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Abstract—Semisynthesis of 13 new thio avarol derivatives (4-16) and in vitro evaluation on the photodamage response induced by
UVB irradiation are described. Their ability to inhibit NF-kB activation and TNF-o generation in HaCaT cells as well as their anti-
oxidant capacity in human neutrophils has also been studied. Among them we have identified two monophenyl thio avarol deriv-
atives (4-5) lacking cytotoxicity which can be considered promising UVB photoprotective agents through the potent inhibition of

NF-«B activation with a mild antioxidant pharmacological profile.

© 2007 Elsevier Ltd. All rights reserved.

Ultraviolet radiation (UVR) is known for its negative
impact on health. The skin, situated at the interface be-
tween the body and its environment, directly suffers
from the deleterious effects of UV radiation. This UV
radiation jeopardizes the integrity of the skin that is crit-
ical for cellular homeostasis. The component of the solar
UV-light that reaches the earth’s surface and that is
most responsible for acute and long-term effects is
UVB (280-320 nm). Acute effects include erythema, tan-
ning, and inflammatory and immune modulatory chang-
es. Chronic exposure eventually leads to photoaging!
and photocarcinogenesis.>? In recent years, photo-
chemoprevention has matured into an accepted modali-
ty for controlling skin cancer. UVB mediated
inflammation that includes the release of growth factors,
proinflammatory cytokines, infiltration of inflammatory
cells, and radical oxygen species (ROS) production,*
plays an important role in skin cancer development. Dif-
ferent studies have demonstrated that UV-induced acti-
vation of NF-kB-dependent gene transactivation
pathways is a critical event for the subsequent develop-
ment of sunburn reactions in skin.>® Supplementation
of antioxidants o-lipoic acid, N-acetyl-L-cysteine
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(NAC), and the flavonoid extract silymarin modulates
the activation of the transcription factor NF-kB in
HaCaT keratinocytes after exposure to a solar UV
simulator.”® These results indicate that some antioxi-
dants can efficiently amend the cellular response to UV
radiation through their selective action on NF-xB
activation.”!? It is well established that NF-«B is activat-
ed upon UV irradiation and induces various genes includ-
ing IL-1 and TNF-o, which subsequently stimulate
the signal transduction pathway to activate NF-xB.!!
Cutaneous alterations mediated by UV irradiation
through the NF-kB activation pathway could be likewise
effectively prevented by blocking NF-kB activation.

Keratinocytes are the major target of UVR and play a
central role in the inflammatory and immune modulato-
ry changes observed after UV exposure, at least partly
via the UV-induced release of cytokines.!?

Avarol is a marine sesquiterpenoid hydroquinone with
interesting pharmacological properties'? including anti-
inflammatory,'* antitumor,'” antioxidant,'® antiplate-
let,!” anti-HIV,'® and antipsoriatic'® effects. Recently,
we reported that its derivative 3’-(salicylthio) avarol
(3) inhibited superoxide generation in stimulated human
neutrophils and PGE, release in the human HaCaT
keratinocyte cell line,?® offering interesting perspectives
as a possible anti-inflammatory or antipsoriatic drug.
In this paper, the effects of 3 and 13 new thio avarol


mailto:Miguel.paya@uv.es

2562 M. Amigé et al. | Bioorg. Med. Chem. Lett. 17 (2007) 2561-2565

derivatives (4-16) are investigated, with respect to the
response induced by UVB irradiation in HaCaT cells.
Their ability to inhibit in vitro NF-«kB activation and
TNF-a generation, as well as their antioxidant capacity
in human neutrophils, has also been studied.

Avarol (1) was isolated from the sponge Dysidea
avara,”' collected in the Bay of Naples, Italy. Avarone
(2) was obtained by Ag,O oxidation of avarol, in etha-
nol, as previously reported.?’ The compound 3 was
obtained by adding thiosalicylic acid to a solution of
avarone (2) in ethanol, as previously reported.?’ Thio
derivatives (4-16) (Fig. 1) were generally obtained by
slowly adding the corresponding thio compound dis-
solved in ethanol to a solution of avarone in ethanol.??
On the one hand, for the thioglycerol and thioglycolic
acid two isomers were obtained with substitution at 3’
(13 and 15) and 4’ (14 and 16) of the benzoquinone ring.
On the other hand, for the thiophenol, p-thiocresol, and
thioglycol three isomers were obtained with substitution
at 3’ (4,7, and 10), 4’ (5, 8, and 11), and in both 3’ and 4’
(6, 9, and 12). The position of the substituent was
determined by the analysis of "H NMR spectra. Signals
of protons in the benzoquinone ring are doublets in
3’-substituted compounds and singlets in 4’-substituted
compounds, whereas 3’,4’-disubstituted compounds
show only one signal of proton as singlet. Only chemical
shifts of hydroquinone and thio residues are reported
because all other signals belonging to the sesquiterpe-
noid portion were earlier reported.?%23

Biological activities of the thio avarol derivatives were

evaluated in spontancously immortalized human kerati-
nocyte cell line (HaCaT)?* for cellular viability, TNF-o
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Figure 1. Chemical structures of the thio avarol derivatives.

production, and NF-kB activation. Cells were cultured
in DMEM supplemented with 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal bovine serum
at 37 °C in 5% CO,. For TNF-a experiment cells were
seeded in 96-well plate at 2 x 10° cells/mL and in 6-well
plate at 4 x 10° cells/mL for NF-kB activation experi-
ment. HaCaT cells were incubated overnight until con-
fluence was reached. Two hours before irradiation, the
cells were washed twice in phosphate-buffered saline
(PBS) and the compounds were added dissolved in eth-
anol. Cells were irradiated through a thin film of PBS
with a single sublethal UVB dose (40—50 mJ/cm?) using
a LuzChem LZC-5 photoreactor calibrated for UVB
irradiation (280-320 nm) with an emission peak cen-
tered at 313 nm. After the UVB exposure, fresh culture
medium was added to the cells and media were harvest-
ed at the appropriated time points. Control conditions
consisted of cells pretreated with identical concentra-
tions of ethanol. Final ethanol concentration did not
exceed 0.1% and did not affect the experiments. The
mitochondrial-dependent reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
to formazan?® was used to assess the possible cytotoxic
effects of compounds on HaCaT cells after 24 h of
irradiation. The concentration of TNF-o in the
culture supernatants derived from HaCaT cells 24 h
after UVB irradiation’® was determined by time-re-
solved fluoroimmunoassay.?” NF-kB activation was
performed 18 h after irradiation?® by the electrophoretic
mobility shift assay (EMSA).2® Human neutrophils
(2.5 x 10° cells/mL) stimulated with 12-O-tetradecanoyl
phorbol 13-acetate (TPA) were used to evaluate the
inhibitory effect on ROS of the thio avarol derivatives
studied.?
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Table 1. Inhibitory effect of thio avarol derivatives on cellular viability and TNF-o production in UVB irradiated HaCaT cells

Compound Viability TNF-a
Y% I (10 pM) % I (5 uM) Y% I (10 uM) % I (5 uM) 1Cs (LM)
3 15.7+1.9* 0.6+0.3 ND 76.3 £ 6.4 3.3(2.3-5.0)
4 0.0+0.0 0.0 £0.0 92.7+2.5™ 554 3.7 3.7 (2.54.9)
5 0.0%0.0 0.0%£0.0 743 £10.7* 53.6 £ 4.6 4.2 (2.1-5.6)
6 0.0+0.0 0.0 £0.0 0.0+0.0 0.0 £0.0
7 0.00.0 0.0%£0.0 0.00.0 0.0%0.0
8 0.0+0.0 0.0 £0.0 0.0+0.0 0.0£0.0
9 0.00.0 0.0%0.0 0.0%0.0 0.0%0.0
10 22.5+2.0" 20.6 £ 2.6" ND ND
11 484 £ 1.8* 214+ 1.3" ND ND
12 28.5+3.0™ 18.1+1.2" ND ND
13 140£23 13.6 £0.2 ND ND
14 18.6 £ 1.5" 12.6 +3.8 ND ND
15 28.5+3.5™ 18.3+1.2" ND ND
16 133+1.1 124+29 ND ND
Fraxetin 34+21 0.0£0.0 68.1 £6.6™ 58.6 £3.7 2.8 (1.4-8.7)

Data were calculated as inhibitory percentages (% I) by taking the values of maximal viability or TNF-a production in drug-free samples as 100%.
Values represent means = SEM (n = 6). ICs, values and 95% confidence intervals were calculated from at least four significant concentrations for
those compounds that reached 50% of inhibition at 10 uM. **P < 0.01 and *P < 0.05 with respect to the control group.

Table 1 shows the inhibitory effect of thio avarol deriv-
atives (3-16) on cellular viability and TNF-o production
in UVB-irradiated HaCaT cells. The glycyl thio (10-12),
glyceryl thio (13-14), and glycolyl thio (15-16) avarol
derivatives exerted a significant cytotoxicity at both dos-
es tested, whereas phenyl thio (4-6) and cresyl thio (7-9)
avarol derivatives showed absence of cytotoxicity. TNF-
o production was only determined at concentrations
which showed an inhibition of cell viability lower than
10%. Among the noncytotoxic compounds only the
monophenyl thio (4-5) and the salicyl thio (3) avarol
derivatives were able to inhibit TNF-a production with
1Csq values very close to the reference compound fraxe-
tin, antioxidant capable to inhibit TNF-o release.*
Then, we investigated whether the changes in TNF-o
production produced by the thio avarol derivatives (3—
5) correlated with changes in NF-kB activation. Nuclear
protein extracts from UVB-irradiated HaCaT cells were
analyzed for NF-kB-DNA binding activity using a radi-
olabeled NF-kB-specific oligonucleotide, either in the
presence or absence of compounds (3-5) (Fig. 2). The
inhibitory effect of compounds (3-5) was more potent
than proteasome inhibitor MG132 at 10 pM.

In the assay of ROS generation in stimulated human neu-
trophils, all of these compounds inhibited the generation
of oxygen-derived species in a concentration-dependent
manner, being the salicyl thio avarol derivative the most
potent antioxidant compound (Fig. 3).

The importance of the skin as an immunologic organ is
now recognized. In addition to being a mechanical barri-
er, the skin is critically involved in the regulation of im-
mune responses that can affect the health of the entire
organism.?! Keratinocytes are the major constituent of
the epidermis and can synthesize, store, and release differ-
ent cytokines, including TNF-o.3!-32 The skin is continu-
ally exposed to oxidants such as UVR, air pollutants, and
chemicals. In order to prevent deleterious oxidative reac-
tions, endogenous antioxidants (both enzymatic and non-
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Figure 2. Inhibitory effect of compounds 3-5 on NF-kB activation in
nuclear extracts of UVB-irradiated (40-50 mJ/cm?) HaCaT cells. B,
non-UVB-irradiated cells. C, UVB irradiated cells. MG, MG132. The
figure is representative of three independent experiments.
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Figure 3. Inhibitory effect of compounds 3-5 on radical oxygen species
in TPA stimulated human neutrophils. Results show percentages of
inhibition. Statistical evaluation included one-way analysis of variance
followed by Dunnett’s ¢ test. Data represent means = SEM (n = 6).
**P <0.01 and *P < 0.05 with respect to the control group.

enzymatic) are present in the skin. UVB is considered to
be the main component of the solar UV irradiation acti-
vating NF-xB in HaCaT cells,® being the activation of
NF-kB significantly enhanced 18 h after UVB irradia-
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tion.?® Topical application of antioxidants has been used
to prevent skin antioxidant loss and photooxidative dam-
age. However, in addition to the capacity of antioxidants
to prevent this damage in the skin, growing evidence indi-
cates that they also play a role in modulating the expres-
sion of genes whose products are involved in
inflammation, aging, and carcinogenesis.”%33

It is reported that NF-«B activation and translocation is
previous to TNF-o production®® and that not all antiox-
idants are equally effective inhibitors in UVB-irradiated
keratinocytes.>* The critical event for UVB erythema-
tous damage seems to be the NF-kxB-dependent gene
transactivation. '’

We have identified several thio derivatives of avarol, a
well-reputed antipsoriatic drug, as effective UVB photo-
protective candidates acting mainly through the potent
inhibition of NF-«xB activation. In addition, these prod-
ucts clearly reduced TNF-a generation in keratinocytes
and demonstrated antioxidant properties. These results
are according to other studies indicating that ROS are
implicated in the induction of TNF-o expression by
UVB via NF-kB-dependent pathway.'%-2-34 In this regard
itis interesting to note that the best antioxidant properties
of compound 3 correlate with the more potent inhibition
of NF-«B activation showed by this compound.

Results obtained in the present study show some clear
structure—activity relationships. In this regard, monophe-
nyl thio avarol derivatives (4-5), as well as salicyl thio ava-
rol derivative (3), are the only ones that exert a potent
UVB photoprotective profile. The disubstituted phenyl
thio avarol derivative (6) presents a total reduction in
activity probably related with the higher steric hindrance
of the bulk. The methylation of phenyl thiol moiety in
order to get the respective cresyl thio derivatives (7-9)
produces a lack of inhibitory activity. In addition, the
presence of glycyl thio/glyceryl thio and glycolyl thio
moieties seems to increase the cytotoxicity (10-16).

In summary, salicyl thio avarol and monophenyl thio
avarol derivatives can be considered promising UVB
photoprotective agents through the potent inhibition
of NF-kB activation and the interference with cellular
processes mediated by ROS generation.
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6"), 6.65 (1H, s, H-6"); EIMS m/z 532 [M+2]" (0.6), 530
IM]* (12), 233 (30), 192 (12), 189 (8), 107 (35), 95 (100);
HREIMS m/z 530.2310 (Caled for C33H350,S,, 530.2313).
Synthesis of 3'-(cresylthio )avarol (7), 4'-(cresylthio)ava-
rol (8), and 3',4'-(cresylthio)avarol (9). p-Thiocresol
(100 pL) dissolved in EtOH (SmL) was added to a
solution of avarone (2) (100 mg) in EtOH (10 mL) and
stirred for 5 min at room temperature. After evaporation
of EtOH, the residue was chromatographed on a Si gel
column and eluted with petroleum ether/Et,O (4:1), to give
3’-(cresylthio)avarol (7) as the more polar component
(60 mg; yield 43.0 %): amorphous solid; [oc]lzjs 9.2° (¢ 0.14,
CHCI5); UV (MeOH) Apax (loge) 312 (3.35), 433 (2.40); 'H
NMR (CDCl;) 6 7.01 (2H, d, J = 8.3 Hz, H-3" and H-5"),
6.98 (2H, d, J=8.3 Hz, H-2" and H-6"), 6.86 (1H, d,
J=29Hz, H-4"),6.70 (1H, d, J = 2.9 Hz, H-6'), 2.29 (3H,
s, H-7"); EIMS m/z 438 [M+2]" (0.4), 436 [M]" (10), 232
(98), 191 (25), 107 (40), 95 (100); HREIMS m/z 436.2445
(Calcd for CygH360,S, 436.2442), 4'-(cresylthio)avarol (8)
(25 mg; yield 18.0%): amorphous solid; [oz]lz)5 21.7° (¢ 0.10,
CHCl5); UV (MeOH) Apax (loge) 312 (3.76), 430 (2.73); 'H
NMR (CDCly) 6 7.02 (2H, d, J = 8.3 Hz, H-3” and H-5"),
6.98 (2H, d, J = 8.3 Hz, H-2" and H-6"), 6.85 (1H, s, H-
3", 6.80 (1H, s, H-6'), 2.30 (3H, s, H-7"); EIMS m/z 438
[M+2]* (0.4), 436 [M]" (12), 232 (95), 191 (30), 107 (45), 95
(100); HREIMS m/z 436.2445 (Calcd for C,5H360,S,
436.2442), and 3’,4'-(cresylthio)avarol (9) as the less polar
component (15 mg; yield 8.4%): amorphous solid; [oz]%)s
9.9° (¢ 0.10, CHCl3); UV (MeOH) Ay (loge) 332 (3.57),
433 (1.98), 441 (1.99); '"H NMR (CDCl3) 6 6.98 (4H, d,
J =8.3 Hz, H-3" and H-5"), 6.87 (4H, d, J = 8.3 Hz, H-2"
and H-6"), 6.68 (1H, s, H-6'), 2.26 (6H, s, H-7"); EIMS m/
2 560 [M+2]" (0.7), 558 [M]" (10), 232 (55), 191 (25), 107
(40), 95 (100); HREIMS m/z 558.2630 (Caled for
C35H40,S,, 558.2626).

Synthesis of 3'-(glycylthio )avarol (10), 4'-(glycylthio ) ava-
rol (11), and 3',4'-(glycylthio)avarol (12). Thioglycol
(200 pL) dissolved in EtOH (5 mL) was added to a solution
of avarone (2) (100 mg) in EtOH (10 mL) and stirred for
5 min at room temperature. After evaporation of EtOH, the
residue was chromatographed on a Si gel column and eluted
with petroleum ether/Et,O/HOAc (7:3:0.1), to give 3'-
(glycylthio)avarol (10) as the less polar component (25 mg;
yield 20.0%): amorphous solid; [oc]zD5 7.1° (¢ 0.15, CHCly);
UV (MeOH) Apax (loge) 312 (3.54), 433 (2.45); '"H NMR
(CDCl5) 6 6.85 (1H, d, J=2.9 Hz, H-4'), 6.63 (1H, d,
J=29Hz,H-6'),3.67(2H,t,J = 5.9 Hz, H-2"); 2.86 (2H, t,
J =5.9 Hz, H-1"); EIMS m/z 392 [M+2]" (0.4), 390 [M]"
(10), 343 (5), 258 (8), 196 (18), 189 (28), 107 (30), 95 (100);
HREIMS m/z390.2230 (calcd for C,3H3405S, 390.2228),4/-
(glycylthio)avarol (11) (40 mg; yield 32.0%): amorphous
solid; [ot]zD5 11.0° (¢ 0.20, CHCl3); UV (MeOH) Apax (loge)
310(3.61),433(2.39); 'HNMR (CDCl3) 6 6.86 (1H, s, H-3"),
6.73(1H, s, H-6"),3.73 (2H, t,J = 5.9 Hz, H-2"); 2.89 (2H, t,
J =5.9 Hz, H-1"); EIMS m/z 392 [M+2]" (0.4), 390 [M]*
(12), 343 (5), 258 (10), 196 (15), 189 (25), 107 (35), 95 (100);
HREIMS m/z 390.2230 (Calcd for C,3H3403S, 390.2228),
and 3’ 4'-(glycylthio)avarol (12) as the more ?olar compo-
nent (6 mg; yield 4.0 %): amorphous solid; [oz]f) 20.4°(c0.05,
CHCl5); UV (MeOH) Apqx (loge) 327 (3.94), 433 (2.28); 'H
NMR (CDCl;) 6 6.85 (1H, s, H-6'), 3.66 2H, t, J = 5.9 Hz,
H-2"),3.60 (2H, t,J = 5.9 Hz, H-2"),2.96 (2H, t,J = 5.9 Hz,
H-17),2.92 (2H, t, J = 5.9 Hz, H-1"); EIMS m/z 468 [M+2]"
(0.6), 466 [M]" (10), 343 (3), 258 (5), 196 (15), 189 (20), 107
(30), 95 (100); HREIMS m/z 466.2214 (Caled for
Cy5H330,4S,, 466.2211).

Synthesis of 3'-(glycerylthio)avarol (13) and 4'-(glyceryl-
thio )avarol (14). 1-Thioglycerol (100 uL) dissolved in
EtOH (5mL) was added to a solution of avarone (2)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

(100 mg) in EtOH (10 mL) and stirred for 30 min at room
temperature. After evaporation of EtOH, the residue was
chromatographed on a Si gel column and eluted with ethyl
acetate, to give 3’-(glycerylthio)avarol (13) as the less polar
component (45 mg; yield 33.4 %): amorphous solid;
[a]§8.6° (¢ 0.20, CHCl3); UV (MeOH) An.x (loge) 310
(3.18), 433 (2.32); 'H NMR (CDCl;) é 6.85 (I1H, d,
J=2.7Hz,H-4"),6.63 (1H, d, J = 2.7 Hz, H-6), 3.67 (2H,
m, H-2" and H-3a"); 3.50 (1H, m, H-3b"), 2.77 (1H, dd,
J=13.9 and 6.4 Hz, H-1a"), 2.59 (1H, dd, J=13.9 and
7.6 Hz, H-1b"); EIMS m/z 422 [M+2]* (0.4), 420 [M]" (10),
258 (8), 229 (35), 191 (25), 155 (15), 107 (60), 95 (100);
HREIMS m/z 420.2330 (Caled for Co4H3604S, 420.2334),
and 4’-(glycerylthio)avarol (14) as the less polar component
(40 mg; yield 29.7 %): amorphous solid; [01}1235 32.7° (¢ 0.20,
CHCl5); UV (MeOH) Aoy (Ioge) 309 (3.86), 433 (3.07); 'H
NMR (CDCl3) 6 6.86 (1H, s, H-3"), 6.73 (1H, s, H-6'), 3.72
(2H, m, H-2” and H-3a”); 3.51 (1H, dd, J=11.2 and
6.30 Hz, H-3b"), 2.87 (1H, dd, J = 13.8 and 4.1 Hz, H-1a"),
2.74 (1H, dd, J = 13.8 and 8.3 Hz, H-1b"); EIMS m/z 422
[M+2]" (0.4), 420 [M]" (12), 258 (8), 229 (30), 191 (20), 155
(20), 107 (50), 95 (100); HREIMS m/z 420.2330 (Calcd for
Co4H36048S, 420.2334).

Synthesis of 3'-(glycolylthio)avarol (15) and 4’'-(glycolyl-
thio )avarol (16). Thioglycolic acid (200 pL) dissolved in
EtOH (5mL) was added to a solution of avarone (2)
(100 mg) in EtOH (10 mL) and stirred for 3 h at room
temperature. After evaporation of EtOH, the residue was
chromatographed on a Si gel column and eluted with
petroleum ether-Et,O-HOACc (7:3:0.1), to give 3’-(glycol-
ylthio)avarol (15) as the less polar component (34 mg; yield
26.3%): amorphous solid; [oc}zD5 14.4° (¢ 0.15, CHCl;); UV
(MeOH) /pax (loge) 312 (4.35), 433 (2.93); 'H NMR
(CDCly) 6 6.88 (1H, d, J=2.9 Hz, H-4'), 6.65 (1H, d,
J =2.9 Hz, H-6"), 3.47 (2H, s, H-1"); EIMS m/z 406 [M+2]"
(0.4), 404 [M]* (12), 229 12(35), 191 (25), 107 (60), 95 (100);
HREIMS m/z 404.2017 (Calcd for C,3H3,04S, 404.2021),
and 4’-(glycolylthio)avarol (16) as the less polar component
(28 mg; yield 21.6%): amorphous solid; [a]f; 14.0° (¢ 0.15,
CHCl5); UV (MeOH) Ana(loge) 311 (3.52), 433 (2.20); 'H
NMR (CDCls) 6 6.81 (1H, s, H-3%), 6.65 (1H, s, H-6"), 3.43
(2H, s, H-1"); EIMS m/z 406 [M+2]" (0.4), 404 [M]" (8), 229
(25), 191 (20), 107 (50), 95 (100); HREIMS m/z 404.2025
(Calcd for C23H3204S, 4042021)
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