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Abstract—Natural products of the naphthoquinone spiroketal structural type served as lead structures for the development of novel
inhibitors of the thioredoxin–thioredoxin reductase redox system. The most potent compound in this series inhibited thioredoxin
with an IC50 of 350 nM, and many derivatives showed low micromolar activities for growth inhibition against two breast cancer cell
lines. # 2001 Elsevier Science Ltd. All rights reserved.

The preussomerin, palmarumycin, and diepoxin families
of naphthoquinone spiroketal natural products have
attracted considerable synthetic interest.1 The known
biological activities of these novel fungal metabolites
span from antifungal antibiotic effects to FTPase, DNA
gyrase, and phospholipase D inhibition.1 Preliminary

biological evaluation of 22 naphthoquinone spiroketals
against two human breast cancer cell lines revealed sev-
eral potent and selective growth inhibitors;1a in addi-
tion, analogue SR-7 was found to arrest mammalian
cells in the G2/M phase of the cell cycle.2 We now
report that several natural as well as synthetic members
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of the naphthoquinone spiroketal class are potent and
selective inhibitors of the thioredoxin–thioredoxin
reductase cellular redox system.

Since its discovery in the early 1960s, the thioredoxin–
thioredoxin reductase system has been the subject of
intense pharmacological studies.3 The two redox-active
proteins have been isolated from many species, and
their medical interest is based in part on their value as
indicators of widespread diseases such as rheumatoid
arthritis, AIDS, and cancer. The cytosolic 12 kDa
thioredoxin-1 (Trx-1) is the major cellular protein
disulfide reductase and its dithiol-disulfide active site
cysteine pair (CXXC) serves as electron donor for
enzymes such as ribonucleotide reductase, methionine
sulfoxide reductase, and transcription factors including
NF-kB and the Ref-1-dependent AP-1.4 Therefore,
thioredoxin-1 is critical for cellular redox regulation,

signaling, and regulation of protein function as well as
defense against oxidative stress and control of growth
and apoptosis.5 Thioredoxin-1 acts in concert with the
glutathione–glutathione reductase system but with a
rate of reaction orders of magnitude faster, and lack of
cytosolic mammalian thioredoxin is embryonically
lethal. Eukaryotic thioredoxin reductases (TrxR) are
112–130 kDa, selenium-dependent dimeric flavoproteins
that also reduce substrates such as hydroperoxides or
vitamin C.6 They contain redox-active selenylsulfide-
selenolthiol active sites and are inhibited by auro-
thioglucose and auranofin (Ki=4 nM).7 NADPH serves
as reducing agent of Trx-1 via TrxR.

Pathophysiological effects of Trx-1/TrxR are indicated
by Trx-1 overexpression in human tumors such as lung,
colorectal, and cervical cancers and leukemia, and
secreted Trx-1 stimulates cancer cell growth and

Figure 1. Structures of synthetic Trx-1/TrxR inhibitors.
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decreases sensitivity to induced apoptosis.8 The Trx-1/
TrxR system is therefore an important target for
chemotherapeutic intervention. Alkyl 2-imidazolyl
disulfides were found to be inhibitors of Trx-1/TrxR
with IC50s of 31/37 mM, respectively; they block MCF-7
human breast cancer cells in the G2/M phase of the cell
cycle and suppress the growth of several human primary
tumors in the NCI 60 cancer cell line panel.8,9 A COM-
PARE analysis revealed the most potent Trx-1/TrxR
inhibitor known to date, the para-quinone NSC401005
a.k.a. the natural product pleurotin.10 The IC50 of
NSC401005 against Trx-1/TrxR was determined as 0.17
mM; however, the average IC50 of this compound for
growth inhibition in the NCI 60 tumor cell line panel
was only 21.5 mM. While inhibitors of TrxR such as
auranofin and nitrosoureas are quite effective, the
search for new, more specific, and less toxic compounds
is well justified.

Syntheses and characterizations of palmarumycin CP1,
diepoxin s, the JK-series and the SR-series of analogues
have been reported elsewhere.1 The TH-39 through TH-
140 series of analogues was prepared in a similar fash-
ion in 10–70% yield from synthetic palmarumycin CP1
by Mitsunobu reactions with polystyrene-supported tri-
phenylphosphine (Fig. 1).11 TH-169 was prepared by
hypervalent iodine oxidation of diol 11c followed by
transketalization with ethylene glycol and two-step
aromatization (Scheme 1).12 For the preparation of
TH-223, the cesium salt of diol 313 was alkylated and
cyclized under oxidative conditions.14

Thioredoxin reductase was purified from human pla-
centa as previously described15 and recombinant human
Trx-1 was prepared as previously described.16 TrxR and
Trx-1/TrxR activities were measured spectro-
photometrically using previously published microtiter
plate colorimetric assays, based on the increase in
absorbance at 405 nm which occurs as dithioni-
trobenzoic acid (DTNB) is reduced by the enzyme-
mediated transfer of reducing equivalents from
NADPH.16 Trx-1/TrxR-dependent insulin reducing
activity was measured in an incubation with a final
volume of 60 mL containing 100 mM HEPES buffer, pH
7.2, 5 mM EDTA (HE buffer), 1 mM NADPH, 1.0 mM
TrxR, 0.8 mM Trx-1 and 2.5 mg/mL bovine insulin.
Incubations were for 30 min at 37 �C in flat-bottom 96-
well microtiter plates. The reaction was stopped by the

addition of 100 mL of 6M guanidine–HCl, 50 mM Tris,
pH 8.0, and 10 mM DTNB, and the absorbance mea-
sured to 405 nm. TrxR activity was measured in a final
incubation volume of 60 mL containing HE buffer, 10
mM DTNB, 1.0 mM TrxR and 1 mM NADPH. Com-
pounds were diluted in HE buffer and added to the wells
as 20 mL aliquots, and TrxR was then added, also as 20
mL aliquots in HE buffer. To start the reaction NADPH
and DTNB were added as a 20 mL aliquot in HE buffer
and the plate was moved to the plate reader which had
been preheated to 37 �C. The optical density at 405 nm
was measured every 10 s and initial reaction rates were
measured.

Antiproliferative activity was examined with estrogen
receptor positive, p53 replete MCF-7 and estrogen
receptor negative, p53 deficient MDA-MB-231 human
breast cancer cells using a previously described colori-
metric assay.1a,2 Cells were seeded at 4000 cells/well in
96-well microtiter plates and allowed to attach over-
night. Cells were treated with compounds (0.1–30 mM)
or 0.1% DMSO (vehicle) for 72 h, after which the
medium was replaced with serum-free medium contain-
ing 0.1% of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide. Plates were incubated for 3 h in
the dark and the total cell number was calculated
spectrophotometrically at 540 nm.

Table 1 summarizes Trx-1/TrxR assay data as well as
growth inhibition values for selected compounds. The
most active compounds inhibited Trx-1/TrxR with IC50
values from 0.35 to <15 micromolar. In particular,
palmarumycin CP1 rivaled the most active known inhi-
bitor of the thioredoxin system, pleurotin, in activity
(entry 1). Palmarumycin CP1 also demonstrated con-
siderable (>30-fold) selectivity for Trx-1 over TrxR.
Alkylation at the phenol as shown in the SR-series of
analogues mostly abolished activity, with the exception
of SR-10, a 3-furylmethyl derivative (entry 17), and SR-
14, an allylated phenol (entry 21), which were none-
theless >50-fold less active. For the most part, this
trend is continued in the TH-series, but several deriva-
tives show more significant affinity to the thioredoxin–
thioredoxin reductase system. Specifically, TH-40 (entry
23), TH-44 (entry 24), and TH-62 (entry 27) have IC50
values from 4.8 to 13.4 mM. The former two are closely
related to SR-14, but the activity of TH-62 is unex-
pected given the lack of activity of the closely related

Scheme 1.
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TH-63–66. The beneficial effects of the free phenol
group in the palmarumycin pharmacophore for Trx-1/
TrxR inhibition are most strikingly demonstrated in the
comparison of TH-169 and TH-223. Only the free phe-
nol TH-169 maintains significant activity (entry 35)
while the methyl ether TH-223 is practically inactive. The
comparison between palmarumycin CP1 and TH-169 also
demonstrates the contribution to activity by the naphtha-
lenediol ketal; a replacement with the 1,3-dioxolane group
decreases activity ca. 10-fold and, most significantly,
reduces the Trx-1 selectivity from >30- to ca. 2-fold.
The presence of the conjugated enone is not crucial, as
comparisons in the JK-series demonstrate. The diepoxy-
diketones JK-7 and, in particular, diepoxin s, maintain
respectable levels of inhibition of Trx-1/TrxR (entries 7

and 8), even though successive replacements of the
double bonds in JK-4, JK-5, and JK-6 with epoxide
rings lead to noticeable decreases in activity vs. the
parent dienone JK-3.

It is intriguing to compare the structures of the most
active palmarumycin analogues with pleurotin, a 0.17
mM inhibitor (Fig. 2). The polycyclic perhydro-
anthracene core of pleurotin is most closely related to
JK-2, but the latter has considerably lower Trx-1/TrxR
activity (entry 2). This difference is likely due to the
presence of a para-quinone in pleurotin, which is a sig-
nificantly more electrophilic moiety than the cyclohexa-
dienone in JK-2. It is therefore noteworthy that the IC50
of palmarumycin CP1 almost matches that of pleurotin,
since the presence of the phenol ring attached to the
cyclohexenone further reduces its electrophilicity and
intrinsic reactivity toward thiols. Both JK-2 and pal-
marumycin CP1 demonstrate 10–20 times greater cell
growth inhibition against MCF-7 and MDA-MB-231
cancer cell lines compared with pleurotin. Interestingly,
the parent natural products as well as >80% of the
synthetic analogues show IC50 values <10 mM against
estrogen receptor positive and negative breast adeno-
carcinoma cells. Thus, this series is quite enriched for
cytotoxic compounds directed toward human malig-
nancies. All six compounds that inhibit Trx-1 in vitro
with an IC50 <10 mM, namely palmarumycin CP1, JK-2
(entry 2), JK-3 (entry 3), diepoxin s, TH-40 (entry 23),
and TH-169 (entry 35), have an IC50 for growth inhibi-
tion with the two human breast cancer cell lines of <10
mM. Several of the compounds that lacked TrxR or Trx-
1/TrxR inhibitory activity, such as TH-48 (entry 25),
TH-49 (entry 26), TH-63 (entry 28), and TH-64 (entry
29), have IC50 values for growth inhibition in excess of
10 mM. Nonetheless, at this time we do not have any
direct evidence that the cytotoxicity was caused by
inhibition of the Trx-1/TrxR system. This correlation
will require additional investigation. In general, how-
ever, there is no obvious direct relationship between cell
growth inhibitory activity and Trx-1/TrxR inhibition in
the JK-series. This could reflect undesirable pharmaco-
logical attributes of some of the good in vitro inhibitors
of Trx-1, such as poor cellular uptake, rapid cellular
efflux, metabolism, or binding to multiple macro-
molecular targets, which limit their cellular toxicity. The
substantial cytotoxicity of compounds lacking obvious
in vitro activity against the Trx-1/TrxR system is most
likely due to interactions with other, as yet undefined,
molecular targets.

In summary, we have discovered a new, nanomolar lead
structure for the development of inhibitors of the thio-
redoxin–thioredoxin reductase system. Palmarumycin
CP1 rivals the enzyme inhibitory activity reported for
the structurally much more complex and more electro-
philic quinone pleurotin and shows 50% cancer cell
growth inhibition at 10–20 times lower concentrations.
Our SAR studies on synthetic derivatives demonstrate
that both the phenol group and the enone moiety in
palmarumycin CP1 are important for maximizing enzy-
matic activity, and that the presence of the naphthal-
enediol ketal enhances Trx-1 over TrxR selectivity. It is

Figure 2. Structure of pleurotin.

Table 1. IC50 values [mM] for TrxR, Trx-1/TrxR and cell growth

inhibitiona

Entry Compound TrxR Trx-1/TrxR MDA-MB-231 MCF-7

1 Palmarumycin CP1 12.0 0.35 2.4 1
2 JK-2 ndb 8.0 2.1 1.3
3 JK-3 nd 2.1 6.4 3.8
4 JK-4 nd 12.2 23 4.6
5 JK-5 nd 44.0 3.4 1.3
6 JK-6 nd >50 8.2 4.6
7 JK-7 nd 13.5 2.9 2.8
8 Diepoxin � 13.5 4.5 2 1.5
9 SR-1 nd >50 7.5 7.9
10 SR-2 nd >50 2.9 1.3
11 SR-3 nd >50 13.6 13.4
12 SR-4 nd >50 9.2 >30
13 SR-5 nd >50 2.7 2.3
14 SR-6 nd >50 4.6 3.9
15 SR-7 nd >50 2.5 1.1
16 SR-9 nd >50 2 4.6
17 SR-10 >50 23.2 2 2
18 SR-11 >50 41.8 2.8 2
19 SR-12 >50 >50 1.4 1.5
20 SR-13 >50 >50 7.3 8
21 SR-14 >50 23.2 2.7 2
22 TH-39 >50 >50 2.2 0.7
23 TH-40 >50 4.8 8.2 7.8
24 TH-44 >50 13.4 4.7 4.3
25 TH-48 >50 >50 9.3 >10
26 TH-49 >50 >50 8 >10
27 TH-62 20.1 10.2 7.8 5.7
28 TH-63 >50 >50 >10 >10
29 TH-64 >50 >50 >10 >10
30 TH-65 >50 >50 4.9 5
31 TH-66 >50 42.4 5.2 5.5
32 TH-126 nd >50 3.6 2
33 TH-139 nd >50 5.3 4.3
34 TH-140 nd >50 4.5 1.9
35 TH-169 8.8 3.4 4.3 4.2
36 TH-223 >50 40.2 5 4.4

aIC50 values were calculated from five concentrations (0.1–50 mM) for
both the Trx-1/TrxR and TrxR assays.
bnd, not determined.
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possible that the antifungal and antibacterial effects
found for palmarumycins17 are a consequence of in vivo
inhibition of the cellular redox state; certainly, the pal-
marumycins represent an attractive new opportunity for
the development of chemotherapeutic agents that target
the Trx-1/TrxR system.
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