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Abstract: Sixteen synthetic linear derivatives geranylphenetsre obtained from phloroglucinol and
orcinol, and cytotoxic activity was evaluatadvitro against cancer cell lines (HT-29, PC-3, MDA-
MB231, DU-145) and one non-tumor cell line, humasrndal fibroblast (HDF). I& values were
determined at concentrations of 0-100 uM of eachpound for 72 h. Compound, 13, 17, 21, 22

and 25, showed cytotoxic activity. To elucidate whethbese compounds reduce cell viability by
inducing apoptosis, cell lines MCF-7, PC-3 and Diiffe treated with each active compound 12, 13, 17,
21, 22 and 25 and were examined after Hoechst 3&3##ing. The compounds?, 13and17 induced
apoptosis in various cancer cell lines, as showmibgiear condensation and/or fragmentation. In
addition, it was found that compound? and 13, induced changes in mitochondrial membrane
permeability in those cancer cell lines. Such iriduc was associated with the depletion of
mitochondrial membrane potential. These activitezbto the cleavage of caspases inducing the cell

death process.



Keywords: cytotoxic activity; cancer cell lines; apoptosis;itanhondrial membrane
permeability; caspase-3 activity; linear geranyhptis.

1. Introduction

Prenylated and polyprenylated 1,4-benzoquinones hydroquinones such as ubiquinones,
plastoquinones, and tocopherols are widespreadaimtgpand animals, in which they play important
roles in electron transport, photosynthesis, andrdi®xidants [1,2]. Prenyl benzoquinones have been
also isolated from brown algae of the order FucdB$], sponges [7-10], alcyonaceans [11],
gorgonaceans [12], and ascidians belonging to énegAplidium [13-18]. These substances present a
terpenoid portion ranging from one to nine isoprengs.

It has been extensively documented that multipléabwdites, obtained from species belonging to
the plant kingdom, have special biological progsrtsuitable for controlling several types of animal
and plant pathogen. For instance, linear geranytmes or geranylhydroquinones, present in higher
plants and in marine urochordates [19], exhibitotytic activity and inhibit larval growth and
development. Some particular compounds such asarygbenzoquinonel], isolated fromAscindian
Synoicum castellatum [20], 2-geranylhydroquinon€e?) isolated from theCordia alliodora tree [21],
Phacelia crenulata [22-24], Aplidium antillense [25] and the tunicat@maroucium multiplicatum [26],
have been related to biological activities inahgdtoxicity, cytotoxicity, antimicrobial, anti-caer
protective and antioxidant effects, among others 3,4@-30]. Additionally, linear
geranylmethoxyphenol/acetates (compouBs see Figure 1), isolated froRhaceliaixodes [25], are
cytotoxic, allergenic and insecticidal, and topiealplication of 100 pg of geranylbenzoquinone on
pupae ofTenebrio caused severe abnormalities and death [31]. Haweamsidering the activity
against phytophagous insects and pathogens regortedmpounds-5 (figure 1)[31] and assuming
the presence of this property in other geranylphanalogs, we have recently reported the synthesis,
structure determination and their effect on myt¢gjrawth of plant pathogeBotrytis cinerea of eight
linear geranylphenols molecules, wherein the comgds@ and 2-geranylphloroglucinob) were the
more active ones, showing an inhibitory effect ba mycelial growth that depends on the applied

concentration [32].



Figure 1. Structure of some active natural and synthetialirgeranylphenols.
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On the other hand, different studies of the stmactactivity relation (SAR) in a series of non

methoxylated and methoxylated prenylated quinonis gide chains containing from one to eight

isoprene units reported that the optimum lengtthefside-chain is two isoprene units and in thepar

position relative to the methoxy-group [28,33]. Aduhally, these authors informed that all tested

quinones (compounds-10, figure 2) have inhibited JB6 Cl41 cell transfotimoa and p53 activity

inducing apoptosis and also the activities of ABAtl NFkB. Additionally, in previous studies we

reported the synthesis and cytotoxic activitiy 2-geranylbenzoquinonel)( and 2-

geranylhydroquinone2j and some geranylmethoxyphenol/acetate analopséfil) [34-35].

Figure 2. Structure of some active synthetic linear geranyiopues.
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Therefore, in this research we report the cytotagtivity of a series of linear geranylphenol,
acetylated and methoxylated derivatives of phlaroigiol (compounds, 11-14 see Figure 3) and
orcinol (compound45-25, see figure 4). These compounds were obtainedalltibnal methodology
[33-37] and by a modification of a previously refgor synthetic method [32]. Compoursland11-25
were evaluatedn vitro against various human cancer cells lines in otdeanalyze the cytotoxic

activity.

Figure 3. Structure of synthetic linear derivatives gerangipbls acetylated and methoxilated of

phloroglucinol.
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Figure 4. Structure of synthetic linear derivatives gerangipbls acetylated and methoxilated of

orcinol.
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2. Results and Discussion

2.1. Chemical

2-geranylphloroglucinolf) and derivatived 1-13 were obtained by a previously reported synthetic

method [32]. While the trimethoxylated derivatitd was obtained by methylation reaction &f



(86.8% yield), in dimethyl sulfateACO; system under reflux conditions in acetone. Thecstire of
14 was mainly established by NMR, where the signaléat3.92 ppm (s, 3H, OC¥l andéH =3.79
ppm (s, 6H, 2 x OCE confirmed the presence of three methoxyl grouaditionally, in the*C
NMR spectrum, the signal 4t = 55.3 ppm was assigned to 2 x OC4thddoc = 54.9 ppm was assigned
to the third methoxy group.

Compoundsl5 and16 were previously synthesized by means of Electi@pAromatic Substitutions
reactions, catalyzed by mineral acids, such asofrgeaction with geraniol in aqueous formic acid
solutions [38], condensation reaction of gerania arcinol in methylene chloride in the presence of
p-toluenesulfonic acid [39]. However, the yieldsabed with these methodologies were low (2-18%
yield). Subsequently we report the preparationaofijgoundsl5 and16 from orcinol and geraniol with
27.6% and 12.6% vyields respectively, using Lewigd dBF;Et,O) as catalyst in dioxane [36].
Recently, our research group reported a new syistikesompound45 and16 with identical yields,

by direct geranylation reaction between orcinol gachniol, using BFOE#®L as catalyst and AgN{as
secondary catalyst but using acetonitrile instdadiaxane as solvent. Additionally in this reactite
compoundsl?7 and 18 were obtained with 6.1% and 9.9 % vyields respebtiy40]. Subsequently
derivatives19-22 were obtained by standard acetylation reaction@QACH,Cl,/DMAP) from phenols
15-18respectively [40].

On the other hand the methoxylated compouR825 were obtained by methylation reaction (in
dimethyl sulfate/KCO; system under reflux conditions in acetone) frbn 16 and 18, with 80.1%,
78.7% and 78.1% yield respectively.

The structure o23-25was mainly established by NMR. For compo@siin the’H NMR spectrum
the signals a#+ =3.81 ppm (s, 3H, OCHl andox =3.80 ppm (s, 3H, OCHi confirmed the presence of
two methoxyl groups. Additionally, in th€C NMR spectrum, the signals & =55.5 and 55.1 ppm
was assigned to two methoxyl group. For symmetiimomound24, the signal abx = 3.85 ppm (s, 6H,
OCH;) and the signal afc = 55.5 ppm (2 x OCH in the*C NMR spectrum, mainly confirm the
structure24. Similarly compound5, showed signals ati=3.82 ppm (s, 3H, OC§landon=3.72 ppm
(s, 3H, OCH) in the'H NMR spectrum. While in th&C NMR spectrum the signals &t = 61.5 and
55.5 ppm was assigned to two methoxyl group resfyt

2.1.1.Biological
2.1.1.1. Céll Viability
2.1.1.1.1 Invitro Growth Inhibition Assay

The cytotoxicity of compounds(@nd 11-25 was evaluatedh vitro against different cancer cell



lines: MDA-MB-231 breast cancer, DU-145 and PC-8spaite cancer, HT-29 colon cancer and one
non-tumor cell line, human dermal fibroblast (HDR).colorimetric assay was set up to estimate the

ICso0 values. The Igy obtained from these assays are shown in Table 1.

Table 1. Cytotoxicity (IGso uM) of compound$ and11-25

N° HDF HT-29 PC-3 N DU-145
Compound libagl

ICs0t DS IC50x DS IC50x DS IC50x DS IC50t DS
6 >100 >100 >100 >100 >100
11 >100 >100 >100 >100 >100
12 235+23 21.7+35 23.7+3.4 185+3b 2035
13 27.0+5.6 19.4+3.1 18.8+ 2.6 66.7 £ 1014 3824.9
14 >100 >100 >100 >100 >100
15 >100 >100 >100 >100 >100
16 >100 >100 >100 >100 >100
17 299+26 46.7+4.1 41.0+4.6 71.1+40 625L6
18 >100 >100 >100 >100 >100
19 >100 >100 >100 >100 >100
20 >100 >100 >100 >100 >100
21 >100 63.2+7.8 60.3+7.8 >100 >104
22 68.1+10.5 >100 445+6.5 91.8+11)8 82.25: 7
23 >100 >100 >100 >100 >100
24 >100 >100 >100 >100 >100
25 >100 >100 >100 >100 68.1+7.3

The highest cytotoxicity values were observed fanpoundsl2 and13in all cell lines tested and
were more active than those of the rest of compsuiitie cytotoxicity of compounds in human
dermal fibroblast (HDF) is similar than in the cancell lines under study, even so the cytotoxic
activity was not previously described for the commais12, 13, 17, 21, 22, and25in the literature.

Based on the obtained results, the cytotoxic acdmminst studied cell lines would be explained by
the structure-activity relationship analysis of tlesults showed in table 1. It is clearly seent tha

presence of both geranyl chains on the aromatig r&ncritical for apoptotic activity, because



monogeranyl compounds have not activity on anyhef $tudied cell lines. In the same way, by
comparing phloroglucinol with orcinol derivativéscan be seen that introduction of a methyl group
(orcinol derivatives) in replace of acetyl grouflgroglucinol derivatives) decreases the actiaty,it

can be seen by comparing the cytotoxicity of conmoisl2 and13 with that exhibited by compounds
17,21, 22 and25.

On the other hand, when comparing only orcinoivd¢ives it can be seen that the presence of a
methyl group between two geranyl chains increasegytotoxicity on the non-tumor line cells (HDF)
compared with cancer cell lines (compares and 18 compounds). Finally, the differences on
cytotoxic activities between compountl2 and 13 and the others compounds may be related to the
presence of acetyl and the absence of methyl grioupeir structure.

The more elevated log P value for compoub®sl3 17, 21, 22 and25 (data not shown) suggests that
these compounds could penetrate membranes mory. €Blse log P corresponding to partition
coefficient and is the ratio of the equilibrium centration of a substance between two immiscible
liquids (octanol/water), to major value of log P maaffinity with to lipid phase [41].

Additionally, the data in Table 1 show that compdul? exhibits the highest inhibitory activity
against studied cell lines including non-tumor ellThis results render this compound useless as
anticancer agents. Interestingly, the other actompounds affect selectively some cell lines. For
example, compounds 13 inhibit more efficiently HI-@nd PC-3 cells, whereas compound 22 acts
selectively on PC-3 cell and compound 25 inhibityydU-145 cells. The reason of these effects is
not clear, and as the active compounds are jusivatfis difficult to find a relation with the cheaal

structure.

2.1.1.1.2 Morphological Assessment of Cell Apoptosis

In view of the above and given that compoufids 13 17, 21, 22and25 had inhibitory effects on
the viability of the cancer cell lines tested, #fect of these compounds deserve to be studigceater
detail. Moreover, the biological cytotoxic activityas not previously described for the compout®)d.3,

17, 21, 22, and25in the literature.

First, the appearance of morphological changekarcells treated with 50M compound for 24 h
was analyzed. Direct observation, using a phas&asimmicroscope, revealed that the morphologies
of PC-3 (Figure 5), MDA-MB231, DU-145, HT-29 and R¥data not shown) cells were distorted and
cells became rounded after treatment with compoa@dd 3 17, 21, 22and25. Moreover, the cells
showed a reduction in number, indicating an ineéngaprogression toward cell death. The control-
treated cells (1% ethanol) displayed normal andttneahapes (Figure 5).



Figure 5. Effect of tested compounds on the morphologies@f3Rcells. Images obtained with an

inverted phase contrast microscope (200x) afteér @4posure of the cells to a1 of compounddl 2,
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To elucidate whether the compounds reduced cdilliyain the cell lines tested by inducing apojigos
(MCF-7, PC-3 and HDF cells), cells treated withteactive compound?2, 13 17, 21, 22and25 were
examined after Hoechst 33342 staining. Nuclear gbsain PC-3, HT-29, MDA-MB231, DU-145 and
HDF cells were observed under a fluorescence ndopes (200x) and chromatin condensation and/or

fragmentation was quantified (Table 2).



Table 2 Percentage of condensed and/or fragmented nudter #&eatment with
compoundd 2, 1317, 21, 2225 or ethanol (*p < 0.01).

Compound PC-3 HT-29 MDA-MB 231 DU-145 HDF

12 23.7 £3.2* 20.1 +2.0* 23.3+2.1* 22.7+3.5* 19.1+20*
13 22.3+2.3* 21.8+2.1* 139+1.3* 144+33* 187+1.1*
17 16.3+1.1* 15.3+0.9* 12.9 +2.0* 145+1.4* 184+1.3*
21 13.7 £ 1.0* 143 £1.5* 52+0.8 6.6+0.9 6.1+0.9
22 151 +1.4% 9.3+1.3 87+12 11.0+13 129+1.0*
25 7.4+0.9 89+13 8.0+1.0 13.8 £ 0.9* 6.7+1.1

EtOH 6.9+11 7.8+1.0 73+x1.1 76+1.2 6.4+1.0

As shown in Table 2 treatment with compoud@s 13and17 significantly increased the number of
cells with condensed and/or fragmented nuabesus control-treated cells (p < 0.01). By other hand
compounds21, 22 and 25 increased nuclear fragmentation only in some lga#ls coinciding with

cellular viability results (Table 1 and 2).

2.1.1.1.3 Analysis of Mitochondrial Membrane Permeability

Mitochondria play a crucial role in the cell deatécision, participating in apoptotic cascade by
serving as a convergent center of apoptotic sigoatgnating from both the extrinsic and intrinsic
pathways [42]. Changes induced in the mitochonan@mbrane potential (MMP) have been reported
previously to represent a determinant in the execudf cell death [43]. This effect may be deteramnh
in cell death, we have analyzed the effect of campe 12, 13 17, 21,and 22 (50 uM) on the
mitochondrial membrane potential using flow cytometith rhodamine 123 stain [44]. As shown in
Figure 6B, the percentage of rhodamine 123 statedld-were decreased significantly after treatments
with compoundd.2 and13in all cell lines studied. However, compourids 21 and22 diminished the
rhodamine-stained cells only in one or two celesinas compared to 85-90% in the control cells (1%
ethanol).
Figure 6 shows that compounti2 and 13 increased mitochondrial membrane permeabilityancer
cells with a greater effect than compoudds 21and22. The compounds have not differences in the
effect on mitochondrial membrane potential betweddF and cancer cell lines. Thus, the effect of
compoundsl2 and 13 on the decrease of mitochondrial membrane poterdraelated with diminished
viability (see Table 1) and increased nuclear cosdion and/or fragmentation (see Table 2).
Moreover, compoundd7, 21 and 22 only changed the mitochondrial membrane potentiaén
compared to control cells in PC-3 and HDF, MDA-MB2&hd PC-3 cell lines, respectively. Probably,



the difference in the observed activity of thesmpounds to mitochondrial level, could be associated
with the polarity of these derivatives, since thosaving lower polarity, corresponding to
phloroglucinol derivatived2 and13, exhibit a greater effect and increased mitoch@hdnembrane
permeability. The reason for this increase in a@gtis probably due to that the derivatives of mino
polarity might cross cell membranes more easily ladl to an increase in the bioavailability and
activity of these compounds. Specifically, we cdesed that the passage through the mitochondrial
membrane should lead to an alteration of membratenpal. This change in mitochondrial membrane
potential would cause the release of apoptogentorfa The precise mechanism by which compounds
12 and 13 are decreasing mitochondrial membrane potential i@ been established, though the
structural similarity to diacylphloroglucinol (DAPGmay suggest that the compounds act as

uncouplers in the mitochondrion [45].

Figure 6. A) Compoundsl2, 13 17, 21 and 22 treatment-induced changes in the

mitochondrial membrane permeability’s for MDA-MB28lls. The cells were stained with



rhodamine 123, and then analyzed by flow cytom&jylhe table shows the percentage values
of rhodamine 123 stained cells treated without h wompoundd 2, 13 17, 21and22 (50
uM) for the different cell lines MDA-MB231, PC-3, D45, HT-29 and HDF (b < 0.05

vs. control treated cells).
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Comp.13 34.9+3.6* 323+24* 50.3+4.1* 41.3+6.4% 2P5 3.5
Comp.17 59.8+3.7* 51.8+5.0* 799+59 81.3+65 518.9*
Comp.21 824+66  77.8+6.1  77.3+55 849+65 79371
Comp.22 81.7+6.8 652+49* 81.9+65 87.1+88  80.8+53
Control 80.5+84  86.1+85  858+82 824+69 8lH5

PC-3 DU-145 HT-29 HDF

2.1.1.1.4 Caspase 3 Activity Assay

Depletion of mitochondrial membrane potential letmldhe release of apoptogenic factors, such as
cytochrome c in the apoptotic cascade, and aabvaif caspases [45, 46]. Then we investigated the
effects of our compounds on caspase-3 activityniam executor of apoptosis playing a central nole

its biological processing. We analyzed the effédteatment with compounti2, 13 17, 21and22on

caspase-3 activation in non-tumor and cancer iog$ I(Figure 7).

Figure 7. Effect of compound42, 13 17, 21and 22 on caspase-3 activity of MDA-MB231 (black



bar), HDF (white bar), PC-3 (striped bar) and HT{&fshed bar) cells. Cells were exposed to congsoun
at 50uM for 48 h. Values are mean = S. £ 3). All data are reported as the percentage ehang
comparison with the vehicle-treated cells (1% athamhich were arbitrarily assigned 100%p ¥ 0.05,

significantly different from the vehicle-treatedlse
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As shown in Figure 7, the activation of caspase-8dlls exposed to compoundl®, 13and 17 is
increasedsersus control-treated cells (1% ethanol). Compoddncreased the activity of caspase-3 by
443 £0.11, 2.38 £ 0.16, 2.90 + 0.15 and 1.6106 @imesversus control cells in MDA-MB231 , HDF ,
PC-3 and HT-29 cells, respectively. Compodldncreased the activity of caspase 3 by 2.12 + 0.30,
3.30 £ 0.21, 2.50 + 0.26, and 1.86 * 0.16 timesus control cells in MDA-MB231 (black bar), HDF,
PC-3 and HT-29 cells, respectively. Compodiicbnly changed significantly the activity of casp&se-
in HDF and PC-3 cells. Finallgompounds21 and 22 did not change the activity of caspase-3 when

compared with control cells.



3. Experimental Section

3.1. Chemical

Unless otherwise stated, all chemical reagentshagied (Merck, Darmstadt, Germany or Aldrich, St.
Louis, MO, USA) were of the highest commerciallyadable purity and were used without previous
purification. IR spectra were recorded as thin $ilm a FT-IR Nicolet 6700 spectrometer (Thermo
Scientific, San Jose, CA, USA) and frequencieggperted in cm. Low resolution mass spectra were
recorded on an Agilent 5973 spectrometer (Agileathnologies, Santa Clara, CA, USA) at 70eV
ionizing voltage, in a GC 6890N DB-5 m, 30 m x Or@/h x 0.25um column, and data are given as
m/z (% rel. int.). High resolution mass spectra wereorded on an LTQ Orbitrap XL spectrometer
(Thermo Scientific, San Jose, CA, USA) by applyangoltage of 1.8 kV in the positive and 1.9 kV in
the negative, ionization mode. The spectra wererdad using full scan mode, covering a mass range
from myz 100-1,300. The resolution was set to 50,000 andmuanr loading time for the ICR cell was
set to 250ms‘H, °C, *C DEPT-135, sel. gs-1EH NOESY, gs-2D HSQC and gs-2D HMBC spectra
were recorded in CD&bolutions and are referenced to the residual peakHCk at o = 7.26 ppm
andd = 77.0 ppm for'H and**C, respectively, on a Bruker Avance 400 Digital NMRectrometer
(Bruker, Rheinstetten, Germany), operating at 408Hz for *H and 100.6 MHz for*C. Chemical
shifts are reported i ppm and coupling constantd) @re given in Hz. TLC spots were detected by

heating after spraying with 25%80sin H20.

3.1.1 Synthesis of Geranylmethoxy Derivatives

(E)-2-(3,7-dimethylocta-2,6-dienyl)-1,3,5-trimethoxybenzene(14). To a solution of 2-geranyl
phloroglucinol 6) (360 mg; 1.4 mmol), dimethyl sulfate (0.58 g; #énol) and KCO; (0.58 g; 4.2
mmol) in acetone (50 mL), was refluxed for 6 hodiise end of the reaction was verified by TLC, and
then the mixture was filtered and the solvent weasperated under reduced pressure. The crude was
re-dissolved in EtOAE30 mL) then the organic layer was washed with 58N (30 mL) and water

(2 x 20 mL), dried over N&Oy, filtered and evaporated to dryness. The compddnaas obtained as

a viscous yellow oil, 370 mg (86.8% yield). IR (§n2935, 2836, 1608, 1596, 1496, 1455, 1437,
1417, 1377, 1322H-NMR (CDClk, 400.1 MHz) :5 6.14 (2H, s, H-4 and H-6); 5.19 (1H,Jt= 6.9
Hz, H-2); 5.09 (1H, tJ = 6.3 Hz, H-6"); 3.92 (3H, s, OGJ{ 3.79 (6H, s, OCH); 3.29 (2H, dJ=6.8
Hz, H-1"); 2.08-2.05 (2H, m, H-5’); 1.99-1.95 (2, H-4'); 1.78 (3H, s, CKHC3’); 1.66 (3H, s, H-
8'); 1.59 (3H, s, CHC7’). **C-NMR (CDCk, 100.6 MHz):5 159.0 (C-5); 158.4 (C-1 and C-3); 133.6
(C-3’); 130.6 (C-7’); 124.3 (C-6");123.2 (C-2); 015 (C-2); 90.4 (C-4 and C-6); 55.3 (2 x OgH
54.9 (OCH); 39.6 (C-4"); 26.5 (C-5); 25.3 (C-8"); 21.4 (C)117.3 (CH:-C7’); 15.6 (CH-C3). MS



(m/z, %): 304 [M] (11%); 235 (24); 181 (100); 167 (15); 69 (13). &pescopic data of compourid

was consistent with those in the literature [36].

(E)-2-(3,7-dimethyl octa- 2,6-dienyl)-1,5-dimethoxy-3-methyl benzene (23). To a solution ofl5 (226 mg;
0.784 mmol), dimethyl sulfate (0.58 g; 4.6 mmolgdd®COs (0.58 g; 4.2 mmol) in acetone (50 mL),
was refluxed for 6 hours. The end of the reactias werified by TLC, and then the mixture was
filtered and the solvent was evaporated under etipcessure. The crude was re-dissolved in EtOAc
(30 mL) then the organic layer was washed with 580N (30 mL) and water (2 x 20 mL), dried over
NaSQ,, filtered and evaporated to dryness. The comp@Bwas obtained as a viscous dark yellow
oil, 201 mg (80.1% vyield)*H-NMR (CDCl, 400.1 MHz): 6.36 (2H, s, H-4 and H-6); 5.10-5(Q8,

m, H-6’and H-2"); 3.81 (3H, s, OCGHt 3.80 (3H, s, OCH); 3.32 (2H, dJ = 6.5 Hz, H-1"); 2.29 (3H, s,
CHs-Ar); 2.11-2.06 (2H, m, H-5); 2.02-1.98 (2H, m,#); 1.79 (3H, s, CRC3’); 1.68 (3H, s, H-8');
1.61 (38H, s, CRCT7"). **C-NMR (CDCk, 100.6 MHz):5 158.2 {C-5); 158.1 {C-1); 138.1 (C-3);
134.3 (C-3)); 131.1 (C-7’); 124.4 (C-6"); 123.0 @), 121.1 (C-2); 106.5 (C-4); 96.1 (C-6); 55.5
(OCHg); 55.1 (OCH); 39.7 (C-4’); 26.7 (C-5"); 25.6 (C-8’); 24.6 (C}119.9 (CH-Ar); 17.6 (CHs-
C7); 16.0 (CH-C3’). * Interchangeable signals. HRMS: (M + 1) calcd. @gH,s0,: 289.2089,
found: 289.2097.

(E)-2-(3,7-dimethyl octa- 2,6-dienyl)-1,3-dimethoxy-5-methyl benzene (24). To a solution ofl6 (243 mg;
0.843 mmol), dimethyl sulfate (0.58 g; 4.6 mmolgdd®COs (0.58 g; 4.2 mmol) in acetone (50 mL),
was refluxed for 6 hours. The end of the reactias werified by TLC, and then the mixture was
filtered and the solvent was evaporated under etipcessure. The crude was re-dissolved in EtOAc
(30 mL) then the organic layer was washed with 58N (30 mL) and water (2 x 20 mL), dried over
NaSQ,, filtered and evaporated to dryness. The comp@4was obtained as a viscous dark yellow
oil, 206 mg (78.7% vyield)'H-NMR (CDCk, 400.1 MHz):5 6.43 (2H, s, H-4 and H-6); 5.27 (1HJt
7.0 Hz, H-2"); 5.15 (1H, t) = 6.5 Hz, H-6"); 3.85 (6H, s, OG} 3.40 (2H, dJ = 7.0 Hz, H-1"); 2.40
(3H, s, CH-Ar); 2.14-2.10 (2H, m, H-5"); 2.04-2.01 (2H, m,4%); 1.84 (3H, s, C®HC3'); 1.72 (3H, s,
H-8"); 1.65 (3H, s, CHC7’). **C-NMR (CDCE, 100.6 MHz):5 157.9 (C-1 and C-3); 136.5 (C-5);
134.1 (C-3’); 130.8 (C-7); 124.6 (C-6'); 123.1 @), 115.4 (C-2); 104.7 (C-4 and C-6); 55.6 (OgFH
39.8 (C-4'); 26.7 (C-5); 25.6 (C-8'); 21.9 (GHAr and C-1’); 17.5 (CHC7’); 15.9 (CH-C3).
HRMS: (M + 1) calcd. for gH0,: 289.2089, found: 289.2094.

2,4-bis((E)-3,7-dimethyl octa-2,6-dienyl)-1,3-dimethoxy-5-methylbenzene (25). To a solution of18
(205.6 mg; 0.484 mmol), dimethyl sulfate (0.58 ¢6 4rmol) and KCOs; (0.58 g; 4.2 mmol) in
acetone (50 mL), was refluxed for 6 hours. The @nithe reaction was verified by TLC, and then the
mixture was filtered and the solvent was evaporateder reduced pressure. The crude was re-



dissolved in EtOAc (30 mL) then the organic layerswvashed with 5% NaOH (30 mL) and water (2
x 20 mL), dried over N&O,, filtered and evaporated to dryness. The comp@maas obtained as a
viscous dark yellow oil, 178 mg (78.1% vyield-NMR (CDCl, 400.1 MHz): 6.54 (1H, s, H-6); 5.25
(1H, t,J = 7.0 Hz, H-2'); 5.11-5.10 (3H, m, H-2", H-6" and-6"); 3.82 (3H, s, OCH); 3.72 (3H, s,
OCHg); 3.38 (2H, dJ= 7.0 Hz, H-1"); 3.36 (2H, d]= 7.4 Hz, H-1"); 2.29 (3H, s, CHAr); 2.10-2.08
(4H, m, H-5" and H-5"); 2.04-2.00 (4H, m, H-4" artd4”); 1.80 (3H, s, CH-C3’); 1.79 (3H, s, Cht
C3"); 1.68 (6H, s, H-8' and H-8"); 1.61 (6H, s,Hz-C7’ and CH-C7”). *C-NMR (CDC}, 100.6
MHz): 6 157.1 (C-3); 156.3 (C-1); 135.8 (C-5); 134.7 (0:3134.3 (C-3"); 131.21C-7"); 131.0 {C-
7"); 125.6 (C-4); 124.5C-6"); 124.3 {*C-6"); 123.8 (**C-2); 123.7 {**C-2"); 120.9 (C-2);
108.8 (C-6); 61.5 (OC¥J; 55.5 (OCH); 39.8 (C-4’); 39.6 (C-4"); 26.7°(**C-5’); 26.6 (***C-5");
25.6 (C-8 and C-8"); 25.5 (C-1"); 23.2 (C-1");98 (CH:-Ar); 17.6 (CH-C7’ and CH-C7”); 16.1
(CH3-C3"”); 16.1 (CH-C3’). * Interchangeable signals. HRMS: (M + 1) calcd. ©5H44.0,:
425.3341, found: 425.3349.

3.2 Biological
3.2.1 Céll Lines

The experimental cell cultures were obtained frame tAmerican Type Culture Collection
(Rockville, MD, USA). MDA-MB-231 (breast cancer tkhe), HT-29 (colon cancer cell line), PC-3 and
DU-145 (prostate cancer cell lines), and human deriibroblast (HDF, non-tumor cell line) were
grown in Dulbecco’s modified Eagle’s medium (DME®)ntaining 10% FCS, 100 U/mL penicillin, 100
pug/mL streptomycin, and 1 mM glutamine. Cells weseded into 96 well microtiter plates in 100
at a plating density of 5 x i@ells/well. After 24 h incubation at 37 °C undehamidified 5% CQ
atmosphere to allow cell attachment, the cells viierated with different concentrations of drugs and
incubated for 72 h under the same conditions. Ssotiktions of compounds were prepared in ethanol
and the final concentration of this solvent wastkepnstant at 1%. Control cultures received 1%

ethanol alone.
3.2.2 Cdll Viahility
3.2.2.1.Invitro Growth Inhibition Assay

The sulforhodamine B assay was used accordingetarntéthod of Skehada al. [47] with some
modifications [48]. Briefly, the cells were set ap3 x 18 cells per well of a 96 200L well, flat-
bottomed, microplate. Cells were incubated at 3iff@ humidified 5% C@95% air mixture and
treated with the compounds at different concemnatifor 72 h. At the end of drug exposure, cellsewe

fixed with 50% trichloroacetic acid at 4°C. Afterashing with water, cells were stained with 0.1%



sulforhodamine B (Sigma-Aldrich, St. Louis, MO, UBAissolved in 1% acetic acid (pQ/well) for

30 min, and subsequently washed with 1% acetic @mcr@move unbound stain. Protein-bound stain
was solubilized with 10QL of 10mM unbuffered Tris base, and the cell dgnsids determined using

a fluorescence plate reader (wavelength 540 nmjuégashown are the mean = SD of three
independent experiments in triplicate. The softwased to calculate the d€Cvalues was GraphPad
(GraphPad Software, San Diego, CA, USA).

3.2.3. Morphological Assessment of Cell Apoptosis

Morphological changes in the nuclear chromatin @fscundergoing apoptosis were revealed by
a nuclear fluorescent dye, Hoechst 33342. Briaily,24-well chamber slides, 1X16ells/mL were
cultured and exposed to compounds for 24 h. Theéraogroup was also exposed to 1% ethanol.
The cells were washed twice with phosphate butikrtion, fixed with 3.7% formaldehyde, and washed
again with phosphate buffer solution. Following #uslition of 1uM Hoechst 33342 (Sigma-Aldrich,
Santiago, Chile), they were reacted in a dark rabnoom temperature for 30 min. After washing, they
were examined under an immunofluorescence micresdp81 model inverted microscope, Olympus,

Santiago, Chile).
3.2.4. Analysis of Mitochondrial Membrane Permeability

Rhodamine 123, a cationic, voltage-sensitive ptbhé reversibly accumulates in mitochondria, was
used to detect changes in transmembrane mitoctabmdembrane potentials. Exponentially growing
cells were incubated with the compound as indicatelle figure legends. Cells were labelled witlM.
rhodamine 123 at 37 °C in cell medium for 60 mirfiobe terminating the experiment. Cells were
detached from the plate, after washing with icedd®BS, and the samples were analyzed by flow

cytometry. Data are expressed in percentage «f wdh rhodamine 123 [44].
3.2.5. Caspase 3 Activity Assay

Caspase activity was measured using a colorimestsay [49]. Briefly, the cells exposed to compounds

were collected by centrifugation at 1000 rpm arskedy with lysis buffer (1% Triton X-100, 0.32 M
sucrose, 5 mM EDTA, 10 mM Tris—HCI, pH 8.0, 2 mMhabthreitol, 1 mM PMSF, 1 g/mL aprotinin,
1 mg/mL leupeptin). Thereafter, the lysates wemadferred to wells in a 96-well microplate and were
incubated with DEVD-pNA (final concentration 2QM) specific for caspase-3/7, at 37°C for 1 h. The
intensity of the developed color was read at 405imra microplate reader (SpectraMax, Winooski,
VT, USA). The results are expressed as percenta#gbs control level.

3.2.6. Satistical Analysis



Data shown in tables are average results obtainedelans of three or 10 replicates and are presented
as average + standard errors of the mean (SEMa Wete subjected to analysis of variance (ANOVA)
with significant differences between means ideadifoy GLM procedures. Results are given in the
text as probability values, with < 0.05 adopted as the criterion of significancéfelences between
treatment means were established with a StudentrdewKeuls (SNK) test. The EBELvalues for
each activity were calculated by PROBIT analysisellaon percentage of mortality obtained at each
concentration of the samples. & half maximal effective concentration. Complstatistical analysis

was performed by means of the MicroCal Origin @alistics and graphs PC program.

4. Conclusions

Different compounds derived from phloroglucinol ardinolwere tested as potential cytotoxic agents
against various cancer cell lines: PC-3 and DU-{ptbstate cancer), MDA-MB 231 (breast cancer),
HT-29 (colon cancer) and one non-tumoral cell Imgnan dermal fibroblasts (HDF). Initial primary
screens indicated bzconcentration between 0 and 404 for compoundsl2, 13, 17, 21, 22 and25.
Among the six, three were found to be effectiveimgjanost of the cancer cell lines. Compoutds

13, 17, 21, 22 and25, which showed cytotoxicity, were evaluated in @og@tosis assay. Compounds
12, 13and 17 showed a good apoptotic response against allineB ktudied, whereas the compounds
21, 22, and25 had minor impact on induction of chromatin nucleandensation and/or fragmentation,
mitochondrial membrane potential and caspase-8igctMoreover the compounds?, 13and17 also
depleted the mitochondrial membrane potential amaeased caspase-3 activity. According these
results, the analysis of the relation between ti&vity and the structure of compounds indicatet tha
the biological activity depend strongly on, firetono or disubstitution geranyl chains on the araenat
(disubstituted compounds geranyl chains are mote@eathan those monosubstituted) second: the
increasing order in biological activity of the oxgrgfunction in the aromatic ring, could be estdidds

as OH > OAc >> OMe. Finally we note that the digitbted compounds with two geranyl chains and
symmetrical structure (i.e. compountig 13 and17) are more active than those with asymmetrical
disubstitution (compound8, 22 and25). While it is true, compounds2 and13 have higher activity
against tumor cells than against normal, this tiffiee is not significant, which it makes little fideas
anticancer drugs. However, these compounds coultséeé as leads for the search of new derivatives
that would have significantly higher activity agsticancer cells.
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Figure 1. Structure of some active natural and synthetialirgeranylphenols.
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Figure 3. Structure of synthetic linear derivatives gerangipbls acetylated and methoxilated of

phloroglucinol.
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ompounds on the morphologie

with an inverted phase contrast microscope (20@tey 24 h exposure of the cells to 50
uM of compoundd 2, 13 17, 21, 22and25 (1% ethanol).
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Figure 6. A) Compoundsl12, 13 17, 21 and 22 treatment-induced changes in the

mitochondrial membrane permeability’s for MDA-MB28lls. The cells were stained with

rhodamine 123, and then analyzed by flow cytom@&})ylhe table shows the percentage values
of rhodamine 123 stained cells treated without hwompoundd2, 13 17, 21and22 (50
uM) for the different cell lines MDA-MB231, PC-3, DW45, HT-29 and HDF (b < 0.05

vs. control treated cells).
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Figure 7. Effect of compoundd2, 13 17, 21 and 22on caspase-3 activity of MDA-
MB231 (black bar), HDF (white bar), PC-3 (stripaa)and HT-29 (slashed bar) cells. Cells
were exposed to compounds aty®® for 48 h. Values are mean + S.D.X 3). All data are
reported as the percentage change in comparisbrthwtvehicle-treated cells (1% ethanaol),
which were arbitrarily assigned 100%.*< 0.05, significantly different from the vehicle-

treated cells.
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Table 1. Cytotoxicity (ICso uM) of compound$ and11-25

Ne HDF HT-29 PC-3 MPA- DU-145
Compound MB231

ICs0+ DS ICs0x DS ICs0x DS IC50x DS ICs0t DS
6 >100 >100 >100 >100 >100
11 >100 >100 >100 >100 >100
12 235+23 21.7+35 23.7+3.4 185+ 3.5 2035
13 27.0+5.6 19.4+3.1 18.8+ 2.6 66.7 £10[4 3824.9
14 >100 >100 >100 >100 >100
15 >100 >100 >100 >100 >100
16 >100 >100 >100 >100 >100
17 29.9+26 46.7+4.1 41.0 £ 4.6 71.1+441 G256
18 >100 >100 >100 >100 >100
19 >100 >100 >100 >100 >100
20 >100 >100 >100 >100 >100
21 >100 63.2+7.8 60.3+7.8 >100 >10(¢
22 68.1£10.5 >100 445+ 6.5 91.8+11)8 82.25% 7
23 >100 >100 >100 >100 >100
24 >100 >100 >100 >100 >100
25 >100 >100 >100 >100 68.1+ 7.3

Table 2 Percentage of condensed and/or fragmented nudter #&eatment with

compoundd 2, 1317, 21, 2225 or ethanol (*p < 0.01).

Compound PC-3 HT-29 MDA-MB 231 DU-145 HDF

12 23.7 +3.2* 20.1 +2.0* 23.3+2.1* 22.7+3.5% 19.1+20*
13 22.3+2.3* 21.8+2.1* 139+1.3* 144+33* 187+1.1*
17 16.3+1.1* 15.3+0.9* 12.9 +2.0* 145+1.4* 184+1.3*
21 13.7 £1.0* 14.3 +1.5* 5.2+0.8 6.6+0.9 6.1+0.9
22 151 +1.4% 9.3+1.3 8.7+12 11.0+£1.3 129+1.0*
25 7.4+09 89+13 8.0+1.0 13.8 £0.9* 6.7+1.1

EtOH 6.9+11 7.8+1.0 73+x1.1 76+1.2 6.4+1.0




Highlights

The phloroglucinol & orcinol derivatives show cytotoxicity against cancer cell lines.
These compounds may induce apoptosis through activation of the mitochondrial pathway.
The activity of these compounds depend of the amount of chains geranyl presents.

The activity depend of the symmetry of substitution in the aromatic ring.



