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Structure–activity requirements for the antiproliferative effect of
troglitazone derivatives mediated by depletion of intracellular
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Abstract—Depletion of calcium from the endoplasmic reticulum has shown to affect protein synthesis and cell proliferation. The
anticancer effect of troglitazone was reported to be mediated by depletion of intracellular calcium stores resulting in inhibition of
translation initiation. The unsaturated form of troglitazone displays similar anticancer properties in vitro. In this letter, we report
our findings on the minimum structural requirements for both compounds to retain their calcium release and antiproliferative
activities.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Calcium ions play a critical role in key biological pro-
cesses.1–3 The major intracellular calcium store is the
endoplasmic reticulum (ER). Depletion of ER Ca2þ

stores promote ER stress4–6 and that leads to the phos-
phorylation of eukaryotic initiation factor 2 (eIF2) and
thereby to inhibition of translation initiation.7–11

Translation initiation plays an important role in regu-
lation of cell proliferation and malignant transformation
and is therefore an attractive target for the development
of mechanism-specific anticancer drugs.

We have previously demonstrated that eicosapentaenoic
acid (EPA),12 thiazolidinediones (TZD),13 and clotrim-
azole (CLT),14 exhibit anticancer properties mediated by
inhibition of translation initiation. These compounds
cause partial and sustained depletion of intracellular
Ca2þ stores because they simultaneously release Ca2þ

from internal stores and block store-operated-calcium
channels (SOC) that open to refill the internal Ca2þ

stores. This partial depletion of intracellular Ca2þ stores
causes activation of eIF2 kinases (PKR or/and PERK)
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leading to the phosphorylation of the a subunit of eIF2
(eIF2a) and inhibition of translation initiation. Both
CLT and TZD inhibit growth of cancer cells in vitro at
micromolar concentrations, and also tumor growth in
experimental cancer models.

Troglitazone (TRO), an agonist ligand for the nuclear
receptor peroxisome proliferator-activated receptor-c
(PPAR-c), improves insulin sensitivity, induces terminal
differentiation of normal pre-adipocytes and human
liposarcoma cells in vitro15 and also exhibits anticancer
activity in other cancer cell types.13;16 We have previ-
ously shown that the anticancer activity of TRO is
independent of PPAR-c and mediated by Ca2þ release
mediated inhibition of translation initiation.13;17

Recently, we have observed that the unsaturated form of
TRO (1b), and ciglitazone release Ca2þ from intracel-
lular stores and inhibit cell growth in the lung cancer cell
line, A549, in a manner similar to TRO (1a), while
rosiglitazone, a more potent member of the TZD family,
does not release Ca2þ nor inhibit cell proliferation (Fig.
1). Ciglitazone and rosiglitazone differ from TRO only
in the substitution on the 40-hydroxy. We have, there-
fore, investigated the minimum requirement on the
40-hydroxy substitution of the TZD type compounds
needed to maintain their translation initiation inhibitory
activity (Fig. 2).
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Figure 2.

Figure 1.

Scheme 2. (a) t-Butyldimethylsilyl chloride, imidazole, DMF; (b)

LAH, rt, 3 h (75.9%, two steps); (c) 4-fluorobenzaldehyde, KtOBu,

DMF, 80 �C, 8 h; (d) 2,4-thiazolidinedione, AcOH, piperidine, toluene,

reflux, 4 h (37%, two steps); (e) HCl, MeOH, 15min; (f) CoCl2, DMG

(84%).
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In the past we have observed a good correlation among
intracellular Ca2þ release, phosphorylation of eIF2a,
and inhibition of cell proliferation.12–14 Therefore, in this
communication we decided to use these three bioassays
to measure the activities of our compounds and to
determine their mechanisms of action.

Compounds 2–1318 were all synthesized in a similar
fashion as outlined in Scheme 1. The reaction conditions
were not optimized for the individual compounds. Dif-
ferent linear and cyclic alkanols were O-alkylated with
4-fluorobenzaldehyde using potassium tert-butoxide as
base in DMSO at 80 �C for 8 h. The desired crude
O-alkylated aldehydes underwent Knoevenagel con-
densation with 2,4-thiazolidinedione in refluxing toluene
for 3–4 h. The 5-benzylidene thiazolidinedione deriva-
tives (b) were purified by recrystallization from aceto-
nitrile. The 5-benzylidene thiazolidinediones was then
reduced with CoCl2 and NaBH4 to yield the 5-benzyl
derivatives (a). The final products (a) were purified by
silica gel flash chromatography. Compounds 1a and 1b
were synthesized in six steps with moderate yield as
shown in Scheme 2.19;20 All the compounds were dried
under vacuum overnight before use. All the compounds
had greater than 95% purity as determined by 1H NMR
and LC–MS.

Mechanism related biological activities were measured
by testing all compounds for intracellular Ca2þ release
and phosphorylation of eIF2a at 80 and 15 lM,
respectively. Different concentrations were used to
compensate for the different durations of the assays. In
the Ca2þ release assay cells were treated for 10min. In
Scheme 1. (a) KtOBu, DMF, 80 �C; (b) 2,4-thiazolidinedione, AcOH,

piperidine, toluene, reflux; (c) CoCl2, DMG.
the phosphorylation assay, cells were treated with drugs
for 2 h. Inhibition of cell growth was determined at
concentrations ranging from 0.5 to 100 lM. In the cell
growth assay, the cells were treated with drug for 5 days.
The intracellular Ca2þ release was assayed using fluo-4
loaded cells,21 and phosphorylation of eIF2a was
determined by western blotting extracts of treated cells
with anti-phospho-serine 51 eIF2a-specific antibodies.14

Inhibition of cell proliferation was measured using the
sulforhodamine B (SRB) assay.22 The results are sum-
marized in Table 1.
2. Results and discussion

The parent compounds (1a and 1b) are the most potent
compounds in the series in terms of their Ca2þ release
and antiproliferative activities. The unsaturated thiazo-
lidinediones are generally more potent than their satu-
rated counterparts in the cell proliferative assay.
Interestingly, Reddy et al.23 have observed a similar
trend in the euglycemic and hypolipidemic activities for
some of the unsaturated thiazolidinediones. The reason
for the enhanced potency of the unsaturated thiazolid-
inediones is still not clear. However, this result suggests
that the exocyclic double bond may improve the anti-
proliferative activities of these compounds, although it is
not required.

Some of the structurally simpler analogs in this series
still caused the release of Ca2þ, phosphorylation of
eIF2a, and inhibition of cell growth. Compounds 12a,b
and 13a,b have completely lost the ability to induce the
release of Ca2þ from intracellular stores suggesting that
the substitution on the 40-hydroxyl group is essential for



Table 1. Lipophilicity and structure–activity relationships of the troglitazone-derived series (TRO)

Compoundsa R cLog P b Ca2þc eIF2-Pd IC50 (lM)e Yield (%)f Mp (�C)g

1a (Tro) 4.46 + + 15±2.1 84 179.6–182.1

1b 5.31 + + 5±1.2 24 205.5–208.2

2a Tetrahydropyranylmethyl 2.29 ) ) >100 50 125.4–127.3

2b Tetrahydropyranylmethyl 2.02 + + 22±2.1 49 184.6–187.4

3a Cyclohexylmethyl 3.94 + ± 26±1.9 52 122.2–124.1

3b Cyclohexylmethyl 3.66 + + 14±1.7 41 190.4–192.8

4a Cyclopentylmethyl 3.38 + + 25±3.6 45 101.7–102.9

4b Cyclopentylmethyl 3.21 + + 10±1.0 33 155.3–158.1

5a Cyclobutylmethyl 2.81 + ) >100 46 98.6–101.2

5b Cyclobutylmethyl 2.54 + + 13±1.6 39 177.7–179.4

6a Cyclopropylmethyl 2.26 ) ) >100 48 86.9–89.2

6b Cyclopropylmethyl 1.99 ) ± 23±4.5 32 189.7–191.3

7a tert-Amyl 3.76 + + 23±1.6 54 160.6–161.9

7b tert-Amyl 3.49 + + 15±0.9 30 182.6–184.1

8a iso-Butyl 3.36 + ) 25±3.3 46 87.7–89.5

8b iso-Butyl 3.09 ) ± 16±2.8 38 142.7–145.2

9a n-Propyl 2.96 ) ± 45±3.4 44 81.4–83.4

9b n-Propyl 2.69 ± ± 7±0.9 32 186.3–188.4

10a n-Ethyl 2.43 ) ± >100 50 109.5–110.9

10b n-Ethyl 2.16 ) ± 27±2.6 51 145.4–148.0

11a Methyl 1.91 ) ) >100 35 111.5–113.6

11b Methyl 1.63 ) ) 23±1.2 62 216.5–217.9

12a H 1.32 ) ± >100 43 140.7–144.0

12b H 1.05 ) ) 20±1.0 66 301.9–303.3

13a (Without OH) 1.99 ) ) >100 39 78.5–80.1

13b (Without OH) 1.71 ) ) >100 58 122.9–124.3

14a Benzyl 3.67 ) ) >100 46 123.4–125.6

14b Benzyl 3.40 ) ) 15±0.9 63 223.7–225.2

Ciglitazoneh 5.07 + + 20±2.4 –– ––

a In compounds 1a–13a the thiazolidine ring is substituted by a benzyl moiety, and in compounds 1b–13b the thiazolidine ring is substituted by a

benzylidene moiety.
b cLog P ’s are calculated log P values generated by CHEMDRAWCHEMDRAW program.
cRelease of Ca2þ from intracellular stores was observed using fluo-4 loaded cells. The +, ), and ± notations indicate release, no release, and

insignificant release, respectively. The experiment was done with clotrimazole, a known Ca2þ releaser, as a positive control.
d Phosphorylation of eIF2a was determined by western blotting. The +, ), and ± notations indicate phosphorylation, no phosphorylation, and

insignificant phosphorylation, respectively. The experiment was done with Tro and DMSO as the positive and negative controls, respectively.
e IC50 was measured using sulforhodamine B assay. The values indicate the concentration needed to inhibit 50% of cell proliferation. The experiment

was done in triplicate.
f The yields for the b series are the overall yield. The yields for the a series are the yield of the reduction step from the correspond compounds from b

series.
g The melting points were determined on a Mel-Temp� apparatus from Electrothermal with a thermocouple thermometer from Barnant.
hCiglitazone was purchased from Sigma, St. Louis, MO.
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the monitored activities. The size of the substituents at
the 40-hydroxyl group also seems to be important for
their activities. In most cases the potencies improve as
the O-alkyl substituents become longer and bulkier. The
cyclopropyl analogs (6a and 6b) in the cycloalkyl series
and compounds 9a,b–13a,b with fewer than four car-
bons in the linear alkyl chain series completely lost their
ability to deplete Ca2þ from the intracellular stores.

Contrary to our prediction, compound 2a substituted by
the tetrahydropyranyl moiety was devoid of any intra-
cellular Ca2þ releasing activity, possibly explained by the
lower lipophilicity of the compound. Fischer et al.24

have observed a similar phenomenon in the rat baso-
philic leukemia cell (RBL-2H3) in which compounds
with high lipophilicity released Ca2þ from intracellular
stores and inhibited SOC channels. In the saturated
series a, only compounds with c log P greater than 2.7
induce the release of Ca2þ; in the unsaturated series b,
with the exception of 2b, only compounds with c log P
greater than 2.5 induce the release of Ca2þ. However,
this observation holds true only in the aliphatic substi-
tuted compounds. When the substituent was a benzyl
group, both compounds (14a and 14b) lost their ability
to release Ca2þ.

Drug-induced phosphorylation of eIF2a suggests inhi-
bition of translation initiation. In most cases, com-
pounds that release Ca2þ also phosphorylate eIF2a and
inhibit cell proliferation, and compounds that do not
release Ca2þ also fail to cause phosphorylation of eIF2a
and inhibition of cell proliferation. A few compounds
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(5a and 8a), which cause some release of intracellular
Ca2þ without phosphorylating eIF2a, as well as those
compounds that inhibit cell growth without releasing
Ca2þ from intracellular stores are likely to affect cell
proliferation by a mechanism(s) other than inhibition of
translation initiation.

These observations suggest that the combination of
Ca2þ release and eIF2a phosphorylation assays allow us
to distinguish between antiproliferative compounds that
act via Ca2þ induced inhibition of translation initiation
and those that employ other mechanisms. In summary,
we were able to identify the minimal structural
requirement for TRO as Ca2þ depleting translation ini-
tiation inhibitors.
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