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ABSTRACT: Hydroxytyrosol [2-(3,4-dihydroxyphenyl)ethanol, HTyr] is a phenolic 

compound found in olive leaves and fruits and extra-virgin olive oil, which has well-

known strong antioxidant and radical-scavenging properties. Recently, it has received 

particular attention for its antiproliferative and apoptotic activities and its anti-

inflammatory properties. During the last few years, more efforts have been focused 

on synthesizing HTyr-derived compounds with enhanced biological activities for 

their potential use in different chronic degenerative diseases. In this paper, we report 

a dissertation on the current knowledge of selected synthetic HTyr derivatives and 

analogs and their potential use in cancer prevention and therapy, which are related to 

their antioxidant, antiproliferative/apoptotic and anti-inflammatory properties. Based 

on the perspective of using HTyr-derived compounds as anti-cancer agents, we have 

taken into account only studies that were performed in experimental cell-based 

models.  

 

Keywords: Hydroxytyrosol derivatives; hydroxytyrosol analogs; antioxidant activity; 

antiproliferative activity; apoptotic activity; anti-inflammatory activity 
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INTRODUCTION  

Extra-virgin olive oil is the major fat component of the Mediterranean diet. 

Epidemiological studies demonstrated that its daily consumption is associated with a 

reduction of risk factors for coronary heart diseases, the prevention of some types of 

cancer and the modulation of immune and inflammatory responses.1,2 Extra-virgin 

olive oil is characterized by a high nutritional value due to the presence of major 

components, mainly triacylglycerols, which constitute more than 98% of the total oil 

weight, and more than 200 minor secondary metabolites, including phytosterols, 

lipophilic and hydrophilic phenols, constituting approximately 2% of the total oil 

weight.3-7 While lipophilic phenols such as tocopherols can also be found in other 

vegetable oils and fats, some hydrophilic phenols are present exclusively and 

abundantly in extra-virgin olive oil, conferring its high-value sensory and nutritional 

properties.8,9  

Among the hydrophilic phenols, hydroxytyrosol [2-(3,4-dihydroxyphenyl)ethanol, 

HTyr] is one of the most representative compounds in extra-virgin olive oil and is 

present mainly as secoiridoid derivatives together with minor amounts of the free 

form (Figure 1). During olive ripening and processing, endogenous β-glucosidases 

release HTyr from the secoiridoid derivatives by hydrolytic mechanisms, conferring 

to the extra-virgin olive oil its typical rich and complex flavor.10,11 Considering its 

strong hydrophilic character, HTyr is present also in by-products of the olive oil 

industry, in particular in liquid wastes named olive mill waste waters (OMWW). 
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They are annually produced in large volumes in a few months and represent a serious 

environmental problem in the Mediterranean area for their organic matter content and 

toxicity.12,13 

Several in vitro and in vivo studies that were performed using HTyr in the free form 

reported a wide range of biological activities, including antimicrobial, hypotensive, 

hypoglycemic, anti-platelet aggregation, cardioprotective, antioxidant, 

antiproliferative and anti-inflammatory activities.14-16  

Based on these attractive functions, an increasing number of research groups have 

focused their efforts to both synthesize HTyr 17-22 and recover it from wastes.23-26 

However, HTyr is unstable unless it is preserved and dried in the absence of air, and 

it has limited solubility in lipid media. Therefore, the search for novel lipophilic 

derivatives and analogs with greater stability and enhanced biological properties is of 

interest in both the pharmaceutical and food industries.  

 

 

Figure 1. Oleuropein derivatives and HTyr present in extra-virgin olive oil. 
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In the last few years, a large number of HTyr-derived compounds have been 

synthesized, and several of them have been described in recent reviews.27-29 In 

particular, many experiments have been performed to synthesize HTyr derivatives 

and analogs with a better hydrophilic/lipophilic balance (HLB) to increase their 

availability and to join HTyr to other biologically active compounds to enhance its 

biological functions. The biological activities of HTyr-derived compounds have been 

evaluated in cell-free and cell-based models, and, as reported by Manna et al., the 

results obtained from the use of the two different experimental models were not 

always comparable. This suggests that the compounds tested in cellular models may 

be metabolized by the cell, leading to biological activities due to their metabolic 

product(s).30 

Therefore, based on the perspective of using HTyr-derived compounds for cancer 

prevention and therapy, we report here a dissertation on the current knowledge of 

selected HTyr derivatives and analogs that exhibit antioxidant, antiproliferative, 

apoptotic and anti-inflammatory activities in experimental cell-based biological 

models. Therefore, we exclude all studies performed in cell-free systems. These 

compounds include HTyr esters and analogs, alkyl ethers, thioderivatives and 

isochromans, which are synthesized by different methods to take advantage of the 

reactivity of the alcohol functional group without derivatizing the ortho-dihydroxy 

substitution of HTyr that is responsible for its antioxidant properties.14  
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DISCUSSION  

1. Chemistry: synthesis of HTyr-derived compounds 

1.1 Synthesis of HTyr esters. The most studied HTyr-derived compounds are 

lipophilic esters showing saturated and unsaturated aliphatic chains of different 

length, generally from 2 to 18 carbons. Some synthetic biologically relevant 

derivatives are depicted in Figure 2. The simplest ester is HTyr acetate 1, which has 

been recently found in extra-virgin olive oil 31 in amounts that depend on the olive 

varieties used, olive ripeness, climate, location, type of crushing machine and oil 

extraction procedures.32 It is a biophenol of interest because of its lipophilic property 

and higher antioxidant activity compared with HTyr.33  

 

 

Figure 2. Lipophilic HTyr esters. 

 

Synthetic samples of esters 1-13 were obtained from HTyr as starting material by 

different procedures. The direct use of HTyr, although obvious, is difficult for several 

reasons: high price, instability, and competition of the phenolic hydroxyl groups in 

the esterification reaction. However, when HTyr was treated with acetic anhydride, a 
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mixture of the diacetyl and triacetyl derivatives 14 and 15 was obtained.34 Based on 

these considerations, several groups focused their attention on the search for 

procedures that are able to selectively insert the alcohol functional group of HTyr 

under mild conditions. To achieve this aim, many multi-step procedures were 

optimized, including a preliminary protection of the phenolic hydroxyl groups of 

HTyr before the acylation reaction and a final deprotection.  

According to Scheme 1, Gordon’s group protected the two phenolic groups of HTyr 

with benzyl bromide under basic conditions to afford the corresponding derivative 16. 

When acetic acid, dicyclohexylcarbodiimide (DCC) and p-toluenesulfonic acid 

(PTSA) were added to a solution of 16 in pyridine, the acetate 17 was obtained. 

Finally, removal of the benzyloxy groups by catalytic hydrogenation with palladium-

on-carbon and 1,4-cyclohexadiene produced HTyr acetate 1 at a 24% overall yield.33 

 

 

Scheme 1. Synthesis of HTyr acetate 1 via benzylation of the catecholic moiety.33 

 

An alternative synthetic strategy was proposed from Gambacorta et al. using (3,4-

dihydroxyphenyl)acetic acid methyl ester 18 as the starting material (Scheme 2). The 
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protection of the catecholic group was performed with trimethylorthoformate and 

Amberlyst 15. Then, the corresponding orthoformate derivative 19 was reduced with 

LiAlH4 to give compound 20; the subsequent acetylation with acetyl chloride in 

pyridine and deprotection of the orthoformate moiety with Amberlyst 15 produced 

HTyr acetate 1. The overall yield of compound 1 was excellent (87%), but the 

synthesis required four steps, the use of dry solvents and a careful control of the 

reductive step to avoid the formation of by-products.35 

 

 

Scheme 2. Synthesis of HTyr acetate 1 via methyl orthoformate-protection of the 

catecholic moiety.35 

 

In 2002 and 2005, Appendino et al. proposed two different approaches for the 

synthesis of HTyr esters 6 and 12: the Mitsunobu reaction 36 and the cerium(III) 

chloride (CeCl3) acylation reaction.37 The Mitsunobu reaction was performed by 

Page 8 of 77

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

treating HTyr with nonanoic and oleic acids in the presence of triphenylphosphine 

(PPh3) and diethyl azodicarboxylate (DIAD) in THF (Scheme 3). The corresponding 

HTyr esters 6 and 12 were isolated at 41 and 34% yields, respectively. Under similar 

conditions, HTyr was also condensed with gallic acid at a 48% yield to produce the 

ester 22.36  

 

 

Scheme 3. Synthesis of lipophilic HTyr esters 6, 12 and 22 using the Mitsunobu 

reaction conditions.36 

 

Even if the mechanism of the Mitsunobu reaction is still controversial, the 

chemoselectivity of the esterification was explained by the formation of the 

alkoxyphosphonium intermediate 25 from the reaction of HTyr with compound 23 

instead of the alcoholate displacement of the acyloxyphosphonium ion 24 (Scheme 4), 

demonstrating the role of the phenolic groups as “inert spectators” in this reaction, 

which proceeded by a SN2 mechanism.36 
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Scheme 4. Mechanism of the Mitsunobu reaction with HTyr. 

 

As an alternative approach, Appendino et al. described the CeCl3-promoted 

chemoselective acylation of HTyr and other selected phenols present into dietary 

vegetables.37 This reaction with HTyr was performed in dry THF with nonanoyl and 

oleyl chloride activated by catalytic CeCl3 and afforded the corresponding esters 6 

and 12 at 53 and 60% yields, respectively (Scheme 5), indicating a slight 

improvement in terms of the yields compared with the Mitsunobu esterification. The 

proposed mechanism involves the formation of an electrophilic Lewis acid adduct 

between acyl chlorides and CeCl3, which is quenched by the more nucleophilic alkyl 

hydroxyl group of HTyr to produce the expected esters and regenerate cerium(III) 

chloride (Scheme 6). 
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Scheme 5. CeCl3-promoted chemoselective esterification of HTyr.37 

 

 

Scheme 6. Mechanism of CeCl3-promoted chemoselective esterification of HTyr. 

 

Finally, the HTyr esters were obtained by direct catalyzed-

esterification/transesterification reactions from HTyr. Compounds 1, 3, 8, 10, 11, 12 

and 13 were isolated in satisfactory yields (62-86%) by heating a solution of HTyr 

with the corresponding ethyl or methyl ester containing a catalytic amount of 

PTSA.38,39  

In the last few years, enzymes and, in particular, lipases have been widely employed 

in non-aqueous solvents for the lipophilization of phenolic compounds as an 

alternative to the use of chemical catalysts.40, 41 They give rise to environmentally 

friendly processes with lower energy consumption and fewer waste products, and 

offer several advantages: mild reaction conditions, selectivity, specificity, 

minimization of side reactions and by-products, and few purification steps.  
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Grasso and colleagues performed a complete study to optimize the synthesis of HTyr 

acetate 1 using vinyl acetate as the reagent and t-butyl methyl ether as the solvent 

with different lipases from Aspergillus niger, Candida antarctica, Candida 

cylindracea, Chromobacterium viscosum, Mucor miehei, Mucor javanicus, 

Pseudomonas cepacia, Pseudomonas fluorescens, Rhizopus arrhizus, Rhizopus 

niveus, porcine pancreas and wheat germ. The best results for HTyr acetate 1 in terms 

of reaction time, chemoselectivity and yield were obtained using Candida antarctica 

lipase (CAL-B).42 Then, this enzyme was selected for the acylation of HTyr with 

other vinyl esters (propionate, butyrate, decanoate and stearate). The corresponding 

HTyr esters 2, 3, 7 and 11 were isolated with very good yields (92-96%) in 35-180 

min reactions.  

The sustainability of the enzymatic process increases in reactions with immobilized 

enzymes because these enzymes can be used for several runs with economic and 

environmental benefits. Buisman et al. first investigated the esterification of HTyr 

with octanoic acid in hexane in the presence of immobilized lipases from Candida 

antartica (CAL-B). These authors reported that the success of the reaction was highly 

dependent on the solvent, varying from a 20% yield using chloroform, 

dichloromethane and THF to an 85% yield using diethyl ether.43,44  

Several years ago, Torres de Pinedo et al. reported the preparation of HTyr saturated 

fatty acid esters and mono- and poly-unsaturated fatty acid esters using immobilized 

C. antarctica (Novozym® 435) under vacuum in a solventless reaction. The final 
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yields were 59-98% for the saturated fatty acid esters and 32-97% for the mono- and 

poly-unsaturated fatty acid esters.45 

As an alternative to the use of expensive HTyr, lipophilic HTyr esters 1, 4, 10, 12 and 

13 were prepared from cheaper and commercially available starting materials such as 

tyrosol 26 and homovanillyl alcohol 27. The synthesis involved a two-step high-yield 

procedure (Scheme 7).19 The first step was the chemoselective protection of the 

alcohol functional group of tyrosol 26 or homovanillyl alcohol 27 with a small excess 

of acyl chlorides (acetyl, hexanoyl palmitoyl, oleyl and linoleoyl chloride) in 

dimethyl carbonate (DMC), an ecofriendly solvent. The reaction was performed 

without a catalyst under no-dry conditions. The corresponding esters were isolated 

with good to excellent yields (60-98%). The observed chemoselectivity was 

explained by both the probable in situ generation of a trace amount of hydrochloric 

acid derived from the hydrolysis of the acyl chloride and the greater nucleophilicity 

of the aliphatic hydroxyl group compared with the phenolic group. Afterward, the 

esters were oxidized with 2-iodobenzoic acid (1-hydroxy-1-oxo-1H-1λ
5-

benz[d][1,2]iodoxol-3-one, IBX) or with the corresponding 1,1,1-triacetoxy 

derivative named Dess-Martin periodinane (DMP). These reagents are well known in 

the literature for their ability to efficiently perform the oxidative demethylation of 

phenolic methyl aryl ethers and the oxidation of phenols, producing ortho-quinones 

with a selectivity similar to that of a polyphenol oxidase.46,47 The subsequent in situ 

reduction with sodium dithionite (Na2S2O4) produced catecholic compounds.48 

Therefore, by combining the use of IBX or DMP and Na2S2O4, tyrosol 26 and 
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homovanillyl alcohol 27 were converted into the corresponding HTyr derivatives 1, 4, 

10, 12 and 13 under mild conditions with satisfactory yields (62-89%). Generally, 

IBX and DMP showed a comparable efficiency; the oxidation of tyrosol esters 

proceeded with higher yields compared with those of the homovanillyl derivatives. 

Both procedures are patented.49, 50 

 

 

Scheme 7. Synthesis of lipophilic HTyr esters 1, 4, 10, 12 and 13 by IBX 

oxidation/Na2S2O4 reduction.19,49,50 

 

Similarly, a novel HTyr lipophilic derivative, HTyr methyl carbonate 28, was 

prepared at a good yield (Scheme 8).19 Compounds 26 or 27 were selectively 

derivatized on the alcohol functional group using dimethyl carbonate (DMC) in 

combination with catalytic sulfuric acid or 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) after 7 h at the reflux temperature.51 The following oxidation/oxidative 

demethylation and in situ reduction with the IBX or DMP/Na2S2O4 system afforded 

the catecholic methyl carbonate derivative 28 at an 85% yield.19 

 

Page 14 of 77

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

Scheme 8. Synthesis of HTyr methyl carbonate 28 by IBX oxidation/Na2S2O4 

reduction. 

 

In addition to lipophilic derivatives, in the last few years, novel HTyr-derived 

compounds were synthesized by joining HTyr to other biologically active molecules 

to enhance its biological properties. In this context, a novel derivative was 

synthesized in combination with α-lipoic acid, a non-phenolic antioxidant present in 

food, mainly wheat, potatoes and red meat, that exhibits many beneficial effects on 

human health.52 Two procedures were described to isolate the final ester (overall 

yields: 62 and 40%). The most efficient procedure consists of five steps and is 

described in Scheme 9. First, both the alcohol and phenol groups of tyrosol 26 were 

protected with dimethyl carbonate, which was used as the solvent, methylating and 

carboxymethylating reagent, in the presence of DBU. The corresponding tyrosol 

carbonate methyl ether was isolated with quantitative yield after 24 h at the reflux 

temperature. After the selective deprotection of the carbonate moiety under basic 

conditions, the methyl derivate 29 was esterified with α-lipoic acid under Steglich 

conditions in the presence of L-cysteine to avoid the polymerization reaction of α-

lipoic acid. The isolated ester was demethylated with boron tribromide in dry THF to 
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produce the phenolic derivative; the final hydroxylation reaction with the 

IBX/Na2S2O4 system afforded the catecholic ester 31.  

 

 

Scheme 9. Esterification of HTyr with α-lipoic acid.52 

 

After one year, Kaki et al. synthesized several esters of α-lipoic acid with natural 

phenolic compounds, including HTyr, by a chemo-enzymatic procedure (Scheme 

10).53 The esterification consists of only two steps. The use of enzymes as catalyst in 

the reaction between tyrosol 26 and α-lipoic acid were responsible for the 

advantageous reduction of steps. The esterification was performed with immobilized 

lipase B from Candida Antarctica in 2-butanone/hexane as the reaction medium, 

which were both able to completely dissolve the substrates and maintain the activity 

of the lipase. The reaction proceeded smoothly at room temperature, affording the 
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expected ester exclusively. The final step resulted in the hydroxylation reaction 

performed by the IBX/Na2S2O4 system.  

 

OH

HO

OH

O

O

S
S

2) IBX, CH3OH; Na2S2O4, H2O

OH

26

31

C. antarctica, 2-butanone/hexane

-Lipoic acid

 

Scheme 10. Alternative synthesis of ester 31.53 

 

1.2 Synthesis of HTyr analogs. Three catecholic compounds that are structural 

analogs of HTyr, with a different pattern of substitution on the aromatic ring and/or a 

different length of the alcoholic chain, were synthesized in 65-80% yields. These 

compounds, 2-(2,3-dihydroxyphenyl)ethanol 35, 3-(2,3-dihydroxyphenyl)-1-propanol 

36 and 3-(3,4-dihydroxyphenyl)-1-propanol 37, were obtained by direct 

hydroxylation reactions of the alcohol precursors 32, 33 and 34 with IBX-

polystyrene, and subsequent reduction with an aqueous solution containing Na2S2O4 

(Scheme 11).54  

 

Scheme 11. Novel HTyr analogs 35-37.54 
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The corresponding methyl carbonate derivatives 38-40 and lipophilic esters 41-73 

were synthesized according to a two-step procedure: 1) derivatization of the alcohol 

chain with DMC/DBU and acyl chlorides (acetyl, butyryl, hexanoyl, octanoyl, 

decanoyl, dodeanoyl, lauryl, myristoyl, palmitoyl, oleyl and linoleoyl chloride) of the 

phenolic precursors 32-34; and 2) oxidation/reduction of the methyl carbonate and 

ester derivatives with the IBX/Na2S2O4 system (Scheme 12).54 Interestingly, acylation 

of catechol 37 was performed with ethyl palmitate, stearate and lipase in acetonitrile, 

affording the corresponding esters in quantitative yields.45 

 

OH

R3

1) R4COCl, DMC

2) IBX, CH3OH; Na2S2O4, H2O

O

R3

O

O

R1

R2

n 1) DMC, cat. H2SO4 or DBU

R2

R1

n

O

R3 R1

R2

n

O

R4

41: n=1, R1=R2=OH, R3=H, R4=CH3; 42: n=1, R1=R2=OH, R3=H, R4=(CH2)2CH3;
43: n=1, R1=R2=OH, R3=H, R4=(CH2)4CH3; 44: n=1, R1=R2=OH, R3=H, R4=(CH2)6CH3;
45: n=1, R1=R2=OH, R3=H, R4=(CH2)8CH3; 46: n=1, R1=R2=OH, R3=H, R4=(CH2)10CH3;
47: n=1, R1=R2=OH, R3=H, R4=(CH2)12CH3; 48: n=1, R1=R2=OH, R3=H, R4=(CH2)14CH3;
49: n=1, R1=R2=OH, R3=H, R4=(CH2)16CH3; 50: n=1, R1=R2=OH, R3=H, R4=(CH2)7CH=CH(CH2)7CH3;
51: n=1, R1=R2=OH, R3=H, R4=(CH2)6(CH2CH=CH)2(CH2)6CH3;
52: n=2, R1=R2=OH, R3=H, R4=CH3; 53: n=2, R1=R2=OH, R3=H, R4=(CH2)2CH3;
54: n=2, R1=R2=OH, R3=H, R4=(CH2)4CH3; 55: n=2, R1=R2=OH, R3=H, R4=(CH2)6CH3;
56: n=2, R1=R2=OH, R3=H, R4=(CH2)8CH3; 57: n=2, R1=R2=OH, R3=H, R4=(CH2)10CH3;
58: n=2, R1=R2=OH, R3=H, R4=(CH2)12CH3; 59: n=2, R1=R2=OH, R3=H, R4=(CH2)14CH3;
60: n=2, R1=R2=OH, R3=H, R4=(CH2)16CH3; 61: n=2, R1=R2=OH, R3=H, R4=(CH2)7CH=CH(CH2)7CH3;
62: n=2, R1=R2=OH, R3=H, R4=(CH2)6(CH2CH=CH)2(CH2)6CH3

63: n=2, R1=H, R2=R3=OH, R4=CH3; 64: n=2, R1=H, R2=R3=OH, R4=(CH2)2CH3;
65: n=2, R1=H, R2=R3=OH, R4=(CH2)4CH3; 66: n=2, R1=H, R2=R3=OH, R4=(CH2)6CH3;
67: n=2, R1=H, R2=R3=OH, R4=(CH2)8CH3 (96%); 68: n=2, R1=H, R2=R3=OH, R4=(CH2)10CH3;
69: n=2, R1=H, R2=R3=OH, R4=(CH2)12CH3; 70: n=2, R1=H, R2=R3=OH, R4=(CH2)14CH3;
71: n=2, R1=H, R2=R3=OH, R4=(CH2)16CH3; 72: n=2, R1=H, R2=R3=OH, R4=(CH2)7CH=CH(CH2)7CH3;
73: n=2, R1=H, R2=R3=OH, R4=(CH2)6(CH2CH=CH)2(CH2)6CH3

32: n=1, R1=OH, R2=R3=H
33: n=2, R1=OH, R2=R3=H
34: n=2, R1=R2=H, R3=OH

38: n=1, R1=R2=OH, R3=H
39: n=2, R1=R2=OH, R3=H
40: n=2, R1=H, R2=R3=OH

2) IBX, CH3OH; Na2S2O4, H2O
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Scheme 12. Synthesis of lipophilic HTyr analogs 38-73.54 

 

1.3 Synthesis of HTyr alkyl ethers. Madrona et al. synthesized a new class of 

lipophilic HTyr derivatives, the HTyr alkyl ethers 74-82, by a three-step procedure 

using HTyr recovered from OMWW as the starting material.55 As depicted in Scheme 

13, HTyr was preliminarily protected on the phenolic hydroxyl groups with benzyl 

bromide/potassium carbonate in acetone to afford the corresponding dibenzyl 

derivative 16. Then, the alkylation of the free alcohol group with alkyl iodides of 

different length produced the corresponding derivatives in good to excellent yields. 

Finally, the hydrogenolytic cleavage of the protecting benzyl group with palladium 

over charcoal afforded alkyl ethers 74-82 at 82-98% yields. 

 

 

Scheme 13. Synthesis of lipophilic HTyr alkyl ethers 74-82.55 
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 1.4 Synthesis of HTyr thioderivatives. Novel HTyr derivatives 86-88 containing 

thioacetate, thiol and disulfide groups were synthesized by Sepporta et al.56 The 

synthesis was performed according to the procedure depicted in Scheme 14. First, 

HTyr was converted into the corresponding 3,4-dihydroxyphenethyl chloro and 

iododerivatives by using PPh3 and CCl4 in CH3CN and a mixture of PPh3, I2 and 

imidazole. The subsequent acetylation of the catechol moiety produced the 

corresponding di-O-acetyl derivatives 83 and 84 in satisfactory yields (79 and 75%, 

respectively). In the presence of potassium thioacetate in refluxing butanone, they 

were both converted into the thioacetate derivative 85 with 48 and 76% yields, 

respectively. The different results depend on the nature of the leaving group in the 

nucleophilic substitution reaction, as iodide is a better leaving group than chloride. 

Finally, the acid hydrolysis in HCl 2N at room temperature or 40 °C afforded 

thioderivatives 86 and 87 at 86 and 98% yields, whereas under reflux temperature, it 

produced disulfide 88 (42% yield). 
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Scheme 14. Synthesis of HTyr thioderivatives 86-88.56 

 

1.5 Synthesis of HTyr-derived isochromans. The isochromanic (3,4-dihydro-1H-

benzo[c]pyran) nucleus is a ubiquitous structural motif present in many bioactive 

natural products, drugs and agrochemicals.57 In 2001, Bianco et al. identified 1-

phenyl-6,7-dihydroxy-isocroman 101 and 1-(4’-hydroxy-3’-methoxy)phenyl-6,7-

dihydroxyisochroman 102 (Figure 3) in extra-virgin olive oil methanolic extracts, in 

amounts depending on the olive varieties (20-1400 ng/Kg).58  

 

Page 21 of 77

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

Figure 3. Isochromans present in extra-virgin olive oil. 

 

Their presence was confirmed by comparison of the High Performance Liquid 

Chromatography (HLPC-MS/MS) spectra of the methanolic extracts with those of 

synthetic hydroxy isochromans obtained by the oxa-Pictet-Spengler reaction between 

HTyr and the corresponding aldehydes, benzaldehyde 89 and 4-hydroxy-3-

methoxybenzaldehyde 90, respectively (Scheme 15).59 The synthesis was performed 

under mild conditions in the presence of PTSA or oleic acid as the catalyst; 1-phenyl-

6,7-dihydroxy-isocroman 101 and 1-(4’-hydroxy-3’-methoxy)phenyl-6,7-

dihydroxyisochroman 102 were isolated in satisfactory yields (60% and 76%).  

 

 

Scheme 15. The oxa-Pictet-Spengler reaction for the synthesis of HTyr-derived 

isochromans.59
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The reaction mechanism is depicted in Scheme 16. The first step involves the 

formation of a hemiacetalic bond between the alcohol functional group of HTyr and 

the carbonyl group. The subsequent loss of water and the cyclization reaction produce 

the final isochromans. Due to the facility of the synthesis, this procedure was 

extended to several substituted aldehydes and ketones to produce the corresponding 

isochromans 103-112 with 42-80% yields (Scheme 15). The experimental results 

showed that aldehydes generally reacted faster than ketones; hindered ketones gave 

the lowest yields; and aromatic aldehydes produced the corresponding isochromans 

with higher yields than aliphatic aldehydes.  

 

 

Scheme 16. Mechanism of the oxa-Pictet-Spengler reaction. 

 

Based on the reported mechanism, the reaction was performed by adding a 

dehydrating agent (anhydrous sodium sulfate or molecular sieves).60 Generally, the 

use of a dehydrating agent gave higher yields of all synthesized isochromans; in 

addition, molecular sieves were the most efficient (90-98% versus 60-90%). As an 
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alternative, 1-phenyl-6,7-dihydroxy-isocroman 101 and 1-(4’-hydroxy-3’-

methoxy)phenyl-6,7-dihydroxyisochroman 102 were obtained at more than 80% 

yields by the oxa-Pictet-Spengler reaction of dimethyl carbonate from tyrosol 26 and 

homovanillyl alcohol 27 followed by oxidation/reduction with the IBX/Na2S2O4.
61  

 

2. Biological properties of HTyr-derived compounds in cell-based models 

2.1 Antioxidant activity. Reactive Oxygen Species (ROS), which are continuously 

formed as the result of metabolic processes in the organism, may cause oxidation and 

damage cellular macromolecules. ROS contribute to the development of chronic 

degenerative diseases, such as atherosclerosis, diabetes, rheumatoid arthritis and 

cancer. Many natural compounds, including phenolic compounds with antioxidant 

activity, may be capable of preventing the onset of these diseases or even curing 

them.62 In particular, oxidative stress and redox signaling have been implicated in 

carcinogenesis, and ROS can affect cancer initiation, progression and responsiveness 

to therapy. However, even if the role of antioxidants in the prevention of many types 

of cancers is well accepted, their beneficial effect on cancer progression and therapy 

is more controversial.63 In some circumstances, due to their enhanced metabolism, 

cancer cells produce high level of ROS and oxidative stress as by-products, which 

may contribute to cellular mutation and cancer cell growth. In contrast, in other 

situations, ROS can slow cellular proliferation and render cancer cells more 

vulnerable to therapeutic interventions that act by further augmenting oxidant 

generation. Indeed, the use of antioxidants such as vitamin E or N-acetylcysteine can 
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increase tumor cell proliferation by attenuating ROS, DNA damage and p53 

expression.64  

Among the natural antioxidants, HTyr has received particular attention based on its 

remarkable antioxidant activities.14 Numerous studies have shown that dietary HTyr 

is able to reduce the risk of cancer due to its ability to inhibit ROS generation, 

attenuating DNA damage and lipid peroxidation.15 

In vitro studies were performed in normal cells and cancer cells to investigate the 

antioxidant activity of different synthetic HTyr esters. In 2007, Grasso et al. analyzed 

the antioxidant effects of HTyr and its esters, such as HTyr acetate 1, propionate 2, 

butyrate 3, caprate 7 and stearate 11, on whole blood cells, both in the presence and 

absence of H2O2 pre-treatment, by the atypical Comet assay.42 Interestingly, when all 

compounds were used at the same dosage (50 µM) and assayed for H2O2-induced 

DNA damage, a significant protective effect was observed for HTyr, HTyr acetate 1 

and propionate 2, a moderate effect for HTyr butyrate 3 and no effect for HTyr 

caprate 7 and stearate 11. These results outlined that the length of the acyl chain in 

the HTyr esters plays a fundamental role in protecting DNA from damage and that a 

longer chain does not improve the antioxidant ability of the compounds in a cell-

based assay.42
 However, these results also demonstrated that even if HTyr acetate 1 

and propionate 2 exerted a significant protective effect against DNA damage, their 

efficacy was not higher than that of the parental HTyr.  

According to these results, Tofani et al. showed that a large series of HTyr esters of 

C2-C18 fatty acids (10 µM) decreased cumene hydroperoxide-induced oxidation in 
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L6 rat muscle cells using the standard dichlorofluorescein (DCF) assay.65 The data 

also showed that the antioxidant activity of HTyr esters followed a general sigmoid 

curve in a direct relationship with the length of the acyl chain. For short to medium 

acyl chains (C2-C10), the antioxidant activity rose as the lipophilicity increased, 

giving values that were always higher than HTyr. However, elongation over 12 

carbons did not play a favorable role and the activity dropped for esters carrying C12-

C18 acyl chains.65  

Concerning the ester derivatives, Bouallagui et al. showed that non-cytotoxic 

concentrations (100 µM) of HTyr acetate 1 and HTyr oleate 12 had a significant 

effect in preventing iron-reactive oxidative stress in the HeLa human cervical cancer 

cell line, resulting in a reduction of approximately 36% and 38%, respectively, in 

thiobarbituric acid reactive substance (TBARS) production. These results indicate a 

modest but significant augmentation of the antioxidant activity of these acyl esters 

compared with HTyr, which reduced iron-reactive oxidative stress by approximately 

30%. The authors suggested that the enhanced antioxidant activity was due in part to 

an increased bioavailability of both HTyr derivatives and also to their enzymatic 

conversion by the cell into the parental HTyr compound.44  

A more recent study by Bernini et al. reported the synthesis of HTyr catecholic 

analogs 35-37 and a large panel of their fatty acid esters 38-73.54
 In this study, the 

antioxidant activity of these compounds (10 µM) was evaluated in L6 rat muscle cells 

through the DCF assay. The results showed that the catecholic analogs 35-37 exerted 

an antioxidant activity similar to that of HTyr, indicating the penetration of these 

Page 26 of 77

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

compounds into the cells and the subsequent quenching of peroxide radicals. On the 

other hand, fatty acid esters behaved differently, according to the length of the chain. 

In fact, while for short to medium acyl chain the antioxidant activity was similar to 

that of the free catechols, esters with a chain longer than eight carbons showed a cut-

off effect, almost completely losing their antioxidant activity. This effect could be 

explained by the assumption that, at a certain level of lipophilicity, the easy diffusion 

of esters into the cells could become unproductive by their entrapment into the 

plasma membrane, which is caused by the higher affinity of long acyl chains for 

phospholipids or for hydrophobic proteins inside the bilayer. 

In vitro studies have also been performed to investigate the antioxidant activity of 

different synthetic HTyr alkyl ethers. In 2011, Pereira-Caro at al. showed that 

physiological concentrations (0.5-10 µM) of HTyr methyl, ethyl, propyl and butyl 

ethers 74-77 dose-dependently reduced ROS generation, GSH depletion and MDA 

formation in HepG2 human hepatoma cells treated with tert-butyl hydroperoxide.66 

These results were compared with those obtained using HTyr, which exerted similar 

protective effects to the HTyr methyl 74 and ethyl 75 ethers, but less than the more 

lipophilic HTyr propyl 76 and butyl ethers 77. An interesting evaluation that emerges 

from this paper is that the lipophilic nature of the HTyr alkyl ethers is relevant for the 

establishment of their antioxidant efficacy. In fact, HTyr methyl and ethyl ethers 74 

and 75 were less effective than the HTyr propyl and butyl ethers 76 and 77, 

particularly at higher doses. Similar results were reported by Guerrero A. et al., who 

showed that 1, 10, or 100 µM concentrations of HTyr ethyl 75, butyl 77, hexyl 78, 
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octyl 79 and dodecyl 81 ethers dose-dependently inhibited lipid peroxidation and 

reduced GSH depletion in rat brain slices, where oxidative stress was induced by 

hypoxia and reoxygenation. Moreover, the maximal antioxidant effects were found 

for the C4-C8 alkyl ether derivatives.67 

All of the results reported here were performed in cell-based models to analyze the 

antioxidant activity of both HTyr esters and ethers and show that the activity of these 

compounds largely depends on the length of their chain. Medium-sized chains, in the 

range of C4-C10, exerted antioxidant activity higher than that of HTyr, whereas the 

use of C12-C18 chains exhibited a sharp decrease of the antioxidant effect. These 

results are in agreement with the revisited theory of the polar paradox by Laguerre et 

al.68
 The original theory of the polar paradox by Porter and his colleagues stated that 

polar antioxidants were more active in bulk lipids than their nonpolar homologs, 

whereas nonpolar antioxidants were more effective in oil-in-water emulsions, 

liposomes or even in tissues.69 Although this theory was supported by many data, not 

all data fit the theory. The hydrophobicity of the compound was not always correlated 

with its antioxidant activity, particularly in cellular systems. Moreover, as mentioned 

above, a nonlinear trend was found in many studies.70, 71 Indeed, a very recent paper 

by Laguerre et al. challenges the original theory of the polar paradox and suggests 

additional theories.68 In this paper, the authors establish a relationship between the 

nonlinear trend and the cut-off phenomenon observed in cell systems and put forward 

three putative mechanisms for the cut-off effect: the “reduced mobility”, 

“internalization” and “self-aggregation” hypotheses. The “reduced mobility” 
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hypothesis is linked to the idea that the mobility of the lipophilic antioxidant 

decreases with the elongation of its alkyl chain, which modifies its ability to both 

move toward the numerous oxidation sites and bind with higher affinity 

phospholipids or hydrophobic proteins inside the bilayer of the plasma membrane. 

The “internalization” hypothesis assumes that the elongation of the chain, from 

medium to long, drives away the antioxidant into emulsion droplet core, where 

antioxidant activity is reduced. Finally, the “self-aggregation” hypothesis speculates 

that the cut-off is due to antioxidant self-aggregation and that long chain phenolipids 

primarily exist as aggregates.68 In addition, we can suppose that the different HTyr-

derived compounds, although more lipophilic, stable and thus with increased 

bioavailability compared to HTyr, once enter the cells, might encounter different 

molecular fates. For example, HTyr esters can be hydrolyzed by cell lipases and 

esterases, thus possibly generating both the parental HTyr, which is largely 

responsible for the observed antioxidant activity, and a novel molecule that might be 

responsible for different activities, which might or might not interfere with those of 

HTyr (Figure 4). On the other hand, HTyr ethers are stable compounds, which can act 

in a similar or different way compared to that of the parental HTyr (Figure 5). In any 

case, on the basis of all the results reported, the above-mentioned HTyr derivatives 

maintain the antioxidant activity of their parental compound that, in some cases, is 

also slightly but significantly higher than that of HTyr.  
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Figure 4. Effects on antioxidant activity of HTyr esters. 

 

 

Figure 5. Effects on antioxidant activity of HTyr ethers. 
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2.2 Anti-proliferative and apoptotic activities. As stated by Hanahan and Weinberg, 

among the hallmarks of cancer, uncontrolled proliferation and the resistance to 

apoptosis represent the distinctive and complementary capabilities that enable tumor 

growth and metastatic dissemination.72 In fact, as the balance between cellular 

proliferation and apoptosis is crucial for normal development and tissue size 

homeostasis in the adult organism, the deregulation of this balance can lead to 

tumorigenesis and sustain cancer growth. Cellular proliferation is the ability of cells 

to go through the different phases of cell cycle. Progression in the cell cycle is strictly 

regulated by heterodimers formed by cyclin-dependent kinases (CDKs) and their 

regulatory partner proteins, the cyclins, and by the CDK inhibitors (CDKIs). 

Intensive research has identified the use of CDKIs, which are capable of arresting 

proliferation and inducing apoptosis in neoplastic cells, as a promising strategy for 

cancer treatment. One CDKI is p21 (CIP1/WAF1) that, when overexpressed, leads to 

G1 and G2 or S-phase arrest. Moreover, p21 appears to have a dual role in that, 

although it was identified as a CDKI and originally considered as a cell context-

specific negative regulator of the cell cycle and tumor suppressor, it can also act as an 

oncogene and promote tumorigenesis by inducing cell migration and proliferation.73 

In addition to controlled proliferation, programmed cell death by apoptosis is an 

extremely important preventive mechanism against cancer and it interferes with the 

transformation of a normal cell into a malignant cell. The apoptotic machinery is 

composed of both upstream and downstream effector components that induce the 
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“apoptotic trigger”, which is controlled by pro- and anti-apoptotic members of the 

Bcl-2 family proteins.74 In this scenario, up- or down-regulation of BH3-only proteins 

(Bcl-2 family proteins, effectors of canonical mitochondrial apoptosis) by damage 

signals may result in cell survival or death. Tumor cells have evolved a variety of 

strategies to limit apoptosis, such as the increased expression of survival proteins 

(Bcl-2, Bcl-xL) the decreased expression of BH3-only proteins and the inhibition of 

Bak and Bax, pro-apoptotic proteins that are required for mitochondrial outer 

membrane permeation.  

In the last few years, a number of studies have investigated the anti-proliferative 

and apoptotic activities exerted by some HTyr-derived compounds and compared 

their activity to that of HTyr. In 2011, Bernini et al. showed that the novel ester 31 

was able to induce a more potent cell growth inhibition than HTyr at all doses used 

(100, 150 and 300 µM) in the HT-29 human colorectal adenocarcinoma cell line.52 In 

fact, 150 µM compound 31 treatment inhibited cancer cell growth by 69.9%, which 

was similar to HTyr at 300 µM; HTyr at 150 µM inhibited growth by 37.5%. 

Moreover, according to results obtained with HTyr, it was suggested that the 

antiproliferative effect exerted by compound 31 was due to the induction of cell cycle 

arrest in the G2/M phase.52  

Then, Mateos et al. investigated the anticancer activity of HTyr acetate 1 in CaCo-

2/TC7 human colon adenocarcinoma cells, analyzing both the proliferative response 

and the expression of genes related to the cell cycle and apoptosis. After having 

established that both HTyr and HTyr acetate 1 were not toxic for CaCo-2/TC7 cells at 
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concentrations of up to 50 µM, they found that significant (20%) cell growth 

inhibition could be obtained with 5 µM HTyr acetate 1 and it reached the half 

maximal inhibitory concentration (IC50) at 32 µM.75 The inhibition of cell 

proliferation correlated with the inhibition of cell cycle progression. At 

concentrations of up to 50 µM, HTyr acetate 1 provoked an arrest in S phase, while, 

at higher doses (100 and 200 µM), the arrest was in G0/G1 phase. The up-regulation 

of cyclin p21 and cyclin G2 and the reduction of cyclin B1 confirmed the ability of 

this compound to interfere with cell cycle progression. Moreover, by using HTyr 

acetate 1 at 50 µM, the antiproliferative effect could be associated with apoptotic 

activity, as indicated by the up-regulation of pro-apoptotic proteins such as BNIP3, 

BNIP3L (mitochondrial proteins that induce apoptosis when transiently 

overexpressed), PDCD4 (Programmed Cell Death 4), ATF3 (Activating 

Transcription Factor 3), and caspase-3.76
  

Finally, Burattini et al. analyzed the effect of HTyr and HTyr laurate 8 on the 

viability of the U937 human myelomonocytic cell line and murine C2C12 

myoblasts.77 The authors showed that 20 μM HTyr and 5 μM HTyr laurate 8 did not 

influence cell viability as measured by the trypan blue exclusion assay. However, 

when the authors analyzed the effect of HTyr and HTyr laurate 8 in H2O2-induced 

apoptosis, pretreatment with 20 μM HTyr and 5 μM HTyr laurate 8 resulted in a 

strong anti-apoptotic activity. In addition, ultrastructural analysis suggested that not 

only apoptotic but also autophagic cell death could be inhibited by HTyr or HTyr 

laurate 8 because the autophagic vacuoles that appeared in C2C12 cells undergoing 
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H2O2-induced cell death were no longer detectable. This observation deserves further 

study because autophagy, a form of cell defense under stress conditions, may 

represent an alternative cell death pathway that is triggered by the use of these 

compounds in cancer therapy.77 These three studies on HTyr ester derivatives 

highlight the capability of these different compounds to exert antiproliferative activity 

in different cell systems (Figure 6). Moreover, in all three systems, the 

antiproliferative effect induced by the three HTyr esters is higher than the parental 

HTyr. However, a larger number of studies are needed to i) confirm their activity; ii) 

analyze whether the chain length influences the antiproliferative function, similar to 

the antioxidant activity; and iii) investigate the molecular mechanisms underlying the 

antiproliferative activity.  

Recently, studies on the anticancer activity of some HTyr ethers have been performed 

by Pereira-Caro et al. 66,78 and Calderón-Montaño et al.79 In 2011, Pereira-Caro et al. 

showed that physiological concentrations (0.5-10 µΜ) of HTyr methyl 74, ethyl 75, 

propyl 76 and butyl 77 ethers did not influence the viability and proliferation of the 

HepG2 human hepatoma cell line.66 However, differences in cell viability became 

evident at concentrations of up to 200 µM of the HTyr methyl 74, 100 µM of HTyr 

ethyl 75, 50 µM of HTyr propyl 76 and 20 µM HTyr of butyl 77 ethers. A significant 

arrest of HepG2 cell growth was observed when cells were treated with 200 µM 

HTyr methyl 74, ethyl 75 and propyl 76 ethers, whereas HTyr butyl ether 77 

significantly inhibited cell proliferation at 50 µM. These results highlight that alkyl 

HTyr ethers have an antiproliferative effect, whose efficacy increases with the 
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elongation of the alkyl chain. However, in this study, the antiproliferative effect was 

compared among the four ethers but not to HTyr. In a more recent work, Pereira-Caro 

et al. studied the anticancer activity of the HTyr ethyl ether 75 in CaCo-2/TC7 human 

colon adenocarcinoma cells by analyzing the proliferative response and the 

expression of genes related to the cell cycle and apoptosis.78 A wide transcriptome 

analysis of gene expression induced by HTyr and his HTyr ethyl ether derivative 75 

was performed by microarray analysis and validated by RT-PCR analysis, and it 

highlighted that 10 µM HTyr and 5 µM HTyr ethyl ether 75 caused a significant up-

regulation of cyclin G2 (CCNG2) and cyclin p21 as well as a down-regulation of 

cyclin B1 (CCNB1). The interference with cell cycle progression was more 

extensively investigated by analyzing the cell cycle distribution. The analysis showed 

that both HTyr and HTyr ethyl ether 75, at doses ranging from 50 to 200 µM, 

inhibited cell cycle progression by blocking cells at the G0/G1 phase. Apoptosis was 

induced by both compounds, as demonstrated by activation of caspase-3.78 In this 

work, the advantage of using HTyr ethyl ether 75 versus the parental HTyr is 

highlighted well, and data on both proliferation and apoptosis are well supported.  

An interesting study was performed by Calderón-Montaño and coworkers, who 

investigated the cytotoxic activity of a panel of HTyr alkyl ether derivatives towards 

the A549 human lung cancer cell line and the MRC5 non-malignant lung fibroblast 

cell line.79 HTyr alkyl ethers 75, 77, 78-82 differed in the lengths of their side chains 

(ethyl, butyl, hexyl, octyl, decyl, dodecyl and hexadecyl) and the doses needed to 

detect their activity. HTyr had activity at up to 1000 µM; ethyl 75, butyl 77, hexyl 78 
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at up to 320 µM; octyl 79, decyl 80, dodecyl 81 at up to 100 µM and hexadecyl 82 at 

up to 32 µM. All alkyl HTyr ethers were more cytotoxic than HTyr towards both the 

malignant and non-malignant cell lines, and a higher selective cytotoxic activity was 

observed for the A549 cancer cells compared with the MRC5 non-malignant cells. 

However, although HTyr hexadecyl ether 82 was the most cytotoxic for A549 cells, 

HTyr dodecyl ether 81 was the most selective, with an IC50 value for A549 cells 2.46-

fold lower than that for the MRC5 cells (20 µM versus 49 µM, respectively). 

Furthermore, the authors showed that the combination of HTyr dodecyl ether 81 (10 

µM) with the anticancer drug 5-fluorouracil (10 µM) induced a synergistic 

cytotoxicity in A549 cells but not in MRC5 cells. To further verify the selective 

cytotoxic activity of the HTyr dodecyl ether 81, the authors used another 

experimental model, the MCF7 human breast cancer cell line and MCF10 normal 

breast epithelial cells. The results confirmed that the HTyr dodecyl ether 81 (1-30 

µM) exerted a more potent and selective cytotoxic activity than HTyr, displaying a 

marked selective cytotoxicity for breast cancer cells compared with normal breast 

cells. This study also showed a linear correlation between the lipophilicity of the 

compounds and the cytotoxicity towards cancer cells. In fact, although the authors 

indicate that HTyr dodecyl ether 81 is the most efficient in inducing selective 

cytotoxicity in cancer cells, the HTyr ether with a longer alkyl chain, HTyr hexadecyl 

ether 82, is more cytotoxic. This means that the antiproliferative activity is not related 

to the antioxidant function. Moreover, the use of low doses of HTyr ethers has the 

advantage of protecting the cell from oxidative stress-induced damage without 
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interfering with cancer cell proliferation, while the use of high doses can inhibit cell 

proliferation and induce cell death (Figure 7).66, 77 
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Figure 6. Effects on proliferative and apoptotic activities of HTyr esters. 
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Figure 7. Effects on proliferative and apoptotic activities of HTyr ethers. 

 

Finally, Sepporta et al. compared the anti-proliferative and pro-apoptotic activities of 

three thioderivatives of HTyr 86-88 in the HL60 human promyelocytic leukemia cell 

line and its multidrug-resistant HL60R variant.56 All of the new compounds were 

more efficient than HTyr in inducing apoptosis in HL60R cells, and HTyr disulfide 

88 was the one that triggered both apoptosis and necrosis in HL60 and HL60R cells. 

Indeed, apoptosis induced by 25 µM HTyr disulfide 88 was 6- and 3-fold higher than 

HTyr in HL60 and HL60R cells, respectively. The authors did not study the 

mechanisms underlying the induction of apoptosis by these compounds. However, 

they suggested that the mechanism was different from that of HTyr because all 

thioderivatives 86-88 did not induce H2O2 release in the culture medium, in contrast 

to HTyr. Although specific investigations are needed to characterize the molecular 
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mechanisms underlying HTyr disulfide activity, these results suggest a possible way 

forward for the development of new strategies to overcome the chemo-resistance of 

tumor cells. 

 

2.3 Anti-inflammatory activity. The immune system is considered a “double-edge 

sword” for cancer. It protects the host by destroying tumor cells through 

immunosurveillance, and yet, paradoxically, it promotes and sustains cancer through 

different mechanisms, including the development of pro-tumorigenic immune 

responses.80 Inflammation is a critical component of pro-tumorigenic immune 

responses by contributing to all of the carcinogenic steps, including cancer initiation 

(through innate immune cell-mediated oxidative cell damage), promotion (through 

induction of cell proliferation), and progression (through promotion of neo-

angiogenesis and metastasis), as well as by suppressing anti-tumor 

immunosurveillance.81 The pro-tumorigenic inflammatory responses contribute 

several components of the immune system, including platelets and macrophages. 

Emerging evidence demonstrates that platelets, beyond playing a role in homeostasis 

and thrombosis, also function as immune and inflammatory effector cells.82
 Indeed, 

platelets play a central role in inflammation through either their direct interaction 

with leukocytes and endothelial cells or the release of many inflammatory mediators, 

including lipids such as thromboxane (TX) A2 (as the result of the activity of 

cyclooxygenase (COX)-1) and proteins such as a wide number of angiogenic and 

growth factors. Thus, in some contexts, platelet-mediated functions are protective 
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immune reactions, whereas in others, they contribute to adverse inflammatory 

outcomes. Enhanced platelet activation has been detected in cardiovascular diseases 

as well as in pro-tumorigenic inflammation and tumorigenesis in response to 

epithelial and endothelial injury. As immune cells, platelets are a component of the 

tumor microenvironment, and evidence is emerging on their important function in the 

mechanisms involved in all steps of carcinogenesis (including tumor growth, 

angiogenesis, metastasis) as well as in the modulation of tumor therapy.83 Among the 

manifold mechanisms triggered by platelets, a key mechanism to trigger the complex 

biological cascade of molecular and cellular signals that mediate inflammation and 

promote all steps of cancerogenesis is their capacity to synthesize and release TXA2 

(via the concurrent activity of COX-1 and TXA synthase) and to promote the 

persistent and aberrant expression of the cytokine-inducible COX-2-dependent 

prostanoids (mainly prostaglandin (PG) E2) in endothelial cells, inflammatory 

leukocytes (e.g., monocytes), stromal cells and tumor cells.84 In addition, 

retrospective analyses of randomized studies designed to assess the effect of the 

antiplatelet drug aspirin on cardiovascular events strongly suggest that the intake of 

long-term low-dose aspirin is associated with both decreased incidence of all cancers 

and the mortality in adenocarcinomas.85,86 Although the exact mechanism for the 

anticancer effect of aspirin remains unknown, the efficacy of low-dose aspirin in the 

prevention of either vascular occlusion or cancer highlights its important role in the 

complete irreversible inhibition of the platelet COX-1 pathway, in particular TXA2 

biosynthesis,87 while causing a limited and rapidly reversible inhibitory effect on 
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COX-2 expression in nucleated cells (such as macrophages, endothelial and cancer 

cells).88 However, in contrast to its beneficial effects, long-term low-dose aspirin 

intake is also associated with a significant risk of bleeding.89 Evidence from 

experimental and clinical studies indicates that, during inflammation, another 

population of inflammatory cells, such as monocytes and macrophages, can produce 

many mediators contributing to cancer initiation, promotion, progression and 

metastasis.90 The transcription factor NF-kB is one of the master regulators of the 

inflammatory response in macrophages, inducing the expression of genes encoding 

key pro-tumorigenic inflammatory mediators, including prostanoids, such as TXA2 

(as the result of the COX-1 activity) and PGE2 (as the result of PGH synthase 

isoforms, constitutive COX-1 and the mostly inducible COX-2 enzyme activities), as 

well as cytokines such as tumor necrosis factor (TNF)-α. Based on these 

observations, the inhibition of pro-tumorigenic inflammation by anti-platelet and 

anti-inflammatory agents represents an attractive novel approach in the fight against 

cancer. 

The majority of the studies on the anti-inflammatory activity mediated by HTyr-

derived compounds have been focused on their effects on the physiopathological 

mechanisms of cardiovascular diseases, in particular on their capability to inhibit the 

function of platelets and other inflammatory cells involved in the development of 

atherosclerosis and atherothrombosis.91
 Indeed, the effects investigated included the 

inhibition of platelet aggregation and the stimulation of nitric oxide (NO) production, 

as well as the inhibition of oxidation and macrophage-mediated inflammation. In 
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2003, Togna et al. examined the in vitro antiplatelet activity of scalar doses (from 1 to 

100 µmol/L) of two hydroxyl-isochromans, 1-phenyl-6,7-dihydroxy-isochroman 101 

and 1-(3’-methoxy-4’-hydroxy-phenyl)-6,7-dihydroxy-isochroman 102, in human 

derived platelet-rich plasma (PRP).92 Both compounds inhibited arachidonic acid- 

and collagen-induced platelet aggregation in a dose-dependent manner, starting from 

a concentration of 1 µmol/L, with complete inhibition at concentrations ranging 

between 10 and 20 µmol/L. Moreover, inhibition of platelet aggregation paralleled 

the inhibition of TXA2 production by platelets. In contrast, neither isochroman 

affected platelet reactivity to ADP at doses up to 30 µmol/L. These data may indicate 

a contribution of the radical-scavenging activity of these compounds in the 

antiplatelet effects because ROS production has been reported to be more important 

during the initial phases of arachidonic acid- and collagen-induced platelet activation 

than the other agonists, such as ADP.93 Moreover, isochromans 101 and 102 also 

inhibited arachidonic acid mobilization from platelet membrane phospholipids that 

were induced by thrombin and to a greater degree by collagen, suggesting a direct 

inhibition of phospholipase A2 (PLA2) by these isochromans. Because thrombin 

induces arachidonic acid mobilization by directly stimulating PLA2 without ROS 

production (unlike collagen),94 the greater level of collagen-induced inhibition may 

be the result of an additional indirect effect of the compounds on PLA2 that is 

mediated by their scavenging activity. Based on the data reported in the literature, 

isochromans 101 and 102 appeared to be more active than HTyr in inhibiting 

collagen-induced platelet aggregation, and less active in modifying the platelet 
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response to ADP. In fact, previous studies reported a 50% IC50 on collagen-induced 

platelet aggregation and ADP by 67 µmol/L and 27 µmol/L of HTyr, respectively, 

and a complete inhibition of collagen-induced aggregation by 400 µmol/L of HTyr.95 

Interestingly, the differences in the interference of platelet activity between 

isochromans 101 and 102 vs HTyr did not seem to be dependent on the higher 

antioxidant power of these compounds because both HTyr derivatives exerted lower 

radical scavenging activity than HTyr. More recently, the anti-inflammatory activity 

of the 1-phenyl-6,7-dihydroxy-isochroman 101 was also investigated in vitro on 

lipopolysaccharide (LPS)-stimulated human peripheral blood-derived adherent 

monocytes.96
 Compound 101 significantly inhibited the production of prostanoids, 

such as monocyte-derived TXA2 and PGE2, starting at concentrations of 1 and 10 

µM, respectively. Because pre-treatment of monocytes with aspirin (inhibitor of 

COX-1 activity) did not significantly interfere with inhibition of prostanoid 

production, even at the lowest concentration assayed (1 µM), the authors suggested 

that the isochroman 101-mediated inhibition was primarily due to its inhibitory effect 

on COX-2 activity. Moreover, isochroman 101 significantly decreased LPS-induced 

COX-2 and NF-kB protein expression at 100 µM. Therefore, because the inhibitory 

effect on COX-2-mediated prostanoid release was recorded even at 1 µM, while 

COX-2 expression was significantly reduced only at 100 µM, the effect of 

isochroman 101 appeared to be primarily dependent on the direct inhibition of COX-

2 enzyme activity rather than the inhibition of COX-2 protein expression by 

suppressing the NF-kB signal transduction pathway. Furthermore, 0.5, 10 and 100 
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µM isochroman 101 treatment decreased TNFα production by activated monocytes 

by approximately 30, 60 and 80%, respectively. On the basis of the data reported in 

the literature, isochroman 101 appears to be more active than HTyr in inhibiting the 

pro-tumorigenic COX-2-PGE2 pathway and TNFα production, in that HTyr-

mediated inhibition was only observed at doses ranging from 50 to 100 µM.97 

Encouraging results have also been obtained from the evaluation of the anti-

inflammatory activity of lipophilic HTyr acyl esters such as HTyr acetate 1. 

Interestingly, the HTyr acetate 1 effects on platelet function were compared not only 

to HTyr but also to acetylsalicylic acid (ASA), in in vitro and in vivo experimental 

models.98,99 González-Correa et al. showed that 1 to 1000 µM doses of HTyr acetate 

1, HTyr and ASA dose-dependently inhibited platelet aggregation induced by 

arachidonic acid, collagen and ADP in whole blood and in isolated platelets (PRP).98 

However, HTyr acetate 1 and ASA had a greater anti-aggregating effect than HTyr in 

whole blood, and their inhibitory activities were observed at ≤10 µM, whereas HTyr 

inhibition was found at doses ranging from 100 to 1000 µM. In collagen- or ADP-

induced PRP, there were no significant differences between the three compounds, but 

when arachidonic acid was used as the inducer, the effect of HTyr acetate 1 or ASA 

was stronger than HTyr. Moreover, in collagen-induced PRP that was incubated with 

erythrocytes, the antiaggregating effects of HTyr, HTyr acetate 1 and ASA were not 

significantly different from PRP alone. However, in collagen-induced PRP that was 

incubated with leucocytes, the antiaggregating effect of HTyr acetate 1 and ASA 

(unlike HTyr) increased in comparison to the effect in PRP alone. These results, 
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together with the different antiaggregating effects exerted by the three compounds in 

whole blood vs PRP, may be due to enhanced NO production by neutrophils, as it has 

been reported for aspirin.100 Of note, in all of the experiments, the profile of platelet 

aggregation inhibition by HTyr acetate 1 was similar to ASA. Therefore, the authors 

further investigated the antiaggregating activity of HTyr and HTyr acetate 1 in 

relation to the mechanism of ASA, which consists of inhibiting TXA2 synthesis by 

platelets and enhancing NO production by leukocytes.100 All of the compounds 

inhibited platelet production of TXA2 in a concentration-dependent manner, but HTyr 

acetate 1 and ASA had a stronger inhibitory activity than HTyr. Moreover, HTyr 

acetate 1 and ASA exerted their inhibitory effect at ≤10 µM, whereas HTyr inhibited 

at doses ranging from 100 to 1000 µM. All three compounds stimulated calcium-

induced NO production in whole blood in a concentration-dependent manner, but the 

effect of HTyr, even at 1000 µM, was significantly weaker than HTyr acetate 1 and 

ASA. Therefore, the authors proposed that HTyr acetate 1 exerts a greater 

antiaggregating effect because, in contrast to HTyr (whose antiplatelet activity 

primarily relies on TXA2 synthesis inhibition) and similar to ASA, it acts both by 

inhibiting TXA2 synthesis and by enhancing NO production. In addition, all three 

compounds inhibited the production of TNFα by LPS-stimulated leucocytes, with no 

significant differences between them. The analysis of the antioxidant effect by these 

compounds showed that the production of 3-nitrotyrosine (an indicator of 

peroxynitrite production) was inhibited only at 1000 µM, a concentration greater than 

that used to inhibit platelet function. This result indicates that HTyr acetate 1 does not 
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exert higher antioxidant activity than HTyr and that the antioxidant effect of these 

compounds does not have a direct relationship with their antiplatelet effect. In 

conclusion, HTyr acetate 1 exerts an anti-platelet aggregation effect that is greater 

than HTyr and similar to ASA. The latter observation is potentially very important 

because ASA is widely used to prevent cardiovascular diseases and cancer. 

Interestingly, the effect of HTyr acetate 1 on platelet aggregation was also 

investigated in vivo by oral administration (7 days) of this compound in healthy rats, 

and its activity was compared with that of HTyr and ASA.76 The authors showed that 

HTyr, HTyr acetate 1 and ASA dose-dependently inhibited collagen-induced platelet 

aggregation in whole blood. By extrapolating the dose of each compound that 

inhibited platelet aggregation by 50% (ID50) of that in the control group, the 

resulting ID50 values were 16.05 mg/kg per day for HTyr acetate 1, 48.25 mg/kg per 

day for HTyr, and 2.42 mg/kg per day for ASA, showing that the antiplatelet 

aggregating effect of HTyr acetate 1 was stronger than that of HTyr. In addition, the 

investigation of the antiaggregating activity of HTyr and HTyr acetate 1 in relation to 

the ASA mechanism showed that all compounds inhibited TXA2 synthesis. However, 

the activity mediated by HTyr and HTyr acetate 1 was weaker than ASA, and the 

effect induced by HTyr acetate 1 was only slightly stronger (37%) than HTyr (30%). 

Therefore, in contrast to ASA, TXA2 inhibition by HTyr and HTyr acetate 1 did not 

parallel the platelet aggregation inhibition, raising the possibility that an additional 

mechanism was involved in the antiaggregating ability of these two polyphenols. The 

analysis of vascular NO production by HTyr and HTyr acetate 1 showed an 
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enhancement of NO production, and the effect induced by HTyr acetate 1 was 

significantly stronger (66%) than HTyr (34.2%) and comparable to ASA (64%). In 

conclusion, these data indicate that HTyr acetate 1 is able to inhibit platelet 

aggregation in vivo, and its effect is stronger than that of HTyr. Moreover, the 

mechanisms underlying this effect may primarily include an increase in NO 

production and, to a lesser extent, a decrease in thromboxane synthesis. Although all 

of these in vivo results should be taken with caution because of the differences in the 

doses and pharmacokinetics of HTyr between rats and humans, they open new 

perspectives toward the potential use of HTyr acetate 1 as an alternative to ASA in 

the prevention of both arterial thrombotic events and tumors. More recently, HTyr 

acetate 1 has also been investigated for its anti-inflammatory activity both on murine 

macrophages 101 and in dextran sulfate sodium (DSS)-induced acute colitis in mice.102 

HTyr acetate 1 (50 and 100 µM) has been shown to inhibit COX-2 protein expression 

and NF-kB activation both in murine LPS-stimulated peritoneal macrophages and in 

an experimental model of inflammatory bowel disease associated with colon cancer, 

exerting thus a significant anti-inflammatory activity that might be exploited for the 

development of new strategies for the prevention of pro-tumorigenic inflammatory 

diseases. 

Similar investigations to those mentioned above have been performed using five alkyl 

HTyr ether derivatives (ethyl 75, hexyl 78, octyl 79, dodecyl 81 and hexadecyl 82) in 

in vitro and in vivo experimental models, and the effects were compared with those of 

HTyr.103,104
 Reyes at al. showed that all five HTyr alkyl ethers, at doses ranging from 

Page 47 of 77

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

1 to 1000 µM, significantly and dose-dependently inhibited platelet aggregation by 

arachidonic acid and collagen, and, to a lesser extent, by ADP in human whole blood 

in vitro.103 However, at 10 µM, some HTyr alkyl ethers exerted a greater 

antiaggregating effect than HTyr, depending on the carbon chain length. The 

inhibitory effect was biphasic, it increased from two to six carbons and it decreased 

from eight to twelve carbons. The comparison of the antiaggregating effect of HTyr 

hexyl ether 78 (IC50 in the 10-7-10-6 M range) with the previously mentioned HTyr 

acetate 1 (IC50 in the 10-5 M range) shows that the inhibitory effect of HTyr hexyl 

ether 78 is stronger. Moreover, all HTyr ether derivatives could inhibit TXA2 

production in a concentration-dependent manner, but the effect was evident only at 

100 µM for all compounds, and no quantitative significant difference was found 

between the compounds, indicating that the main mechanism of action of these 

compounds does not rely on this activity. On the other hand, HTyr alkyl ethers 

increased calcium-induced NO production in LPS-stimulated leukocytes in a 

concentration-dependent manner, suggesting that increased NO production may be 

one of the mechanisms underlying the inhibition of platelet function by these 

compounds. Again, the HTyr hexyl ether 78 showed a greater effect than HTyr. In 

addition, the investigation of the modulation of three biochemical pathways of tissue 

inflammation (including COX-2, inducible NO synthase (iNOS) and interleukin (IL)-

1β production), showed that HTyr alkyl ether derivatives (mainly ethyl, butyl and 

hexyl derivatives 74, 76 and 78) suppress the production of LPS-induced 

inflammatory mediators, such as the COX-2-PGE2 pathway, iNOS and IL-1 β, in 
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whole blood, and their inhibitory effects were greater than those of HTyr. The effects 

of the five alkyl (ethyl 74, butyl 76, hexyl 78, octyl 79 and dodecyl 81) HTyr ether 

derivatives on platelet aggregation and TXA2 production has also been investigated in 

vivo by oral administration (7 days) of these compounds or HTyr in healthy rats.104
 

All five compounds dose-dependently inhibited collagen-induced platelet aggregation 

and TXA2 production in whole blood. As for the in vitro studies, both inhibitory 

effects were non-linear in relation to the length of the carbon chain, in that 

compounds with four or six carbons had an increasing effect, whereas those with 

eight or twelve carbons had a decreasing effect. After the administration of 20 

mg/kg/day of each compound, the greatest inhibitory effects were observed with the 

hexyl derivative 78 (58.7% inhibition for both parameters with respect to the control 

group). Comparing the results for TXA2 production in vitro and ex vivo, the authors 

found that the butyl 76 and hexyl 78 derivatives, which had no effect in vitro, 

inhibited thromboxane production in whole blood. Moreover, calcium-induced NO 

synthesis by thoracic aorta was significantly increased by the hexyl ether derivative 

78. These findings suggest that the anti-platelet effect by HTyr ethers is a 

consequence of their ability to both inhibit thromboxane synthesis and enhance NO 

production. The investigation of their anti-oxidant activity showed that the plasma 

lipid peroxide concentration was significantly reduced after the administration of 20 

mg/kg/day of the butyl 77, hexyl 78, octyl 79 and dodecyl 81 ether derivatives. As 

before, there was a non-linear inhibitory effect depending on the length of the carbon 

chain and inhibition was greatest with the hexyl ether derivative 78 (84.7% at 20 
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mg/kg/day). Furthermore, the GSH concentrations in red blood cells were increased 

in animals treated with 20 mg/kg/day of the hexyl 78, octyl 79 and dodecyl 81 

derivatives. These findings confirmed a decrease in the plasma concentration of lipid 

peroxides, as well as an increase in the concentration of GSH. Consistent with other 

observations, the non-linear effect with the lower dose (20 mg/kg/day) was maximal 

for the hexyl derivative 78 (cut-off effect). Taken together, the present findings 

suggest that the hexyl HTyr derivative 78 has the most favorable anti-platelet effect 

among all compounds tested. Thus, these results suggest that the cut-off theory 

recently developed by Laguerre et al., in which the critical chain length for HTyr 

lipophilized derivatives (alkyl esters) is 7±4 carbons,70 may also be relevant for the 

antiplatelet activity exerted by HTyr alkyl ether derivatives. 

All of these data indicate that the HTyr-derived compounds can be more effective 

than HTyr in inhibiting platelet function. Moreover, the mechanism underlying this 

activity seems to be independent of the antioxidant activity exerted by these 

compounds because most of them do not exert higher antioxidant activity than HTyr 

(Figures 8 and 9).  
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Figure 8.  Effects on pro-tumorigenic inflammatory activity of HTyr esters. 
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Figure 9. Effects on pro-tumorigenic inflammatory activity of HTyr ethers. 

 

It appears that the enhanced anti-platelet aggregation activity may include an increase 

in NO production by leukocytes and endothelial cells associated with a decrease in 

thromboxane synthesis by platelets, whereas HTyr acts mainly on the inhibition of 

TXA2 production. These data suggest that different mechanisms of action are 

involved. In addition, HTyr derivatives appear more effective than HTyr in inhibiting 

monocyte/macrophage pro-tumorigenic inflammatory functions. The fact that the 

isochroman 101 seems more effective than HTyr in inhibiting key inflammatory 

mediators produced by human monocytes, such as TNFα and the COX-2-PGE2 

pathway, is very important because TNFα acting on tumor and stromal cells is a 

major mediator of cancer-related inflammation. In contrast, PGE2 exerts pleiotropic 

effects on tumors, such as the promotion of tumor cell proliferation/survival and 

metastasis, the orchestration of neo-angiogenesis and the induction of 

immunosuppression. Together, these considerations suggest that isochroman 101 may 

play a central role in the suppression of tumorigenesis by inhibiting TNFα production 

as well as the COX-2-PGE2 pathway in macrophages. TNFα is now considered a 

therapeutic target in cancer treatment, and TNFα antagonists have been shown to 

exert therapeutic activity in Phase I and II clinical cancer trials.105 Moreover, recent 

studies have been devoted to the development of new molecules that are inhibitors of 

COX-2 enzymatic activity.106 Therefore, the inhibition of TNFα production and 

COX-2 activity by isochroman 101 may represent an alternative antitumor molecular 
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approach. 

 

CONCLUSIONS  

An explosion in the research into the synthesis of HTyr-derived compounds has 

occurred during the last few years. In particular, many studies have been performed 

to synthesize HTyr derivatives and analogs with a more lipophilic character than 

HTyr to increase their bioavailability, as well as in joining HTyr to another 

biologically active compound to enhance the beneficial health properties of the final 

compound. Thus, the search for novel HTyr-derived compounds is a fruitful field for 

organic chemists. The bioavailability and a certain number of biological properties of 

the different classes of HTyr derivatives have been demonstrated, and it has been 

established that some HTyr-derived compounds may be also largely more effective 

than parental HTyr, especially for their anti-proliferative and anti-inflammatory 

functions. However, most experimental designs lack experimental procedures that 

allow an in-depth evaluation of the relationship between the chemical structure 

variations and the modulation of biological responses. We think that future 

investigations would be focused on the analysis of the biological properties exerted 

not only by the final HTyr derivative compound, but also by its individual molecular 

components. This should also allow to better understand the interactions of HTyr 

derivatives with intracellular molecular targets and thus to develop more effective 

strategies for the synthesis of HTyr-derived compounds with enhanced beneficial 

health properties. 
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The studies mentioned above indicate that the introduction of a lipophilic chain in 

HTyr can increase its bioavailability and its stability to oxygen and air.107 Therefore, 

considering the potential greater stability of some HTyr-derived compounds 

compared with HTyr, the use of these molecules is more attractive from a 

pharmacological point of view. However, based on the literature data and as 

discussed above, we can assume that the reported HTyr-derived compounds exert an 

almost equal or slightly higher antioxidant activity than the parental HTyr. Therefore, 

in terms of protection from oxidative damage, they exert almost the same effects as 

HTyr on cancer prevention and therapy.15
 Indeed, these compounds are able to reduce 

ROS generation, DNA damage, and lipid peroxidation in cellular models and, like 

HTyr, are potentially effective in cancer prevention. However, as reported by our 

group and others,15,63 the use of antioxidants needs to be carefully evaluated in cancer 

therapy because the cytotoxic efficacy of several antineoplastic drugs currently used 

for cancer chemotherapy is based on the induction of high oxidative stress levels in 

cancer cells. 

With regard to the anti-proliferative and apoptotic properties of the HTyr-derived 

compounds, we can conclude that all of the above-mentioned derivatives (such as 

esters, ethers and thioderivatives) exert higher anti-proliferative and pro-apoptotic 

activity than the parental compound; for this reason, they deserve further 

investigation. However, there are still a only a few studies in the literature, and these 

studies are not comparable to each other because they use different experimental 

systems. Therefore, it should be interesting to perform studies investigating a certain 
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number of HTyr esters with different chain lengths for their proliferative activity both 

on cancer cell lines and on their related non-malignant cell types. The information 

that would be obtained is not only useful to know whether the chain length influences 

the antiproliferative and apoptotic activities but also to understand whether the anti-

proliferative and apoptotic functions are linked to the antioxidant activity exerted by 

these compounds. As mentioned before, the antioxidant activity of HTyr esters with 

C2-C18 fatty acids in L6 cells showed a sharp drop for long-chain esters (C12-

C18).65 Moreover, the results obtained with HTyr ethers showed that the cut-off 

effect observed in the studies on their antioxidant activity did not correlate with their 

antiproliferative function. In fact, Guerrero et al. reported that higher antioxidant 

effects were observed with a chain length in the range of C4-C8,67 whereas Calderon-

Montano et al. showed that the highest cytotoxic activity was exerted by the 

hexadecyl ether 82.79 These studies have been performed in different cell systems and 

this may be the reason of these discrepancies.  

Concerning the anti-inflammatory activity exerted by HTyr-derived compounds, we 

can consider that all of the derivatives reported here, but some ethers, are more 

effective than HTyr in inhibiting both platelet function and monocyte/macrophage 

pro-tumorigenic inflammatory activities in vitro and in vivo. In in vitro studies, all of 

the effects reported require that the HTyr-derived compounds penetrate inside 

inflammatory cells such as platelets and leukocytes. Because good penetration has 

been demonstrated for some of these compounds through the biological membranes 

of some cell types,107 it could be assumed that HTyr-derived compounds also pass the 
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cytoplasmic membranes of inflammatory cells. However, this point has not been 

studied for platelets and leukocytes and it requires specific studies. These studies are 

further needed because, interestingly, in the majority of the cases, the anti-

inflammatory activity of the HTyr-derived compounds does not seem to be dependent 

on their antioxidant activity. These results suggest that the mechanisms underlying 

their anti-inflammatory activity may be different than those underlying oxidative 

damage protection and, ultimately, from those of HTyr. This is a very interesting 

point because, as previously reported by our group and others,15,63 the antioxidant 

activity is not always useful for cancer therapy. Moreover, as mentioned before, we 

can speculate that once HTyr esters enter the cells, they may undergo hydrolysis and 

generate different metabolites that could be responsible for the different activities. 

Considering this hypothesis, we think that it should be interesting to investigate 

whether different metabolites from the different HTyr-derived compounds are 

generated inside the cell and determine which molecular pathways are triggered. In 

contrast, for in vivo studies, we can suppose that HTyr-derived compounds that are 

transferred across the enterocyte monolayer are not metabolized and are expected to 

remain unmodified when they reach the portal blood and, subsequently, the liver. 

However, the pharmacokinetic parameters for the administration of the HTyr 

derivatives remain to be established to postulate the importance of these compounds 

in the treatment of inflammatory related diseases. Finally, all of these in vitro and in 

vivo studies indicate that the synthetic HTyr derivatives may represent potential 

alternatives to natural HTyr as anti-inflammatory compounds. Of note, HTyr acetate 
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1 may be considered as potential alternative to aspirin, which is widely used as an 

anti-platelet aggregation and anti-inflammatory drug to prevent cardiovascular 

disease as well as cancer. 

In conclusion, the findings reported here propose that some HTyr-derived compounds 

are powerful antioxidant, antiproliferative and anti-inflammatory agents, suggesting a 

more effective cancer chemopreventive and chemotherapeutic activity than that 

exerted by the parental HTyr. However, future efforts would be extended to the 

investigation of the direct relationship between chemical structure variations and the 

modulation of different biological properties. Moreover, further in vitro and in vivo 

studies are needed to elucidate the cellular and molecular targets of the HTyr-derived 

compounds clarifying their activities on the suite of the mechanisms that regulate 

tumorigenesis.  

 

ABBREVIATIONS         

ASA  Acetylsalicylic acid 

COX  Cyclooxygenase       

DBU   1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCC   Dicyclohexylcarbodiimide 

DIAD  Diethyl azodicarboxylate 

DMC Dimethyl carbonate 

DMSO Dimethylsulfoxide 

DMP   Dess-Martin periodinane 

Page 57 of 77

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

HTyr   Hydroxytyrosol 

IBX  2-Iodoxybenzoic acid (1-hydroxy-1-oxo-1H-1λ
5-benz[d][1,2]iodoxol-3-

one) 

NO  Nitric oxide 

PG  Prostaglandine 

PLA2  Phospholipase A2 

PRP  Platelet-rich plasma 

PTSA  p-Toluenesulfonic acid 

ROS  Reactive Oxygen Species 

THF   Tetrahydrofuran 

TNF  Tumor necrosis factor 

TX  Thromboxane 
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