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BIOLOGICAL. EFFECTS OF PRENYLATED HYDROQUINONES: 

IN ANTIMICROBIAL, BRINE SHRIMP, 
AND FISH LETHALITY ASSAYS 

STRUCTURE-ACTIVITY RELATIONSHIP STUDIES 

SALVATORE DE ROSA,* ALJONSO DE Gmo, and C m  IODICE 

lstitutoper la Chimica di Molecole di Interesse Biologico CNR, Via Toiano 6, 
80072 Ano Felice, Napoli, Italy 

hsmm.-Twenty-three hydroquinone and quinone derivatives were assayed for antimi- 
crobial effects and brine shrimp and fish lethalities, to establish relevant structure-activity 
relationships (SAR). Linear 2-prenyl- 1,4-hydroquinones used for bioassay were obtained either 
by isolation from the sponge Ircinia spinosula or by synthesis. Corresponding quinones, as well as 
hydroquinones possessing saturated side-chains composed of one to eight isopentane units, were 
also synthesized and biologically evaluated. Terpenoid 1,4-benzoquinones displayed moderate 
antimicrobial activity against three microorganisms. SAR studies indicate the optimum length 
of the side-chain is in the range of five to fifteen carbon atoms. 

Terpenoid 1,4-bentoquinones such 
as tocopherols, ubiquinones, and 
plastoquinones are widespread in nature, 
and they play an important role in photo- 
synthesis and electron transport (1,2). 
Unsubstituted prenylated benzo- 
quinoneslhydroquinones are common in 
marine organisms but have rarely been 
discovered in other organisms. 

Several naturally occurring linear or 
cyclic prenyl-hydroquinones have been 
described to date with a terpenoid por- 
tion that ranges from one to eight iso- 
prene units. Triprenyl- and tetraprenyl- 
hydroquinones are the most abundant 
compounds among this class of metabo- 
lites. Biological activities have been re- 
ported for relatively few polyprenyl- 
hydroquinones (3). Diprenyl- and tri- 
prenyl-hydroquinones are the most ex- 
tensively studied, and they show a wide 
variety of biological activities (3). Among 
these compounds, avarolL17, a sesquiter- 
pene hydroquinone possessing a reat- 
ranged drimane skeleton, and its quinone 
(avarone), previously isolated from the 
marine sponge Dyih avara (4,5), are 
the most studied biologically. They show 
a wide variety of biological activities and 
low toxicity in mice (6), and in human 
testing revealed no side effects at an ad- 
ministered dose of 3 mg/kg (7). Both 
compounds are potent antileukemic 

agents in vitro (8) and in vivo (9). Recent 
biological studies on different derivatives 
of avarol and/or avarone, involving both 
the aromatic ring and sesquiterpenoid 
moiety of avarol, reveal that the terpe- 
noid moiety plays a marginal role in 
biological processes, while the hydro- 
quinonelquinone couple is the main group 
responsible for biological activity (10). 
These results and the lack of biological 
data on polyprenyl-hydroquinones 
prompted us to undertake a comprehen- 
sive study on the structure-activity rela- 
tionships (SAR) among unsubstituted 
prenyl-hydroquinones. 

In this paper, we report the acqui- 
sition of test compounds by isolation 
or synthesis and the determination of 
their SAR in antimicrobial, brine 
shrimp lethality, and mosquito fish 
lethality assays. 

Linear 2-prenyl-hydroquinones {4- 
91 were synthesized or isolated from the 
sponge lrciniu spinosula.  Prenyl- 
hydroquinones were, in general, synthe- 
sized by slowly adding the allylic alco- 
hol to the acidic solution of hydro- 
quinone, in anhydrous media. The syn- 
thesis of 5 was performed by modifica- 
tion of a previously reported method 
(1 l ) ,  using anhydrous conditions. The 
same method of synthesis was used to 
synthesize compound 4.  Compound 6 
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was synthesized using the method pre- 
viously described (1 2). 

In order to obtain information on the 
comparative effects of corresponding 
pren yl-hydroquinone and prenylquino- 
nes, and the effect of flexibility of the 
side-chain, we synthesized the quinones 
10-17 and the perhydroprenyl-hydro- 
quinones 18-24 for bioassay. 

Quinones 10-17 were obtained by 
oxidation of the corresponding hydro- 
quinones with silver oxide, while the 
perhydro- derivatives 18-24 were ob- 
tained by hydrogenation. This resulted 
in three groups of derivatives, with each 
group containing side-chains of up to 40 
carbons in length. 

Preliminary results on antimicrobial 
effects were obtained using a disk diffu- 
sion test. The minimum inhibitory con- 
centrations were determined only for those 
compounds that had previously shown an 
inhibition zone in the disk diffusion test; 
the results are reported in Table 1. None 
of the tested compounds showed effects 
against E.  coli or P.  aemginosa, although 
members with a short side-chain (up to 
the triprenyl derivatives), within the three 
groups of derivatives, showed moderate 
effects against Gram-positive bacteriaand 
fungi. The oxidation of the hydroquinone 
ring to quinone and the hydrogenation of 
the double bonds in the side-chain did 
not produce relevant variation in po- 

18 n = l  
19 n=2  
20 n=3  
21 n = 4  
22 n=6  
23 n=7 
24 n=8  

R= A - 4 :  
12 n = l  
13 n=2  
14 n=3 
15 n=6  
16 n=7 
17 n=8  

tency. The moderate potency of these 
compounds is in agreement with data 
previously reported for compound 5 
(3,13), and for unsubstituted prenylated 
benzoquinones/hydroquinones (3,14). 

Toxicity was determined by means 
of the brine shrimp (A. salina) lethality 
assay, which gives results that correlate 
well with cytotoxicity in cancer cell lines 
suchasKBandP-388(15),andL5178Y 
and L1210 (16). The results are reported 
in Table 1. In each group of derivatives, 
the most active was the representative 
with ten carbon atoms in the side-chain 
E5, 13, 191. The monoprenyl-hydro- 
quinone 4 showed an activity compa- 
rable to that of avarol El], while di- and 
tri-prenyl derivatives E5 and 67 are more 
toxic than avarol. The trend was the same 
in each group of derivatives. In fact, the 
lethality increased with the number of 
carbon atoms until the diprenyl or 
triprenyl derivatives, then decreased with 
a further increase in the number of carbon 
atoms in the side-chain. Hydrogenation 
of the double bonds in the side-chain 
produced an increase in activity among 
derivatives with five to 20 carbon atoms 
[18-217, while a loss of activity was 
observed for derivatives with longer side- 
chains 122-241. Thus, a higher degree of 
chain flexibility appears to be detrimen- 
tal to the toxicity of derivatives that have 
more than 20 carbon atoms in their side- 
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TABLE 1. Biological Activities of Hydm 

Antimicrobial hUC (pg/ml)’ 
Compound 

1 . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . .  

6 . . . . . . . . . . . . . . . .  

8 . . . . . . . . . . . . . . . .  

10 . . . . . . . . . . . . . . .  

. . . .  
13 . . . . . . . . . . . . . . .  
14 . . . . . . . . . . . . . . .  
15 . . . . . . . . . . . . . . .  
16 

18 
19 
20 . . . . . . . . . . .  
21 . . . . . . . . . . . . . . .  
22 
23 . . . . . . . . . . . . . . .  
24 . . . . . . . . . . . . . . .  
Gentamicin . . . . . . . .  
Miconazole . . . . . . . . .  
Rotenone 

17 . . . . . . . . . . . . . . . .  

B. s. 

>50 
>50 
25 
>50 
6.25 
1.56 

N.A. 
N.A. 
N.A. 
>50 
25 
25 
12.5 
> 50 
N.A. 
N.A. 
N.A. 
12.5 
6.25 

>50 
N.A. 
N.A. 
N.A. 
N.A. 
0.78 

M. I. 

>50 
>50 
>50 
25 
12.5 
12.5 
N.A. 
N.A. 
N.A. 
>50 
>50 
25 
12.5 
>50 
N.A. 
N.A. 
N.A. 
6.25 
6.25 

>50 
N.A. 
N.A. 
N.A. 
N.A. 

1.56 

C. a. 

N.A. 
N.A. 
>50 
>50 
25 
N.A. 
N.A. 
N.A. 
N.A. 
25 
>50 
>50 
25 
N.A. 
N.A. 
N.A.  
N.A.  
>50 
N.A.  
N.A. 
N.A. 
N.A. 
N.A. 
N.A. 

1.56 

inone/Quinone Derivatives 1-24. 

Brine shrimp assayb 
LC,, (95% C.L.) 

0.18 (0.32/0.10) 
0.35 (1.25/0.16) 
> 10 
0.54 (3.43/0.20) 
0.01 (0.02/0.007) 
0.05 (0.08/0.03) 
0.63 (1.80/0.33) 
0.91 (2.91/0.50) 
0.98 (2.63/0.56) 
0.73 (1.7N0.38) 
1.06 (2.6110.55) 
0.19 (0.33/0.10) 
0.05 (0.08l0.03) 
0.1 1 (0.20/0.05) 
1.08 (2.0710.63) 
1.26 (2.45/0.75) 
1.45 (2.6810.91) 
0.29 (0.50/0.18) 
0.001 (0.002/0.0007) 
0.02 (0.04/0.01) 
0.02 (0.04/0.01) 
> 10 
>10 
>10 

Fish lethalityb 
LC,, (95% C.L.) 

4.6 (5.W2.3) 
21.5 (41.9111.1) 
38.5 (763120.2) 
22.2 (49N9.6) 
4.6 (5H2.3) 
3.3 (4N2.2) 

>loo 
>loo 
>loo 

1.0 (4.1/0.24) 
5.4 (6.613.8) 
1.4 (2.7/0.8) 
0.2 (40.410.07) 
5.4 (6.613.8) 

>loo 
>loo 
>loo 
3.3 (4.N2.2) 
0.15 (0.2W0.07) 

21.3 (38.W11.7) 
43.6 (90.5/20.7) 
>loo 
>loo 
>loo 

0.03 (0.16/0.007) 

‘B. s. =Bacillus subtilis; M.  l . = M i c r ~ ~ ~ c u s  luteus; C. a. =Candida albicans. N.A.=no activity in the 

bLC,, values are expressed in ppm; 95% C.L.=95% confidence limits. 
diffusion test. 

chain. Otherwise, a higher degree ofside- 
chain flexibility may improve permeabil- 
ity across the cell membrane and produce 
an increase in toxic activity. Generally, 
the oxidation ofthe hydroquinone ring to 
quinone produced little loss in activity. 
In fact, no substantial difference was ob- 
served in the activities of 2 9  or 10-17. 
An increase in activity was observed only 
for methyl-quinone E l l ]  and mono- 
prenyl-quinone 1121 compared to the 
corresponding hydroquinones [3 and 43. 

The organism used to determine fish 
lethality was the common mosquito fish 
G. aflnis. This fish has been used success- 
fully in previous lethalitystudies(l7,18) 
and the results are in excellent agreement 
with lethality in mice (18). The results 
are given as LC,, (ppm) after 90 min 

exposure, and are reported in Table 1. In 
eachgroup ofderivatives the most potent 
was the compound with ten carbon atoms 
in the side-chain, while derivatives with 
lQnger side-chains did not show lethality 
at 100 ppm. The general trend was simi- 
lar to that observed in the brine shrimp 
lethality assay. In fact, lethality increased 
until the derivative with ten carbon at- 
oms in the side-chain, then decreased 
with further extension of the side-chain. 
In the group of prenyl-hydroquinones, 
only compounds 5 and 6 showed a lethal- 
itycomparable to that ofavarol, while the 
rest of the compounds were significantly 
less lethal than avarol{l]. Both the oxi- 
dation of the hydroquinone moiety to the 
quinone, and the hydrogenation of the 
side-chain produced an increase in lethal- 
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ity for derivatives with a shorter side- 
chain, showing the highest lethality for 
compounds with ten carbon atoms in the 
side-chain 113 and 191. 

In summary, these results confirm 
the moderate antimicrobial effects of the 
terpenoid-hydroquinoneslquinones (3) 
and clearly show that the optimum length 
of the side-chain, for potency in the assays 
used, is in the range of five to fifteen 
carbon atoms. The quinone derivatives 
are more toxic. 

EXPERIMENTAL 

GENE~EXPERIMENTALPROCEDURES.--HY- 
droquinone, methylhydroquinone, 3-methyl-2- 
buten-1-01, geraniol, famesol, phytol, rotenone, 
miconazole, and gentamicin were purchased from 
Sigma-Aldrich s d . ,  Italy. Microorganisms were 
obtained from DSM, Germany. Avarol 111 was 
available in our laboratory; it was isolated from the 
marine sponge DysidM auara as previously de- 
scribed (4). Synthetic and natural compounds [& 
241 were identified by spectral data. Uv spectra 
were obtained with a Varian DMS 90 spectropho- 
tometer. Mass spectra were recorded on a Fisons 
TRIO 2000 spectrometer, coupled with an INTEL 
computer. 'H-Nmr spectra were recorded at 500 
MHz, in CDCI, with TMS used as internal stan- 
dard on a Bruker AM 500 instrument, under 
Aspect X32 control. Si gel chromatography was 
performed using pre-coated Merck F214 plates and 
Merck Kieselgel 60 powder. Prep. hplc purifica- 
tions were carried out on a Waters apparatus 
equipped with a Spherisorb S5 ODs2 column (10 
mmX25 cm) and with a refractive index detector. 

BIOLOGICAL MATERIAL.-Irrinia spinosula 
Schulze (Dictyoceratida) was collected at about 
15 m depth in the bay of Naples, and frozen at 
-20" until extracted. A voucher specimen h+s 
been deposited in the institute collection 
(Voucher No. SX/SS). 

EXIXACTION AND ISOLATION OF 2-HEXA- 
PRENYL-HYDROQUINONE m, 2-HEPTAPRENYL-W- 
DRCQUINONE 181, AND 2-OCTAPRENYL-HYDRO- 
QUINONE [91.-The frozen sponge (90 g dry wt 
after extraction) was extracted with Me,CO and, 
after elimination of the solvent in uaruo, the aque- 
ous residue was extracted with Et,O. 

The Et,O was evaporated in varuo to obtain a 
brown oil (3 g), which was chromatographed on a 
Si gel column with a gradient system comprising 
petroleum ether (40-70") and Et,O to obtain a 
mixture ofcompounds 7-9(600 mg) as previously 
described (19). The mixture was subjected toprep. 
hplc (i-PrOH-H,O, 4: l )  to obtain the pure com- 

pounds 7 (60 mg), 8 (320 mg), and 9 (180 mg). 
The identification of these isolates was accom- 
plished by comparisonoftheir spectral data(uv, ir, 
ms, nmr) with those previously reported (19). 

SYNTHESIS OF 2-ISOPENTYL-HYDROQUINONE 
141 AND Z-GERANYL-HYDROQUINONE.  TO a 
mixture of 0.02 mole (2.2 g) hydroquinone and 
350 mg of anhydrous oxalic acid in 6 ml of 
diglyme(2-methoxy ethyl ether)were slowlyadded 
0.01 mole of 3-methyl-2-buten-1-01 (0.86 g) or 
geraniol (1.54 g). The mixtures, after 3 h at reflux, 
were extracted with Et,O and chromatographed 
on a Si gel column with light petroleum ether- 
Et,O (4:1), to obtain 4 and 5, in yields of 30% and 
25%, respectively. Identificationsofcompounds4 
and 5 were made on the basis of their spectral data 
(uv, ms, nmr) in comparison with published values 
(1 1,20). 

[6].-To a mixture of 0.02 mole of hydroquinone 
and 0.01 mole (2.2 g) of famesol in 25 ml of 
anhydrous Et,O were added 2 ml of BF, etherate. 
After 3 h under stirring at room temperature, H,O 
was added, and the solution was extracted with 
Et,O. The organic layer was chromatographed 
following the same procedure as for compounds 4 
and 5. Compound 6 (yield 35%) was identified by 
comparison of its spectral data (uv, ms, nmr) with 
those reported (21). 

SYNTHESIS OF 2-FARNESYL-HYDROQUINONE 

SYNTHESIS OFP-BENZOQUINONE 1101, CO ME- 
THYL-l,4-BENZOQUINONE[111,2-ISOPENTYL-1,4- 
BENZOQUINONE [12], 2-GERANYL-1,4-BENZO- 
QUINONE 1131, 2-FARNESYL-1,4-BENZOQUINONE 
1141, 2-HEXAPRENYL-1,4-BENZOQUINONE 1151,2- 
HEPTAPRENYL-1,4-BENZOQUINONE 1161, AND 2- 
C€TAPRENYL- 1,4-BENZOQUINONE 1177.-Hydro- 
quinone 121, methylhydroquinone 131, and prenyl- 
hydroquinones 4-9 (20 mg each) were individu- 
ally stirred with Ag,O (20 mg) in Et,O (5 ml) for 
10 min at room temperature as described by Fieser 
(22). The mixrures were filtered and the solvent 
eliminated in varuo, to give compounds 1617 
(yield 100% for each one). The identities of these 
compounds were confirmed by comparison of their 
spectral data (uv, ms, nmr) with those of corre- 
sponding hydroquinones. 

SYNTHESIS OF 2-(3-METHYLBLTYL.)HYDRO- 
QUINONE 1181, 2-(3,7-DIMETHnOnn)HYDRO- 
QUINONE1191, 2-(3,7,1l-TIUMEnmDoDECYL)HY- 
DROQUINONE 1201, 2-(3,7,11,15,19,23- 
HEXliMETHYLTETRACOSYL)HYDRCQUINONE~22~, 2- 
(3,7,11,15,19,23,27-HEPTAMETHnOCThCOSn) 
HYDROQUINONE 1231, AND 2-(3,7,11,15,19, 
23,27,3 ~-OCTAMETHYLDOTRIACONTYL)HY- 
DROQUINONE [24].-Solutions of prenyl- 
hydroquinones 4-9 (20 mg each) in MeOH (3 ml) 
containing 5% Pdoncharcoal(l0mg)werestirred 
under 2.8 atmosphere of H, for 18 h, at room 
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temperame. After filtration, evaporation, and 
chromatography on a Si gel column (light petro- 
leum ether-Et,O, 4 : l )  perhydroprenyl- 
hydroquinones 18-20 and 22-24 were obtained 
(yield 95 % for each compound). These compounds 
were identified by comparison of their spectral 
data(ms, nmr) with thoseofcorrespondingprenyl- 
hydroquinones. 

SYNTHESIS OF 2-DIHYDROPHYIYL-HYDRO- 
QUINONE [21].-To a mixture of 0.02 mole of 
hydroquinone and 0.01 mole (2.96 g) ofphytol in 
25 ml of anhydrous Et,O, were added 2 ml of BF, 
etherate, following the same procedure used for 
the synthesis of 6. The phytyl-hydroquinone was 
reduced following the same procedure used for the 
synthesis of perhydroprenyl-hydroquinones, to 
afford 21 (yield 40%), which was identified by 
comparison of its spectral data (ms, nmr) with 
those of other perhydroprenyl-hydroquinones. 

ANTIMICROBIAL AND ANTIFUNGAL ACTM- 
TrEs.4ram-positive bacteria [Bacillus subtilis 
(DSM 347), Mirrororus luteus (DSM 348) and 
Pseudwnonus ueruginosa (DSM 11 17)], the Gram- 
negative bacterium [Esrherirhia coli (DSM 1103)1, 
and a fungus [Candih  albicans (DSM 1665)l were 
used for the antimicrobial assays. Preliminary 
results for antibacterial and antifungal activities 
were obtained by means of diffusion tests, using 
100 mg of compound per paper disk (6 mm). The 
impregnated disks were applied on nutrient agar 
plates, seeded with overnight cultures of the test 
microorganisms. The inhibition zones were mea- 
sured after 18 h incubation at 35-37”, 

Quantitative measurement on active com- 
pounds, selected by means of the diffusion test, 
were performed to determine the minimum in- 
hibitory concentration(MIC). Twofold serial dilu- 
tions were tested, starting from a 50 pgIml solu- 
tion. The end point in this assay was indicated by 
the absence of detectable growth after 18 h of 
incubation at 35-37’. 

BRINE SHRIMP LETHALITY.-The brine 
shrimp (Artemia salina) assay was performed in 
triplicate with appropriate amounts ofcompounds 
dissolved in DMSO (1% final volume) at concen- 
trations of 10, 0.1, and 0.01 ppm, using 10 
freshly hatched larvae suspended in 5 ml artificial 
sea water (15). Briefly, for each dose tested, 
surviving shrimp were counted after 24 h, and 
the data statistically analyzed by the Finney 
program (23), which affords LC,, values with 
95% confidence intervals. Where data were in- 
sufficient for probit analysis, LC,, values were 
estimated using the results of assay at concentra- 
tions of 0.1, 0.0 1, 0.001, and 0.000 1 ppm. 

FISH LETHALITY.-A toxicity test in mos- 
quito fish, Garnbusiaaffinis (Baird and Girard), was 
performed in triplicate using 6 fish, 0.1 to 0.3 g in 

weight, placed in 70 ml of distilled H,O to which 
appropriate amounts of cornpounds, dissolved in 
Me,CO (1% final volume) at concentrations of 
100,10,1,0.1,0.01,and0.001ppm,wereadded 
in each test. Two replicate controls (containing 
distilled H,O and 1% Me,CO) were utilized in 
conjunction with each assay. For each dose tested, 
survivor fish were counted after 90 min and the 
data were statistically analyzed by the Finney 
program(23), whichaffordsLC,,values with 95% 
confidence intervals. 
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