role in metabolic health and chronic disease prevention. Given the strong 107 

link between obesity and cancer, interventions that improve metabolic and inflammatory status— 108 

such as olive polyphenols—may indirectly contribute to cancer risk reduction. However, direct clin- 109 

ical studies in cancer populations are still limited, highlighting an important area for future research. 110 

In addition to polyphenols, EVOO is rich in monounsaturated faĴy acids, particu- 111 

larly oleic acid, which confer cardiovascular and neuroprotective benefits [12,13,29]. Reg- 112 

ular EVOO consumption is associated with a reduced risk of cognitive decline and up to 113 
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a 30% decrease in dementia-related mortality [30,31]. Major olive-derived phenolics—in- 114 

cluding hydroxytyrosol, oleuropein, oleocanthal, and tyrosol—combine antioxidant and 115 

anti-inflammatory properties to counteract oxidative stress and chronic inflammation, 116 

two key drivers of aging and disease [31–33]. These bioactives act on multiple molecular 117 

targets, ranging from free radical scavenging to inhibition of pro-inflammatory signaling 118 

pathways and tumor-promoting mechanisms. 119 

This review explores the anticancer potential of key olive polyphenols, integrating 120 

traditional knowledge with modern scientific evidence. Special emphasis is placed on 121 

their chemical properties, mechanisms of action, and possible roles in future cancer pre- 122 

vention and therapy. 123 

2. Olive Oil Bioactives: Tyrosol, Hydroxytyrosol, Oleuropein, Oleacein, 124 

and Oleocanthal 125 

EVOO is rich in phenolic compounds that exhibit significant biological activities. 126 

Among these, tyrosol, hydroxytyrosol, oleuropein, oleacein, and oleocanthal are particu- 127 

larly remarkable for their potent antioxidant, immunomodulatory, anti-inflammatory, 128 

and anticancer properties. These bioactives originate primarily from olives and olive 129 

leaves and are formed through enzymatic reactions during oil extraction, which enrich 130 

the phenolic profile of EVOO (Figure 2) [34–36]. 131 

Bonvino et al. (2018) established the OliveNet™ database, cataloging 676 olive-de- 132 

rived compounds, including 222 phenolics classified into 13 subclasses [34]. Other studies 133 

have reported that olive oil contains more than 200 bioactive molecules, including poly- 134 

phenols, tocopherols, phytosterols, and faĴy acids [35,36]. Notably, over 55 of these com- 135 

pounds have demonstrated potential anticancer activity [34,37]. The five phenolics dis- 136 

cussed here are central to regulating oxidative stress, immunomodulation, inflammation, 137 

and cancer-related signaling pathways [38–42], underscoring their importance in disease 138 

prevention and therapy. 139 

Tyrosol, a simple phenolic alcohol present in EVOO and table olives [39,43,44], rep- 140 

resents one of the fundamental phenolic compounds in olive oil. Closely related is hy- 141 

droxytyrosol, a catechol derivative of tyrosol and one of the most potent natural antioxi- 142 

dants [40,45]. Its ortho-dihydroxy structure enhances radical scavenging and metal chela- 143 

tion capacity. The concentration of hydroxytyrosol in EVOO ranges from 50 to 800 mg/kg, 144 

depending on processing methods [46–48]. Oleuropein, a biĴer secoiridoid glycoside, pre- 145 

dominates in olive leaves and unripe olives [38,43,44]. Its levels range from 12 to 150 146 

mg/kg in EVOO and up to 90 mg/g in olive leaves [49,50]. Over time, oleuropein under- 147 

goes hydrolysis, yielding hydroxytyrosol and elenolic acid [42,46,51,52]. Oleacein, a dial- 148 

dehydic secoiridoid formed from ligstroside during oil processing, is found in EVOO at 149 

concentrations of 10–200 mg/kg [39,42,51]. Oleocanthal, another dialdehydic secoiridoid, 150 

arises from enzymatic hydrolysis of oleuropein aglycone [41]. Comprising a tyrosol moi- 151 

ety and an elenolic acid derivative, its concentration in EVOO ranges from 10 to 300 mg/kg 152 

[53].  153 
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Figure 2. Chemical structure of oleuropein, oleacein, oleocantha, hydroxytyrosol, and tyrosol. 155 

3. Polyphenols as Epigenetic and Immunomodulatory Agents in Cancer 156 

Prevention 157 

Functional and nutraceutical foods have emerged as valuable tools for enhancing im- 158 

mune responses and supporting disease management. A significant portion of their 159 

health-promoting effects is aĴributed to polyphenols, a broad class of naturally occurring 160 

compounds known for their antioxidant, anti-inflammatory, and immune-regulating 161 

properties. Traditionally recognized in herbal and natural medicine, polyphenols have 162 

been found to influence various immune cells, including dendritic cells, macrophages, 163 

and natural killer (NK) cells. They also stimulate the proliferation and function of T and 164 

B lymphocytes, while suppressing pro-inflammatory T helper cell subsets such as Th1, 165 

Th2, Th17, and Th9. [2,16,22] (Figure 3). These compounds play a critical role in lowering 166 

inflammation by decreasing levels of pro-inflammatory cytokines like tumor necrosis fac- 167 

tor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-1 (IL-1), and interferon-gamma (IFN- 168 

γ). They promote immune balance by inducing regulatory T cells (Tregs), particularly in 169 

inflammatory and autoimmune conditions such as inflammatory bowel disease. Addi- 170 

tionally, polyphenols help restrain the proliferation of autoreactive T cells and encourage 171 

apoptosis, thereby maintaining immune homeostasis and preventing harmful overactiva- 172 

tion [2,16]. 173 

Olive oil polyphenols such as hydroxytyrosol, oleuropein, oleacein, and oleocanthal 174 

exhibit strong antioxidant activity primarily through three key mechanisms: hydrogen 175 

atom transfer (HAT), single electron transfer (SET), and sequential proton loss electron 176 
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transfer (SPLET). The HAT mechanism involves the direct donation of a hydrogen atom 177 

from the phenolic hydroxyl group to reactive oxygen species or free radicals, neutralizing 178 

them and forming relatively stable phenoxyl radicals, thus terminating radical chain re- 179 

actions. The SET mechanism consists of an electron donation from the antioxidant mole- 180 

cule to the radical species, often accompanied by proton transfer, which reduces the oxi- 181 

dizing agents and metal ions responsible for radical generation. Lastly, the SPLET mech- 182 

anism starts with the loss of a proton from the phenolic hydroxyl group, forming a phe- 183 

nolate anion that subsequently donates an electron to neutralize free radicals. This mech- 184 

anism is favored in polar environments and contributes significantly to antioxidant capac- 185 

ity. These pathways collectively explain the potent radical scavenging capacity of olive oil 186 

polyphenols and support their biological effects in reducing oxidative stress and inflam- 187 

mation, which are critical in cancer prevention and therapy [54–59]. 188 

It is essential to differentiate between immunomodulation and immunostimulation. 189 

The former entails a balanced adjustment of immune responses—both enhancing and 190 

suppressing activity—to maintain physiological stability. In contrast, immunostimulation 191 

refers specifically to the activation or amplification of immune functions. While im- 192 

munostimulatory effects can be advantageous in fighting infections or cancer, immuno- 193 

modulation is especially critical in conditions involving chronic inflammation or autoim- 194 

munity, where excessive immune activation may cause damage. 195 

Olive oil, a rich source of polyphenols and flavonoids, illustrates these beneficial ef- 196 

fects well. Its powerful antioxidant, anti-inflammatory (suppression of pro-inflammatory 197 

mediators, and), and immunemodulation capacities contribute to suppression of carcino- 198 

genic (Figure 3). These characteristics make olive oil a promising candidate for preventing 199 

and managing chronic inflammatory diseases, including cardiovascular disorders (Figure 200 

1) [60–64]. Beyond their immunological effects, polyphenols exert profound epigenetic in- 201 

fluences. They modulate key processes such as DNA methylation, histone acetylation, and 202 

microRNA (miRNA) expression, which can lead to the reactivation of tumor suppressor 203 

genes and inhibition of cancer-promoting pathways [61,62]. By inhibiting enzymes like 204 

DNA methyltransferases (DNMTs) and histone deacetylases (HDACs), polyphenols facil- 205 

itate apoptosis and halt cell cycle progression [62]. They also regulate immune-related 206 

miRNAs, thereby influencing inflammatory signaling and immune cell differentiation [63] 207 

(Figure 3). 208 

In cancer, polyphenols contribute to reducing reactive oxygen species (ROS) and 209 

modulating signaling cascades, including PI3K/Akt, ERK, NF-κB, and MAPKs [61–65]. 210 

These combined effects result in the promotion of programmed cell death, suppression of 211 

epithelial–mesenchymal transition (EMT), and inhibition of metastasis [66,67]. Through a 212 

combination of immune modulation, epigenetic reprogramming, and anti-inflammatory 213 

action, polyphenols provide a comprehensive strategy for cancer prevention and treat- 214 

ment (Figure 3). 215 

Recent research reinforces the immunomodulatory capacity of olive-derived poly- 216 

phenols. Lee and colleagues showed that antioxidant dietary fiber from olive by-products 217 

effectively reshaped gut microbiota and mitigated T cell-driven atopic dermatitis in mice, 218 

indicating strong immune regulation via gut–immune interactions [68]. Furthermore, pol- 219 

yphenol-enriched extracts from Sicilian extra virgin olive oil were found to significantly 220 

reduce reactive oxygen species and inflammatory cytokines such as TNF-α and IL-1β in 221 

peripheral blood mononuclear cells from rheumatoid arthritis patients. This was accom- 222 

panied by suppression of NF-κB and COX-2 pathways and activation of the antioxidant 223 

transcription factor Nrf2, suggesting a dual antioxidant and anti-inflammatory mecha- 224 

nism [69]. Additional preclinical evidence demonstrates that specific olive polyphenols 225 

like oleacein provide anti-arthritic and immunomodulatory benefits by activating the 226 
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Nrf2/HO-1 signaling pathway and inhibiting Th17 cell polarization, supporting their po- 227 

tential role in autoimmune disease management [70]. Collectively, these studies highlight 228 

the versatile capacity of olive polyphenols to regulate immune responses both systemi- 229 

cally and at the cellular level, largely through redox-sensitive and cytokine-mediated 230 

mechanisms. 231 

Figure 3. Polyphenols as anti-inflammatory, epigenetic, and immunomodulatory agents. 232 

This schematic highlights the diverse biological activities of polyphenols in modulating inflamma- 233 

tion, epigenetic regulation, and immune responses. Polyphenols inhibit key enzymes such as DNA 234 

methyltransferases (DNMTs) and histone deacetylases (HDACs), leading to altered DNA methyla- 235 

tion, histone acetylation, and microRNA (miRNA) expression. They suppress pro-inflammatory cy- 236 

tokines, including tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-1 (IL-1), 237 

and interferon-gamma (IFN-γ), primarily through inhibition of nuclear factor kappa B (NF-κB) and 238 

cyclooxygenase-2 (COX-2) pathways, while activating antioxidant pathways such as nuclear factor 239 

erythroid 2–related factor 2/heme oxygenase-1 (Nrf2/HO-1). Polyphenols also modulate gut micro- 240 

biota composition, reinforcing the gut–immune axis and impacting systemic immunity. Signaling 241 

cascades such as phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), extracellular signal-regu- 242 

lated kinase (ERK), and mitogen-activated protein kinases (MAPKs) are influenced, resulting in en- 243 

hanced immune surveillance, increased T and B cell activation, reduced T helper cell subsets (Th1, 244 

Th2, Th9, Th17), and promotion of regulatory T cells (Tregs) that mediate immune tolerance. 245 

Olive –derived 
Polyphenols 

Immuno-modulatory 

Epigenetic 

Regulatory Effects 

Anti-inflammatory 

↑ Immune surveillance  

↑ T/B cell activation  

↓ Th1, Th2, Th9, Th17  

↑ Tregs (immune tolerance) 

Modulation of gut-immune axis: Polyphe-

nol–microbiota interaction  

Modulation of signaling cascades: 

PI3K/Akt, ERK, MAPKs, NF-κB, 

JAK/STAT, Nrf2, AMPK, mTOR 

Cytokines reduced TNF-α, IL-6, IL-1, IFN-γ  

Pathways inhibited NF-κB, COX-2  

Pathways activated Nrf2/HO-1 

 

Enzymes inhibited: DNMTs, HDACs  

Processes affected DNA methylation, His-

tone acetylation, miRNA expression 



Immuno 2025, 5, x FOR PEER REVIEW 8 of 26 
 

 

 

3.1. Olive Polyphenols, Immune Modulation, and the Tumor Microenvironment 246 

The tumor microenvironment (TME) consists of a complex interplay between cancer 247 

cells and surrounding immune and stromal cells, which together influence tumor devel- 248 

opment, immune evasion, and therapeutic resistance. Among the immune cells present, 249 

tumor-associated macrophages (TAMs) are particularly influential, often promoting tu- 250 

mor growth and immunosuppression when polarized toward the M2 phenotype. In con- 251 

trast, M1-like macrophages exhibit anti-tumor properties by enhancing inflammatory re- 252 

sponses and antigen presentation. 253 

Altering the balance between M1 and M2 macrophage states in favor of the M1 phe- 254 

notype has been proposed as a strategy to improve responses to immunotherapies, par- 255 

ticularly immune checkpoint inhibitors such as anti-PD-1/PD-L1 or anti-CTLA-4 antibod- 256 

ies [71,72]. Various plant polyphenols have shown potential to influence macrophage ac- 257 

tivity, though direct evidence specifically linking olive polyphenols to TAM repolariza- 258 

tion in tumor models is still limited. Nevertheless, studies on hydroxytyrosol and oleuro- 259 

pein suggest that these compounds can modulate macrophage responses and suppress 260 

inflammatory pathways in non-cancerous models [73,74]. 261 

In addition to their potential effects on macrophages, olive-derived compounds may 262 

also influence other immune components. For example, oleuropein has been reported to 263 

reduce regulatory T cell (Treg) populations and enhance cytotoxic T lymphocyte re- 264 

sponses in animal studies, although these findings have not yet been validated in cancer 265 

seĴings. Another promising but underexplored area involves the interaction of olive pol- 266 

yphenols with immune checkpoint pathways. While compounds such as oleocanthal have 267 

demonstrated the ability to induce cancer cell death and modulate antigen presentation 268 

in vitro [75], research exploring their combination with checkpoint blockade therapies re- 269 

mains lacking. 270 

Given their multifaceted bioactivity and low toxicity, olive oil polyphenols may offer 271 

value as adjuncts to existing immunotherapies. However, more focused investigations are 272 

needed to assess their impact on immune cell behavior within the TME, particularly re- 273 

garding TAM polarization, T cell activation, and synergy with checkpoint inhibitors. Ad- 274 

dressing these questions could help bridge nutritional approaches with cuĴing-edge can- 275 

cer immunotherapy. 276 

3.2. Molecular Mechanisms Underlying the Anticancer Effects of Olive-Derived Polyphenols 277 

Oleocanthal and oleacein, essential phenolic compounds found in EVOO, are pre- 278 

served solely in unrefined oils. Recent in vivo and clinical research indicates that high- 279 

phenolic EVOO can reduce inflammation and oxidative stress markers, aiding in the man- 280 

agement of prediabetes and obesity [76–78]. In addition to these metabolic advantages, 281 

olive-derived polyphenols demonstrate anticancer effects, such as the capacity to hinder 282 

cancer cell growth, trigger apoptosis, and reduce angiogenesis and metastasis [79,80]. 283 

These impacts underscore the therapeutic promise of EVOO polyphenols in cancer pre- 284 

vention and therapy (Figure 4). 285 
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 286 

Figure 4. Olive-derived polyphenols target key cancer-related pathways, modulating cell prolifera- 287 

tion, apoptosis, invasion, metastasis, angiogenesis, inflammation, and immune responses. STAT3: 288 

signal transducer and activator of transcription 3; HGF/c-Met: hepatocyte growth factor/mesenchy- 289 

mal-epithelial transition factor. 290 

3.2.1. Oleocanthal 291 

Inflammation is pivotal in cancer progression, as it encourages DNA damage, facili- 292 

tates angiogenesis, and increases metastatic dissemination [81]. Consequently, anti-in- 293 

flammatory compounds such as oleocanthal are highly valued for cancer prevention and 294 

treatment. Structurally characterized in 1993 as a 2-(p-hydroxyphenyl)ethyl ester of (3S)- 295 

4-formyl-3-(2-oxoethyl)hex-4-enoic acid [82], oleocanthal exhibits both anti-inflammatory 296 

and anticancer properties. Research conducted both in vitro and in vivo indicates that 297 

oleocanthal can hinder cancer cell growth, induce apoptosis, and interfere with angiogen- 298 

esis [42,53,83]. It can additionally improve the effectiveness of chemotherapy and radio- 299 

therapy while reducing their adverse effects. These actions are facilitated by its disruption 300 

of various molecular signaling pathways that play a role in cancer initiation and progres- 301 

sion. A notable property of oleocanthal is its ibuprofen-like stinging sensation in the 302 

throat. This led researchers to investigate its NSAID-like behavior. Oleocanthal inhibits 303 

COX-1 and COX-2 enzymes in a dose-dependent manner, often more effectively than ibu- 304 

profen [84]. Given COX-2′s role in promoting tumor growth, oleocanthal’s inhibition of 305 

this enzyme supports its anticancer relevance [81,85]. 306 
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Clinical studies further confirm the advantages of oleocanthal. In the APRIL study, a 307 

randomized, controlled crossover trial, participants with obesity and prediabetes exhib- 308 

ited notable decreases in systemic inflammation markers and enhancements in metabolic 309 

and oxidative profiles after one month of consuming high-oleocanthal EVOO [86]. Animal 310 

models further demonstrate its effectiveness. In a model of systemic lupus erythematosus 311 

(SLE), a diet rich in oleocanthal lowered inflammatory cytokines, enhanced kidney func- 312 

tion, and restored endothelial dysfunction by influencing the NF-κB, MAPKs, and STAT3 313 

pathways [87]. In a collagen-induced arthritis model, oleocanthal from diet inhibited the 314 

expression of IL-6, IL-1β, TNF-α, COX-2, and iNOS through the Nrf2/HO-1, JAK-STAT, 315 

and NF-κB pathways [88]. In vitro research involving osteoarthritis chondrocytes indi- 316 

cates that oleocanthal may reduce PAR-2-mediated inflammation, implying wider use in 317 

joint health [89]. 318 

Table 1. Anticancer molecular and cellular targets olive-derived polyphenols. ↑ Activation; ↓ Inhi- 319 

bition. 320 

Mechanism Compound Molecular/Cellular Targets 

Inhibition of cell prolif-
eration 

Oleocanthal CDK6↓, cyclin D1↓, TRPC6↓, P21↑, P27↑ 
Oleacein CDK2↓ 

Oleuropein Cyclin D1↓, p21↑, p53↑, CDK↓ 
Tyrosol Cyclin D1↓, PCNA↓, CDK4↓, CDK6↓, p21↑, p27↑ 

Induction of apoptosis 

Oleocanthal caspase 3, 8, 9↑, Bcl-xL↓, Bcl-2↓, Mcl-1↓, survivin↓ 
Oleacein Bcl-2↓, Mcl-1↓, BAX↑ 

Oleuropein 
Bax↑, Bid↑, Bad↑, Bcl-2↓, p62↓, p70S6K↓, mGlo2↑, 

LC3-II/LC3-I↑, Beclin-1↑ 
Tyrosol Bax↑, Bcl-2↓, caspase-3↑, PARP cleavage↑, ROS↑ 

Inhibition of angiogen-
esis 

Oleocanthal AKT↓, ERK1/2↓, c-Met↓ 
Oleuropein MMP-2, -9↓, uPA↓, VEGF-A↓, D↓, HIF-1α↓ 

Tyrosol VEGF↓, HIF-1α↓, MMP-2↓ 

Inhibition of metastasis 

Oleocanthal 
E-cadherin↑, N-cadherin↓, vimentin↓, STAT3↓, Brk/pax-

illin/Rac1↓, c-Met↓ 
Oleuropein SIRT-1↓, HDAC4↓, miR-194↑, PD-L1↓, XIST↑ 

Tyrosol 
MMP-2↓, MMP-9↓, N-cadherin↓, vimentin↓, E-cad-

herin↑ 

Modulation of cancer-
linked pathways 

Oleocanthal ERK1/2↓, AKT↓, STAT3↓, SMYD2↓, Brk↓ 
Oleacein c-KIT↓, K-RAS↓, PIK3R3↓, STAT3↓ 

Oleuropein NF-κB↓, cyclin D1↓, ERK p44/42↓, ERK1/2↓, AKT↓ 
Tyrosol NF-κB↓, AKT↓, ERK1/2↓, JNK↓, PI3K↓, MAPK↓ 

 321 

This table summarizes key mechanisms through which olive-derived oleocanthal 322 

[89–91], oleacein , oleuropein [27], and tyrosol [73,74] exert anticancer effects, based on in 323 

vitro and in vivo studies. Data were extracted from peer-reviewed publications and rep- 324 

resent consistent findings across multiple models. Due to space limitations and variability 325 

across studies, specific concentrations, cell types, and experimental conditions are detailed 326 

in the main text and reference list. The table is intended as a focused overview of fre- 327 

quently reported molecular and cellular targets, rather than a comprehensive compilation 328 

of all available data. 329 

CDKs: cyclin-dependent kinases (CDK2, CDK4, CDK6); cyclin D1: G1 phase 330 

regulatory protein; TRPC6: transient receptor potential cation channel subfamily C mem- 331 

ber 6; P21 (CDKN1A), P27 (CDKN1B): cyclin-dependent kinase inhibitors; p53: tumor 332 

protein p53; PCNA: proliferating cell nuclear antigen; caspases 3, 8, 9: cysteine-depend- 333 

ent aspartate-directed proteases; Bcl-xL, Bcl-2, Mcl-1: anti-apoptotic Bcl-2 family pro- 334 
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teins; Bax, Bad, Bid: pro-apoptotic Bcl-2 family proteins; survivin: baculoviral IAP re- 335 

peat-containing protein 5; cathepsins D, B: lysosomal proteases; p62: sequestosome 1; 336 

p70S6K: 70 kDa ribosomal protein S6 kinase; mGlo2: mitochondrial glyoxalase 2; LC3- 337 

I/II: microtubule-associated protein 1A/1B-light chain 3; Beclin-1: autophagy-related 338 

protein; PARP: poly (ADP-ribose) polymerase; ROS: reactive oxygen species; AKT: pro- 339 

tein kinase B; ERK1/2: extracellular signal-regulated kinases 1 and 2; JNK: c-Jun N-ter- 340 

minal kinase; c-Met: hepatocyte growth factor receptor; MMP-2, MMP-9: matrix met- 341 

alloproteinases; uPA: urokinase-type plasminogen activator; VEGF-A, VEGF-D: vas- 342 

cular endothelial growth factors; HIF-1α: hypoxia-inducible factor 1-alpha; E-cadherin, 343 

N-cadherin: cell adhesion molecules; vimentin: intermediate filament protein; STAT3: 344 

signal transducer and activator of transcription 3; Brk: breast tumor kinase; paxillin: fo- 345 

cal adhesion adaptor protein; Rac1: Ras-related C3 botulinum toxin substrate 1; SIRT-1: 346 

sirtuin 1; HDAC4: histone deacetylase 4; miR-194: microRNA-194; PD-L1: programmed 347 

death-ligand 1; XIST: X-inactive specific transcript; SMYD2: SET and MYND domain- 348 

containing protein 2; c-KIT: CD117 proto-oncogene receptor tyrosine kinase; K-RAS: 349 

Kirsten rat sarcoma viral oncogene; PIK3R3: phosphoinositide 3-kinase regulatory sub- 350 

unit 3; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; PI3K: phos- 351 

phoinositide 3-kinase; MAPK: mitogen-activated protein kinase. 352 

3.2.2. Oleocanthal as a Multi-Targeted Natural Agent in Cancer Therapy 353 

Oleocanthal gained prominence in 2011 for its capacity to impede the proliferation, 354 

migration, and metastasis of cells from human breast (MCF-7, MDA-MB-231) and prostate 355 

(PC-3) cancer cell lines [87]. Initial studies emphasized oleocanthal’s potential to combat 356 

aggressive triple-negative breast cancer (TNBC), demonstrating its ability to hinder cell 357 

proliferation and reduce levels of CA 15-3, a recurrence marker [88]. Mechanistically, 358 

oleocanthal interferes with the hepatocyte growth factor (HGF)/c-Met pathway, often el- 359 

evated in tumors to promote cytoskeletal rearrangement, angiogenesis, survival, and in- 360 

vasion, by inhibiting c-Met phosphorylation and subsequent signaling [89–91]. Improve- 361 

ments in formulation, like xylitol-based solid dispersions, have increased oleocanthal’s 362 

solubility and bioavailability, boosting its antiproliferative and pro-apoptotic actions in 363 

breast cancer models [42,83]. Simultaneously, oleocanthal has been demonstrated to affect 364 

several survival pathways. It aĴaches to mTOR with an IC₅₀ of 708 nM, decreasing mTOR 365 

phosphorylation and consequently limiting cell growth mediated by the PI3K/Akt/mTOR 366 

pathway in metastatic breast cancer cell lines [92]. Oleocanthal additionally inhibits 367 

STAT3 activation in melanoma and liver cancer cells, reducing tumor growth and pro- 368 

moting apoptosis [93,94]. In cutaneous melanoma, oleocanthal effectively inhibits the 369 

phosphorylation of ERK1/2 and Akt and reduces the levels of the anti-apoptotic protein 370 

Bcl-2 more efficiently than similar secoiridoids [95,96] 371 

Recent preclinical research has broadened oleocanthal’s anticancer profile to include 372 

more tumors. In colorectal cancer, oleocanthal was shown to suppress the SMYD2–EZH2 373 

epigenetic pathway and block c-Met activation, leading to a marked decrease in tumor 374 

weight and a thwarting of relapse in mouse models [97]. Its anti-angiogenic capacity was 375 

shown when oleocanthal (both alone and in conjunction with oleacein) hindered endothe- 376 

lial cell invasion and tube development, indicating a function in blocking tumor vascular- 377 

ization [82]. In gastric cancer cells, oleocanthal increased levels of reactive oxygen species 378 

(ROS), activated p53, caused cell-cycle arrest, and worked in synergy with chemothera- 379 

peutics like 5-fluorouracil, paclitaxel, and cisplatin to improve cytotoxic effects [98]. Ad- 380 

ditionally, the precise delivery of oleocanthal using anti-CD44-conjugated olive oil 381 
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nanocapsules specifically eliminated pancreatic cancer stem cells, enhancing absorption 382 

and anticancer effectiveness in contrast to non-targeted formulations [99]. 383 

Although there is substantial evidence that oleocanthal targets multiple cancer-re- 384 

lated pathways—such as c-Met, mTOR, STAT3, and ERK/Akt—most supporting data re- 385 

main confined to preclinical models. These findings underscore oleocanthal’s broad anti- 386 

cancer potential and possible synergy with conventional chemotherapeutics. However, 387 

significant barriers still hinder its clinical translation. Challenges such as poor water solu- 388 

bility, rapid metabolism, and limited bioavailability constrain its therapeutic application, 389 

though recent advances in formulation and nanodelivery offer promising solutions. More- 390 

over, standardized protocols are needed to evaluate efficacy across various tumor types, 391 

given the variability in dosing regimens and tumor-specific responses. Another critical 392 

gap is the lack of data on the long-term safety and interaction profile of oleocanthal in 393 

humans, particularly in combination therapies. Future research should also explore its 394 

effects on cancer stem cell dynamics, the tumor microenvironment, and immunomodula- 395 

tion under clinically relevant conditions. Rigorous clinical trials—especially phase I and 396 

II studies—are essential to confirm preclinical findings and to establish optimal delivery 397 

methods and dosing strategies. Addressing these issues will be pivotal in advancing 398 

oleocanthal from an experimental agent to a viable therapeutic or adjuvant in cancer treat- 399 

ment. 400 

3.3. Oleuropein 401 

Oleuropein, a key phenolic compound found in olives, has been thoroughly studied 402 

for its cancer-fighting aĴributes. Initial studies showed that in MCF-7 breast cancer cells, 403 

oleuropein reduced cell proliferation in a time-dependent way [100]. These in vitro results 404 

were reflected in vivo, as dietary supplementation with 125 mg/kg oleuropein diminished 405 

pulmonary metastases in mice with MCF-7 xenografts [101]. Mechanistically, oleuropein 406 

influences several signaling pathways: in MDA-MB-231 triple-negative breast cancer cells, 407 

100 µM oleuropein inhibited the NF-κB pathway and its downstream targets cyclin D1 408 

and COX-2 by blocking AKT phosphorylation and IκB expression [102]. A similar inhibi- 409 

tion of NF-κB was noted in the seminoma cell lines TCAM-2 and SEM-1 [103], while HT- 410 

29 colon cancer cells showed resistance of IκB to oleuropein at concentrations of 400–800 411 

µM, emphasizing cell-type specificity [104]. 412 

The anti-inflammatory enzyme COX-2, associated with tumor angiogenesis and 413 

growth, is diminished by oleuropein in colon carcinoma via a decrease in CREB transcrip- 414 

tional activity [105]. This effect might be enhanced by oleuropein’s suppression of the 415 

Wnt/β-catenin signaling pathway, which is inappropriately activated in colorectal, gastric, 416 

and endometrial cancers [106–108]; in fact, NSAIDs that focus on this pathway have 417 

demonstrated chemopreventive effectiveness [109]. Oleuropein additionally affects nu- 418 

clear receptors: while PPAR agonists can occasionally be associated with increased colo- 419 

rectal cancer risk, elevated PPAR expression may inhibit tumor growth [110]. In HT-29 420 

cells, hydroxytyrosol (instead of oleuropein) induces PPAR upregulation [104]. Addition- 421 

ally, oleuropein disrupts the epithelial–mesenchymal transition by blocking MAPKs, 422 

ERK, and AKT—key activators of NF-κB—thus altering the tumor microenvironment and 423 

pre-metastatic niche through the modulation of VEGF, MMPs, and inflammatory cyto- 424 

kines [111–113]. Its anti-metastatic properties are demonstrated by increased apoptosis 425 

and reduced invasion in MDA-MB-231 cells at 370 µM, along with lower levels of MMP- 426 

2 and MMP-9 in glioma cell lines (U251, A172) and reduced MMP-7 in HepG2 hepatocar- 427 

cinoma cells [114,115]; as MMPs promote angiogenesis and invasion, their inhibition 428 

likely plays a role in oleuropein’s anti-metastatic effects [116]. In thyroid carcinoma TPC- 429 

1 and BCPAP cells, oleuropein and its peracetylated derivative suppressed proliferation 430 
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at concentrations below 100 µM while decreasing ERK and AKT phosphorylation [117]. 431 

Similarly, prostate cancer cell lines LNCaP and DU145 experienced necrosis when ex- 432 

posed to 100–500 µM oleuropein [118]. 433 

At the apoptotic level, oleuropein raises p53 and Bax while reducing Bcl-2 and HIF- 434 

1α, aligning with the inhibition of the AKT survival pathway [102], and might also engage 435 

with GRB2, MEK, MDM2, RAF, and RTKs. Recent findings suggest that oleuropein en- 436 

hances the expression of the cannabinoid receptor CB1 in Caco-2 colon cells at 50 µM, 437 

which corresponds with decreased tumor growth both in vitro and in vivo [105,119], im- 438 

plying further tumor-suppressing mechanisms. In SH-SY5Y neuroblastoma cells, 350 µM 439 

oleuropein impeded migration, although the specific targets are still to be determined 440 

[116]. 441 

Expanding on this initial research, recent studies have enhanced our knowledge of 442 

oleuropein’s anticancer properties. To overcome its limited bioavailability, a PEGylated 443 

nano-phytosome co-formulation of oleuropein and rutin aĴained an IC₅₀ of 0.14 µM 444 

against colon cancer cells, significantly surpassing the potency of free compounds and 445 

suggesting the potential for passive tumor targeting [119]. In breast cancer, oleuropein 446 

enhances the effectiveness of paclitaxel in MCF-7 cells by decreasing oxidative stress, al- 447 

lowing for reduced chemotherapy doses while preserving the antitumor effect [120]. In- 448 

dividual treatments with oleuropein at concentrations of 1–10 µM likewise suppress pro- 449 

liferation, movement, and viability in hormone receptor-positive (MCF-7) and triple-neg- 450 

ative (MDA-MB-231) cell lines, underscoring its widespread anti-metastatic effects [121]. 451 

Transcriptomic analysis of triple-negative cells indicated that oleuropein, whether used 452 

alone or in conjunction with oleocanthal, modifies gene expression in apoptosis, cell cycle, 453 

and inflammation pathways [122]. In models of metastatic castration-resistant prostate 454 

cancer, oleuropein affects the PCSK9-LDLR pathway, inhibiting tumor development and 455 

recurrence [123]. Ultimately, thorough reviews highlight the necessity for improved de- 456 

livery systems and dosing approaches to translate these in vitro and in vivo achievements 457 

into clinical uses [124]. 458 

Although oleuropein demonstrates potential anticancer effects, numerous factors 459 

need additional exploration. Its metabolism and bioavailability are inconsistent and not 460 

well understood because of significant first-pass metabolism, which includes de-glycosyl- 461 

ation, hydrolysis, oxygenation, and methylation. Additional human research is required 462 

to assess how various factors influence its absorption, distribution, and overall effective- 463 

ness. Furthermore, the ideal dosage, duration of exposure, and cancer-specific impacts of 464 

oleuropein are still not well-defined. Investigations should additionally examine how 465 

structural alterations can improve its efficacy and elucidate the mechanisms responsible 466 

for its synergistic effects with chemotherapeutic drugs such as doxorubicin. These issues 467 

need to be resolved before oleuropein can be included in standard cancer treatment pro- 468 

tocols or utilized as a preventive supplement. 469 

3.4. Oleacein 470 

Oleacein is a vital bioactive secoiridoid polyphenol mainly located in EVOO. It is 471 

structurally connected to other well-researched olive polyphenols like oleuropein and 472 

oleocanthal, yet possesses unique biological activities. Oleacein has garnered growing in- 473 

terest for its strong antioxidant, anti-inflammatory, and anticancer effects [66,76,77]. Its 474 

diverse effects enhance the health advantages linked to the Mediterranean diet, establish- 475 

ing it as a potential agent for chemopreventive and therapeutic uses, particularly in cancer 476 

treatment. Chemoprevention involves utilizing natural or synthetic substances to avert or 477 

postpone the emergence and advancement of diseases, particularly cancer [77,98]. Alt- 478 



Immuno 2025, 5, x FOR PEER REVIEW 14 of 26 
 

 

 

hough the idea generally encompasses disease prevention via dietary or medicinal ap- 479 

proaches, it has gained particular significance in the field of oncology. Chemoprevention 480 

currently has a significant role in cancer treatment and management, focusing on the pre- 481 

vention of tumor initiation, development, and recurrence [25,125]. 482 

The ways in which chemopreventive agents function are varied and intricate. They 483 

encompass antioxidant and anti-inflammatory properties, regulation of cell growth, and 484 

control of programmed cell death mechanisms, including apoptosis and autophagy. These 485 

agents also disrupt necrosis pathways, hinder tumor angiogenesis, and prevent metastatic 486 

behavior by modifying crucial signaling cascades [126]. Oleacein has shown significant 487 

anti-cancer properties in various in vitro experiments. It greatly diminished the viability 488 

of cells from melanoma, neuroblastoma, and multiple myeloma [127–129]. In melanoma 489 

cells, oleacein causes cell cycle arrest at the G1/S transition by enhancing the phosphory- 490 

lation of cyclin-dependent kinase 2 (Cdk2) at Tyr15, which inactivates Cdk2 and stops cell 491 

cycle progression [127]. In multiple myeloma, oleacein induces cell cycle arrest by enhanc- 492 

ing the expression of p27KIP1 and p21CIP1, resulting in cell accumulation in the G0/G1 493 

phase and an increased percentage of sub-G0 phase (hypodiploid) cells, signifying apop- 494 

tosis [129]. 495 

Apoptotic processes additionally reinforce the anticancer effects of oleacein. It en- 496 

hances internucleosomal DNA fragmentation and elevates the pro-apoptotic gene BAX 497 

while downregulating the anti-apoptotic genes BCL-2 and MCL-1 [127]. Alterations in 498 

gene expression are controlled by particular microRNAs (miRNAs): a notable reduction 499 

in miR-214-3p, which targets BAX, alongside heightened levels of miR-34a-5p and miR- 500 

16-5p, both targeting BCL2, as well as increased miR-193a-3p, which targets MCL-1. In 501 

neuroblastoma cells, oleacein promotes apoptosis by increasing BAX and decreasing BCL- 502 

2 protein levels [128]. Likewise, in endothelial cells, oleacein causes a rise in the sub-G1 503 

population, alongside the activation of caspases 3 and 7, validating its pro-apoptotic func- 504 

tion [126]. Moreover, oleacein disrupts tumor angiogenesis by inhibiting the activation 505 

and growth of endothelial cells. It restricts cell movement and the development of capil- 506 

lary-like formations. In vivo models like the chick chorioallantoic membrane (CAM) assay 507 

demonstrate that oleacein administration hinders vascularization beneath and surround- 508 

ing treated disks [130]. 509 

While oleacein shows great promise, it is still among the least researched polyphe- 510 

nols compared to oleocanthal and oleuropein. Recent research indicates that oleacein may 511 

be advantageous in dietary supplements aimed at cancer prevention, supported by epi- 512 

demiological evidence showing a negative relationship between olive oil intake and can- 513 

cer rates. Nonetheless, its function in regulating oxidative stress and endoplasmic reticu- 514 

lum stress has not been explored. Comprehensive studies and randomized clinical trials 515 

are necessary to determine its clinical significance. These will assist in confirming its 516 

chemopreventive potential and determining if such compounds can boost therapeutic 517 

outcomes or enhance quality of life for cancer patients by hindering tumor growth and 518 

aiding conventional treatments. 519 

Furthermore, oleacein has epigenetic impacts, especially in multiple myeloma mod- 520 

els, where it acts as a histone deacetylase (HDAC) blocker. This results in heightened acet- 521 

ylation of histones and non-histone proteins and a decrease in the transcription factor Sp1. 522 

Furthermore, oleacein regulates tumor-suppressive microRNAs, such as miR-22 and miR- 523 

29b, and boosts the effectiveness of chemotherapeutic drugs like bortezomib and carfil- 524 

zomib [129]. 525 

New clinical evidence backs up these results. In a randomized clinical trial with pa- 526 

tients with early-stage chronic lymphocytic leukemia, daily intake of EVOO enriched with 527 

oleacein and oleocanthal notably elevated apoptotic markers like cleaved cytokeratin-18 528 
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and Fas/Apo-1, while lowering the levels of survival markers survivin and cyclin D. These 529 

modifications occurred without any adverse effects, suggesting that oleacein is both bio- 530 

logically active and safe for human consumption [131]. Together, this information por- 531 

trays oleacein as a powerful and insufficiently studied chemopreventive compound 532 

whose mechanisms involve cell cycle modulation, promotion of apoptosis, suppression of 533 

angiogenesis, and epigenetic regulation. Even with this potential, oleacein is still less re- 534 

searched than its counterparts, like oleocanthal and oleuropein, highlighting the necessity 535 

for more preclinical and clinical studies to confirm its therapeutic value. 536 

3.5. Tyrosol 537 

Potentially, tyrosol prevents oxidative damage via the activation of antioxidant en- 538 

zymes to protect cells from ROS [132]. On the other hand, tyrosol hinders inflammatory 539 

responses within the cancer microenvironment by suppressing the induction of HIF- 540 

1α/NF-κB pathway, decreasing secretion of pro-inflammatory molecules like TNF-α and 541 

IL-6, which act as initiators/promoters in tumorigenesis [133,134]. Furthermore, tyrosol 542 

represses the PI3K/Akt/mTOR/S6K signaling, reducing the induction of HIF-1α with the 543 

downstream target genes, while tyrosol also infirmly binds to the AhR in the cytoplasm, 544 

decreasing its transcriptional ability and thereby mitigating tumor progression under hy- 545 

poxic conditions [135]. Tyrosol-mediated apoptosis involves alterations to key proteins by 546 

increasing p53 and decreasing Bcl-2 expression so as to suppress anti-apoptotic signals 547 

and induce apoptosis. Intriguingly, tyrosol also prevents UVB-induced apoptosis in Ha- 548 

CaT keratinocytes, suggesting a protective role for tyrosol in non-malignant epithelial 549 

cells [136]. In prostate cancer models (PC-3 and DU145), tyrosol decreased cell viability 550 

through ROS-mediated mitochondrial dysfunction, indicating its potential as an anti- 551 

cancer agent [137]. Tyrosol inhibits tumor growth by targeting multiple proliferative sig- 552 

naling pathways [138]. Studies in liver cancer cells have reported that tyrosol induces up- 553 

regulation of the second phase detoxification enzyme NAD(P)H: quinone oxidoreductase- 554 

1 (NQO1) by the antioxidant response element, leading to inhibited augmentation in 555 

SMMC-7721 human liver cancer cells [28,139]. 556 

3.6. Hydroxytyrosol 557 

Hydroxytyrosol mitigates oxidative stress, lessens the worst side effects of chemo- 558 

therapy, and improves paclitaxel’s anticancer efficacy, thereby promoting beĴer health 559 

outcomes for patients [140]. Hydroxytyrosol regulates the levels of ROS and downregu- 560 

lates HIF-1α production in MCF-7 breast cancer cells in vitro, while also binging to bear 561 

the aryl hydrocarbon receptor (AhR) [132]. While hydroxytyrosol inhibits the production 562 

of NF-κB and COX-2, it reduces mutations caused by inflammation and subsequent cancer 563 

progression [133]. Recent investigations have identified ROS scavenging and antioxidant 564 

system regulation as the main modes of hydroxytyrosol-mediated antitumor action [141]. 565 

Hydroxytyrosol-related inhibition of AKT and NF-κB signaling, induction of G1/S cell cy- 566 

cle arrest, and downregulation of cyclin D1/E and CDK2/4, which subsequently decreases 567 

the expression of androgen receptor and prostate-specific antigen (PSA), have also been 568 

established, thereby suggesting that hydroxytyrosol can be exploited for therapeutic in- 569 

terventions in prostate cancer [26,132]. Cholangiocarcinoma has a poorer prognosis due 570 

to its late detection and chemotherapy resistance. It is also susceptible to hydroxytyrosol- 571 

mediated anticancer effects. The administration of hydroxytyrosol leads to cell cycle arrest 572 

and apoptosis in both in vitro and in vivo systems, thereby inhibiting the proliferation of 573 

various cancer cell lines, including TFK-1, KMBC, and GBS-SD [142]. Treatment of cancer 574 

cell lines of the thyroid with high-dose hydroxytyrosol greatly decreased cell viability by 575 

downregulating cyclin D1 and upregulating the expression of P21. Annexin V-P1 staining 576 
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and DNA fragmentation assays confirmed apoptosis induction by hydroxytyrosol in pa- 577 

pillary and follicular thyroid carcinoma cells [143]. Hydroxytyrosol also inhibited the pro- 578 

duction of the CCL5 chemokine in non-cancer human fibroblasts, disrupting ERK1/2-cy- 579 

clin D1 signaling and, thus, hindering the proliferation of MB231 breast cancer cells. Com- 580 

pared with paclitaxel therapy alone, hydroxytyrosol co-treatment significantly decreased 581 

tumor burden and preserved oxidative balance [144]. Besides that, hydroxytyrosol coop- 582 

erates with cetuximab to downregulate epidermal growth factor receptor (EGFR) and to 583 

inhibit proliferation of colon cancer cells [145]. Hydroxytyrosol modulates PI3K/Akt inhi- 584 

bition and MAPK pathway activation by regulating cell division markers such as cyclin 585 

D1 and CDK4, causing cytostatic activity to cancer cells [146]. Hydroxytyrosol also influ- 586 

ences key genes involved in cell proliferation, apoptosis, and Wnt signaling by upregulat- 587 

ing Wnt ligand-related protein 4 (Sfrp4), thus downregulating breast cancer progression 588 

[147]. 589 

Table 2. Summary of reported anticancer mechanisms of olive-derived polyphenols: tyrosol (Ty), 590 

hydroxytyrosol (HT), oleuropein (OP), oleacein (OC), and oleocanthal (OT). 591 

Anticancer mechanism Ty HT OP OC OT 
Induction of apoptosis √ √ √ √ √ 

Anti-inflammatory √ √ √ √ √ 
Anti-oxidant √ √ √ √ √ 

Anti-metastasis  √ √  √ 
Inhibition of cell proliferation √ √ √  √ 

Inhibition of angiogenesis  √ √  √ 
Induction of autophagy  √ √  √ 

Inhibition of cell migration  √ √  √ 
Targeting cell signaling pathways √ √ √  √ 

✔ indicates that the respective mechanism has been consistently reported in at least two independ- 592 

ent peer-reviewed studies for the indicated compound. 593 

Table 2 provides a simplified overview of converging evidence from the literature; 594 

detailed model-specific data, doses, and experimental contexts are discussed in the main 595 

text. Hydroxytyrosol has been shown to induce apoptosis, cell cycle arrest, and mitochon- 596 

drial dysfunction via reactive oxygen species generation in colon cancer cells [148]. Both 597 

hydroxytyrosol and oleuropein reduce viability, inhibit migration and invasion, and acti- 598 

vate autophagy pathways in estrogen receptor-positive breast cancer cells [149]. Oleuro- 599 

pein has been reported to trigger G₁ cell cycle arrest and apoptosis through p53 and Bax 600 

activation and Bcl-2 suppression [150]. Oleacein and oleocanthal demonstrate anti-angio- 601 

genic properties by inhibiting endothelial proliferation, migration, and tube formation, as 602 

well as by inducing apoptosis [151]. 603 

4. Challenges in Clinical Translation of Olive Oil Polyphenols 604 

Despite extensive preclinical evidence supporting the anticancer potential of olive oil 605 

polyphenols such as hydroxytyrosol, tyrosol, oleuropein, oleacein, and oleocanthal, sev- 606 

eral translational barriers remain unresolved, limiting their application in clinical oncol- 607 

ogy. These include: 608 

Poor Bioavailability and Rapid Clearance: A critical issue limiting therapeutic effective- 609 

ness is the low systemic bioavailability of these compounds. Hydroxytyrosol, while highly 610 

hydrophilic, undergoes swift metabolism and elimination, primarily as glucuronide and 611 

sulfate conjugates with diminished biological potency [152,153]. Lipophilic polyphenols 612 

such as oleocanthal and oleacein exhibit limited solubility in aqueous environments, re- 613 
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sulting in variable absorption and inconsistent systemic exposure [154]. Human pharma- 614 

cokinetic studies report peak plasma levels of hydroxytyrosol within an hour post-inges- 615 

tion, although these levels are transient and subject to high inter-individual variability 616 

[153]. 617 

Extensive Metabolic Conversion: Upon ingestion, olive polyphenols are subjected to 618 

complex metabolic pathways, including phase I and II reactions such as oxidation, meth- 619 

ylation, sulfation, and glucuronidation [155]. These biochemical modifications alter both 620 

their structure and biological activity, making it difficult to directly relate in vitro effects 621 

to in vivo outcomes. For instance, oleocanthal rapidly transforms into various metabolites, 622 

such as oleocanthalic acid, whose biological properties are not yet fully characterized 623 

[154]. 624 

Limitations of Delivery Systems: The chemical instability of many polyphenols under 625 

physiological conditions has prompted the development of advanced delivery technolo- 626 

gies. Approaches including nanoemulsions, encapsulation, and lipid-based systems are 627 

being explored to improve gastrointestinal stability, enhance solubility, and enable sus- 628 

tained release [155,156]. While such systems have demonstrated efficacy in preclinical 629 

models, their translation into clinical seĴings is still in the early stages, with few having 630 

reached clinical trials. 631 

Undefined Dosing Parameters: Many experimental models employ concentrations of 632 

polyphenols that are not achievable through regular dietary intake or supplementation. 633 

Consequently, the dose–response relationships in humans remain poorly defined, com- 634 

plicating the identification of safe and therapeutically effective dosing regimens for com- 635 

pounds like oleuropein and oleocanthal [155]. 636 

Variable Individual Responses and Broad Mechanisms: The multitargeted nature of olive 637 

polyphenols—affecting pathways related to inflammation, oxidative stress, angiogenesis, 638 

and epigenetic modulation—contributes to both therapeutic potential and challenges in 639 

specificity. Individual variability in genetics, gut microbiota composition, and dietary pat- 640 

terns may also significantly influence therapeutic outcomes, limiting the predictability of 641 

responses [152,153]. 642 

Scarcity of Robust Clinical Trials: Although some human studies indicate improve- 643 

ments in oxidative and inflammatory biomarkers following hydroxytyrosol consumption, 644 

robust, large-scale randomized clinical trials focused on cancer-related outcomes are lack- 645 

ing [153,157]. A recent pilot trial using extra virgin olive oil enriched with oleocanthal and 646 

oleacein in patients with early-stage chronic lymphocytic leukemia showed favorable mo- 647 

lecular effects and good tolerability. However, larger and more comprehensive clinical 648 

trials are needed to confirm these initial findings [158]. 649 

5. Concluding Remarks 650 

Cancer remains a leading global health challenge, and the pursuit of safer, more ef- 651 

fective strategies for its prevention and treatment continues to be a top priority. Among 652 

the emerging approaches, bioactive polyphenols found in extra virgin olive oil (EVOO)— 653 

a cornerstone of the Mediterranean diet—have shown considerable promise [17,18,159]. 654 

Key compounds such as hydroxytyrosol, tyrosol, oleuropein, oleacein, and oleocanthal 655 

have been extensively studied for their anticancer properties (Table 2). These naturally 656 

occurring molecules act through multiple mechanisms, including the aĴenuation of oxi- 657 

dative stress and inflammation, regulation of cancer cell proliferation and apoptosis, and 658 

inhibition of angiogenesis and metastasis. 659 

Notably, oleocanthal has demonstrated a unique ability to selectively target cancer 660 

cells by disrupting lysosomal membranes. Hydroxytyrosol and oleuropein are also recog- 661 
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nized for their potent antioxidant and antiproliferative effects. Furthermore, growing ev- 662 

idence suggests that these polyphenols may modulate epigenetic processes by inhibiting 663 

key enzymes such as DNA methyltransferases (DNMTs) and histone deacetylases 664 

(HDACs), presenting novel avenues for cancer control. 665 

Despite their broad spectrum of anticancer activities—mediated through epigenetic, 666 

inflammatory, oxidative, and metastatic pathways—significant challenges remain in the 667 

clinical translation of olive-derived polyphenols such as oleocanthal, oleacein, and tyro- 668 

sol. Most of the existing evidence stems from in vitro and animal studies, with only limited 669 

human data available. Although some clinical trials have yielded promising results, com- 670 

prehensive, large-scale investigations are lacking. Moreover, the pleiotropic nature of pol- 671 

yphenol action, which involves the modulation of multiple signaling cascades, necessi- 672 

tates more targeted research to elucidate context-dependent effects and potential syner- 673 

gistic or antagonistic interactions with standard therapies. Key issues such as dose–re- 674 

sponse relationships, bioavailability, and compound stability must also be addressed to 675 

facilitate effective clinical application. Future research should prioritize mechanistic stud- 676 

ies using clinically relevant models, alongside well-designed, standardized trials to vali- 677 

date the therapeutic utility of these natural agents in cancer prevention and treatment. 678 

It is important to critically evaluate current clinical studies assessing olive polyphe- 679 

nols in cancer-related contexts. For example, some trials report changes in surrogate apop- 680 

tosis markers rather than definitive clinical outcomes and are often limited by small sam- 681 

ple sizes, lack of blinding, or absence of placebo controls, which restrict the strength of 682 

conclusions regarding therapeutic efficacy. Such limitations highlight the need for rigor- 683 

ously designed randomized controlled trials with appropriate controls, blinding, suffi- 684 

cient sample sizes, and clinically relevant endpoints to confirm the promising anticancer 685 

potential suggested by preclinical data [160,161]. 686 

Although preclinical findings are encouraging, rigorous randomized clinical trials 687 

are urgently needed to confirm the efficacy of these compounds in human populations 688 

and to define optimal dosing regimens and delivery systems. While oleocanthal and hy- 689 

droxytyrosol have been the subject of substantial investigation, other compounds—espe- 690 

cially oleacein—remain underexplored. Further studies should investigate oleacein’s role 691 

in regulating redox balance and cellular stress responses, areas that have thus far received 692 

insufficient aĴention. 693 

Importantly, the preservation of bioactivity in olive oil polyphenols is influenced by 694 

processing and storage conditions. Heat exposure during cooking or industrial extraction, 695 

as well as prolonged storage at elevated temperatures, can significantly degrade sensitive 696 

compounds such as hydroxytyrosol, oleocanthal, and oleacein. For instance, high malax- 697 

ation temperatures reduce total phenolic content, while storage above 25 °C accelerates 698 

degradation and reduces antioxidant capacity. Therefore, using high-quality EVOO in 699 

raw or minimally heated forms may help retain its beneficial properties and enhance its 700 

translational impact. This consideration is vital for bridging the gap between experimental 701 

data and practical dietary strategies [162,163]. 702 

Epidemiological evidence linking high EVOO consumption to reduced cancer inci- 703 

dence further supports the preventive potential of these polyphenols. Given their low tox- 704 

icity and natural origin, olive oil-derived polyphenols represent promising adjuncts to 705 

conventional therapies, with the potential to enhance treatment efficacy while minimizing 706 

adverse effects. Going forward, a deeper exploration of their molecular mechanisms, syn- 707 

ergistic interactions, and clinical integration may enable more personalized and effective 708 

strategies for cancer prevention and therapy. 709 
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Future perspectives involve investigating genetic and metabolic factors that influ- 710 

ence olive polyphenol efficacy to enable personalized prevention and therapy. Their mul- 711 

titargeted, low-toxicity profiles make them promising adjuncts to conventional cancer 712 

treatments, warranting studies on interactions with existing therapies. Standardizing ex- 713 

traction and formulation methods will be essential for clinical translation. Additionally, 714 

long-term epidemiological and clinical trials are needed to confirm their preventive ben- 715 

efits across diverse populations. 716 
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