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� Receptor ligands are attracting interest as possible anti-cancer agents because of their ability to induce
cell death by different mechanisms. In this study we investigated the cytotoxic effects of 12 recently devel-
oped �-receptor ligands in a panel of eight different human tumor cell lines by either the crystal violet or
MTT assays. The results show that � ligands have broad cytotoxic activity on a number of human cancer
cell lines with IC50 values in the low �M range. In addition, apoptosis was observed by the annexin-V/PI
double staining method when RPMI 8226 human multiple myeloma cells were treated with a representative
� ligand, (R)-2b. Combination of (R)-2b with melphalan led to a higher apoptotic rate than with the drug
alone. Likewise, combined treatment of (R)-2b with the known high affinity �2-agonist PB28 showed an
additive effect on the induction of apoptosis in the RPMI 8226 line. In contrast, combinations of (R)-2b with
the known �1-antagonist haloperidol lead to a significant reduction in the cytotoxic activity of (R)-2b. These
results support the idea that (R)-2b acts as a �-agonist to cause the death of RPMI 8226 cells.

1. Introduction

� Receptors are a unique group of receptors containing two sub-
types (�1 and �2), which show diverse pharmacological profiles
(Aydar et al. 2004). The �1 receptor is better characterized due
to the fact that it has been cloned from mammalian species.
This subtype is a transmembranous 223 amino acid protein with
two transmembrane regions, an extracellular loop as well as
one C-terminus and one N-terminus, which are intracellularly
located (Aydar et al. 2002). The �1 receptor is preferentially
localized in the endoplasmic reticulum (ER) and considered to
act as an ER chaperone protein because of the ability to translo-
cate to the plasma membrane (Hayashi et al. 2003; Morin-Surun
et al. 1999). Moreover, this receptor subtype modulates var-
ious ion channels as well as some neurotransmitter systems.
It has been intensively studied for the function in the CNS,
where it is involved in several disorders like depression and
anxiety, psychosis, Parkinson′s disease, Alzheimer′s disease or
drug addiction (Maurice et al. 2009).
The �2-receptor has not yet been cloned. It is also widely dis-
tributed in the CNS but like the �1- subtype high expression
levels have also been found in peripheral organs like heart,
kidney, liver, intestine, ovaries and testes (Guitart et al. 2004;
Hellewell et al. 1994; Jansen et al. 1992). Both subtypes have
been shown to be over-expressed in many human tumor cell
lines, leading to the development of �-ligands for diagnostic
imaging and cancer treatment emphasizing the important role of
these receptors in cancer biology (Colabufo et al. 2004; Wheeler
et al. 2000).

In previous work we reported on bridged �-receptor-ligands
with high �1 affinity. (Geiger et al. 2007; Holl et al. 2009a, b;
Sunnam et al. 2010). Recently, we described the synthesis,
receptor affinity and cytotoxicity of a series of hydroxyethyl
substituted �-receptor-ligands (Fig. 1) (Weber et al. 2014).
Two of these compounds, (S)-2a and (R)-2a, were able to
induce caspase-independent apoptosis as well as an incomplete
autophagy in RPMI 8226 cell line (Korpis et al 2014). In the
present study the cytotoxic activities of 12 promising �-receptor
ligands were investigated in a panel of eight different human
tumor cell lines, a number of which (i.e., A427, 5637, LCLC-
103H, MCF-7, RT-4, RPMI 8226) are known to express both �
receptors. (R)-2b shows high binding affinity for the �1-receptor
relative to the �2-receptor, thus it was chosen as a model com-
pound for further investigations (Weber et al. 2014). Here we
report the cytotoxic and apoptotic activities of (R)-2b in the
RPMI 8226 cell line in combined treatment with melphalan and
two �1-antagonist/�2-agonists, PB28 and haloperidol, that have
opposite orders of affinity at the �1/ �2 –receptors (�2 > �1 and
�1 > �2, respectively). Based on these results, we propose that
(R)-2b acts as an agonist at both subtypes.

2. Investigations and results

2.1. σ-Receptor-ligands show antiproliferative activity

The cytotoxic activity of the � receptor-ligands were evalu-
ated on two human bladder cancer (5637 and RT-4), a human
small cell lung cancer (A427), a human large cell lung cancer
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Fig. 1: Structures of the tested piperazines with hydroxylethyl side chain (1–3) and the �1-antagonist /�2-agonist PB28.

(LCLC-103H), a human pancreas cancer (DAN-G), a human
breast cancer (MCF-7), a human leukemia cancer (HL60) and
on the human multiple myeloma cell line RPMI 8226. For the
adherent cell lines (5637, RT-4, A427, LCLC-103H, DAN-G and
MCF-7) the crystal violet staining assay was used. For the two
suspension cell lines (HL60 and RPMI 8226) the MTT assay was
used. Fig. 2Ashows representative dose-response curves for (S)-
1e and (R)-2b in the A427 line and Fig. 2B shows dose-response
curves for (R)-2b and melphalan in the RPMI 8226 line. Inter-
estingly, the shape of the curves for (R)-2b and melphalan are
nearly identical and both compounds gave similar average IC50

values.
The calculated IC50 values (half of the maximal inhibitory drug
concentration) of the tested ligands are reported in the Table.
For comparison, the known chemotherapeutic drug melphalan
and the �-receptor-ligands PB28 (�1-antagonsit/�2-agonist),
haloperidol (�1-antagonsit) and (+)-pentazocine (�1-agonist)
were also investigated. In adherent cell lines, compounds with
large residues at both N-atoms showed greater antiprolifer-
ative activity than compounds with small groups. Whereas
ligands with an aliphatic methyl group (S)-1a, (S)-3a, (S)-3b),
butyl group (S)-1b, (S)-3d) or isobutyl group (S)-1c) at N4
had no activity in any of the cell lines (except for (S)-3b in

the A427 cells), introduction of the cyclohexylmethyl-moiety
(1e) led to an IC50 value below 20 �M in the A427 cell
line (Table). Moreover, replacement of the phenyl-substituent
at N1 for the larger naphthylmethyl group (i.e., (S)-2b, (R)-
2b) or biphenylmethyl group (i.e., (S)-2a, (R) -2a) resulted
in an increase in potency in almost all adherent cell lines.
These findings are in accord with the �1-receptor-binding
studies, in which the affinity (Ki) increased in the order
of methyl < butyl < isopentyl < cyclohexylmethyl (Weber et al.
2014).
Interestingly, the (R)-enantiomer is in most cases more effec-
tive than the (S)-enantiomer. For example, the �2-receptor-rich
cell lines MCF-7 and RT-4 were unresponsive to treatment
with (S)-2a, whereas the (R)-enantiomer (S)-2a shows IC50

values of about 10 �M. This chiral discrimination is not seen
in the RPMI 8226 cell line, here the (S)-enantiomer is only
slightly more active than the (R)-enantiomer (Table). Although
(R)- 2b had the greatest binding affinity in this cell line for
the �1-receptor, the (S)-enantiomer (S)-2b had the lowest IC50

concentration (1.29 �M). The leukemia HL60 cells were resis-
tant to all compounds tested, except for (R)-2b, which gave an
IC50 = 17.35 �M.

Fig. 2: Representative dose-response curves of (A) A427 cells treated 96 h with (S)-1e (-•-) or (R)-2b (- -) after staining with crystal violet and (B) of RPMI 8226 cells treated
72 h with (R)-2b (- -) or melphalan (-N-) after staining with MTT. Results are in percentage relative to untreated controls (100%).
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Table: IC50 values (�M) for cell growth inhibition in a panel of human cancer cell lines after treatment with compounds

Compounds A427a 5637a DANGa LCLC-103Ha MCF-7a RT-4a RPMI 8226b HL60b

(S)-1a > 20 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-1b > 20 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-1c > 20 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-1d > 20 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-1e 13.63 ± 4.89 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-2a 9.25 ± 1.00 10.54 ± 0.60 > 20 > 20 > 20 > 20 21.32 ± 6.46 > 20
(R)-2a 3.46 ± 1.21 6.57 ± 4.76 12.21 ± 0.50 14.90 ± 1.05 8.83 ± 2.08 11.31 ± 3.39 13.04 ± 4.90 > 20
(S)-2b 9.12 ± 1.98 3.65 ± 2.25 > 20 16.18 ± 1.21 9.77 ± 3.01 5.76 ± 2.89 1.29 ± 1.28 > 20
(R)-2b 5.02 ± 1.68 4.79 ± 2.94 13.30 ± 3.90 6.48 ± 0.90 9.05 ± 1.07 6.68 ± 2.94 8.53 ± 3.50 17.35 ± 3.35
(S)-3a > 20 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-3b 11.29 ± 5.11 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
(S)-3c > 20 > 20 > 20 > 20 n.d. n.d. n.d. n.d.
PB28 0.81 ± 0.34 8.35 ± 6.67 4.50 ± 1.07 6.99 ± 2.40 1.66 ± 0.48 8.13 ± 2.53 9.29 ± 4.25 9.46 ± 3.14
Haloperidol 9.63 ± 3.67 2.25 ± 1.39 > 20 10.87 ± 1.91 24.9 ± 9.77c) 16 ± 5d) 18.39 ± 6.21 n.d
(+)-Pentazocine > 20 3.49 ± 0.90 20.08 ± 5.31 > 20 > 20c) > 20c) 17.77 ± 8.30 n.d
Melphalan 5.13 ± 1.9 e) 1.32 ± 0.14 e) 2.65 ± 1.02 e) 4.00 ± 0.42 e) 3.71 ± 1.19 e) 14.25 ± 9.54 e 8.47 ± 0.44 1.04 ± 0.48e)

a) Determined by crystal violet method after 96 h treatment b) determined by MTT method after 48 h (HL60) or 72 h (RPMI) treatment c) IC50 values are from ref (Geiger et al., 2007) d) IC50 value from ref
(Sunnam et al., 2010)e) IC50 value from ref (Bracht et al., 2006), n ≥ 3. n.d.: not determined.

The known �1-antagonist/�2-agonist PB28 gave lower IC50 val-
ues in the A427, DAN-G and MCF-7 cell lines compared to our
ligands, but IC50 values were comparable in the 5637, LCLC
and RT-4 lines. In the RPMI 8826 cell line (S)-2b was much
more active than PB28. As expected for the �1-agonist (+)-
pentazocine, only weak cytotoxic activity was found in all cell
lines except 5637 (Geiger et al. 2007; Spruce et al. 2004). The
�1-antagonist haloperidol gave moderate IC50 values in most
cell lines, but in �1-receptor rich RPMI 8226 cells the IC50 was
only 18.39 �M. The IC50 values of melphalan, an alkylating
agent, were also in the micromolar range and comparable with
the �-ligands.

2.2. Induction of apoptosis by (R)-2b

Next, the ability of (R)-2b, the ligand with the highest affinity
for the �1-receptor (Ki value = 0.9 ± 0.2 in the guinea pig brain
assay and 7.5 ± 2.7 in the human RPMI 8226 assay) (Weber et al.
2014) to induce apoptosis in RPMI 8226 cells was investigated.
The annexin/PI double staining method revealed that apoptotic
levels increased from 4.6 ± 0.6 % in untreated control to 18.5
% ± 5.3 after a 48 h treatment with (R)-2b (Fig. 3A). When
the late apoptotic fraction was also considered, the apoptotic
level of (R)-2b rose to 31.8 % of annexin-V and PI positive
cells compared to 8.0 % in the control (Fig. 3B). Recently, we
also showed that the enantiomers (S)-2a and (R)-2a effectively

induced apoptotic activity in RPMI 8226 cells (Korpis et al.
2014).

2.3. Apoptotic effect of (R)-2b enhanced by the σ2-agonist
PB28

To further investigate the nature of the activity of (R)-2b the
known �2-agonist PB28 was combined in treatment. PB28 is
also a �1-antagonist, but has weaker affinity to �1- as opposed
to the �2-receptor. The apoptotic fraction of cells treated with
PB28 alone (25% the IC50 = 2.3 �M) is in the range of untreated
cells but when co-administered with (R)-2b the apoptotic frac-
tion increases significantly by 48 h (Fig. 4A), indicating an
additive effect.

2.4. Apoptotic effect of (R)-2b enhanced by the
chemotherapeutic melphalan

To determine if the apoptotic activity of the �-ligand was also
enhanced by a known anticancer agent, RPMI 8226 multi-
ple myeloma cells were treated with (R)-2b in combination
with melphalan. For inducing apoptosis, the compounds were
simultaneously added to the cells in concentrations one half
their IC50 values alone or in combination for 48 h. Monother-
apy of melphalan (50% of IC50 = 4.25 �M) and (R)-2b (50%

Fig. 3: Apoptotic effects of (R)-2b in the RPMI 8226 cell line. (A) Early apoptotic cells (annexin-V positive/PI negative cells) after treatment with 15.3 �M (R)-2b for 48 h. (B)
Early and late apoptotic cells (annexin-V and PI positive cells) after treatment for 48 h. Apoptosis was evaluated by determining the percentage of annexin-V positive cells
relative to all counted cells. Results are expressed as mean ± SD of at least three independent determinations, Con = untreated cells, *p < 0.05, ***p < 0.001.
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Fig. 4: Apoptotic effects of (R)-2b, melphalan, and PB28 in the RPMI 8226 cell line. Early apoptototic fraction of cells (annexin-V positive/PI negative cells) after treatment with
(A) 4.26 �M (R)-2b and 2.3 �M PB28 or (B) 4.26 �M (R)-2b and 4.25 �M melphalan (melph), alone or in combination for 48 h simultaneously. Apoptosis was evaluated
by determining the percentage of annexin-V positive cells relative to all counted cells. Results are expressed as mean ± SD of at least three determinations, cells,
*p < 0.05, n.s. not significant. Basel levels of apoptosis in untreated controls (8.3%) have been subtracted from the presented results.

of IC50 = 4.26 �M) revealed equal apoptotic rates at about 7%
(Fig. 4B). Combination treatment with melphalan resulted in
significant increases in the fraction annexin-V positive cells, up
to ca. 16 %. (Fig. 5B), also an additive effect.

2.5. Cytotoxic effects of (R)-2b blocked at lower
concentrations by haloperidol

Combination studies with the �1-antagonist haloperidol were
performed next to further decipher the cause of the cyto-
toxic effects of (R)-2b. Treatment of RPMI 8226 cells with
haloperidol alone showed a weak cytotoxic effect (IC50:
16.39 ± 6.15 �M). Combined treatment of cells with both com-
pounds at low concentrations resulted in a complete loss of
cytotoxicity of (R)-2b (Fig. 5). In fact, 5 �M (R)-2b together
with haloperidol (5 and 10 �M) seemed to stimulate cell growth
but at 10 �M of (R)-2b a weak cytotoxic effect was noted. At
higher concentrations of (R)-2b (20 �M) the antagonistic effect
of haloperidol was finally overcome, although cytotoxicity did
not reach the same high level seen with (R)-2b alone. These
observations appear to indicate that at low concentrations of
(R)-2b the cytotoxic activity of this compound is antagonized
by �1-antagonism, hence (R)-2b would appear to be acting as a

Fig. 5: Combined cytotoxic effects of (R)-2b and haloperidol in the RPMI 8226 cell
line. Cells were treated with 5, 10 and 20 �M (R)-2b (white bar) or
haloperidol (gray bar); 5, 10 and 20 �M (R)-2b and additionally 5 �M
haloperidol (light gray bar with vertical line) or 5, 10 and 20 �M (R)-2b and
additionally 10 �M haloperidol (light gray squared bar) for 72 h and stained
with MTT. Results are in percentage relative to untreated controls (100%).
Figure shows mean ± SD of at least three independent determinations.

�1-agonist. However, haloperidol is a non-selective ligand and
also binds to the �2-subtype but with a lower affinity, so effects
at the �2-subtype cannot be ruled out.

3. Discussion

Due to the observation that �-receptors are over-expressed in
certain tumor cell lines, there has been increasing interest in
developing �-receptor-ligands as potential anticancer drugs. �-
Ligands are known to induce cell death by caspase-dependent
and independent mechanisms depending on the structure of
the ligand and the tumor cell line. For example, evidence
indicates that �1-antagonists induce a caspase-dependent apo-
ptosis whereas �2-agonists initiate a form of programmed cell
death that does not require caspase activation (Crawford et al.
2002; Ostenfeld et al. 2005; Riganas et al. 2012; Spruce et al.
2004). Based on this knowledge, we investigated several new
�-receptor-ligands with varying substitutents at both aromatic
N-atoms for their antiproliferative activity in a panel of eight
human tumor cell lines. Compounds with large substituents at
both N-atoms inhibited the growth of almost all cell lines in the
low �M range, except for the leukemia cell line HL60, which
was inherently resistant to all compounds tested.
The RPMI 8226 multiple myeloma cell line is known to
expresses high levels of the �1 subtype (Brune et al. 2012).
Thus, we used this cell line to study the cytotoxic effects of one
of the more active of the new compounds, (R)-2b, in more detail.
Previous work showed that (R)-2b has high affinity to sigma
receptors in the RPMI 8226 line (Weber et al. 2014). As already
described for (S)-2a and (R)-2a (Korpis et al. 2014), compound
(R)-2b was also able to induce apoptosis in the RPMI 8226 line.
Cell cycle analysis of RPMI 8226 cells treated with (R)-2b or
PB28 at the IC90 value showed no evidence for an arrest in any
particular phase of the cell cycle (data not shown).
Despite initial responsiveness of many cancers to chemotherapy,
relapses occur very often accompanied by the development of
drug resistance. Combination treatments with therapeutic drugs
could provide a therapeutic benefit and improve therapy of many
cancers. Thus, the combination of (R)-2b with melphalan, an
alkylating agent with a long history of use against MM, and
the �2-agonist/�1-antagonist PB28 in subtherapeutic concentra-
tions were investigated. These combinations led to significant

920 Pharmazie 69 (2014)



ORIGINAL ARTICLES

increases in the proportion of apoptotic cells as compared to
drug alone. Combination with the non-selective �1-antagonist
haloperidol first led to a decrease in antiproliferative activity
of (R)-2b, suggesting its role as a �1-agonist. The combina-
tion of (R)-2b with PB28 demonstrated that this ligand could
also act as an agonist at the �2-subtype due to the increased
apoptotic rate after the combination treatment. Agonists of �2-
receptors as well as �1-receptor-antagonists are known to have
antiproliferative activity, whereas �2-receptor-antagonists and
�1-receptor-agonists have been reported to be neuroprotective.
Cytotoxic activity of (R)-2b appears associated with activation
of both receptor subclasses. However, further experiments will
be needed to unravel the intrinsic activity of this interesting
�-receptor-ligand.
In conclusion, we found that various hydroxyethyl piperazines
have potent cytotoxic activity in a number of human tumor cell
lines. Furthermore, (R)-2b, a compound with high affinity for
�1-binding sites in RPMI 8226 cells, augmented the apoptotic
effects of the anticancer drug melphalan as well as another well-
known �-ligand PB28 in cell culture. On the other hand, the
�1-antagonist haloperidol attenuated the cytotoxicity of (R)-2b.
Future studies will aim to understand the signal transduction
pathways influenced by these new �-ligands.

4. Experimental

4.1. Materials

The tested �-receptor-ligands were prepared as described (Weber et al.
2014). RPMI 1640 medium was obtained from PAN-Biotech (Alden-
bach, FRG), Accutase from PAA Laboratories GmbH (Cölbe, FRG), fetal
bovine serum, penicillin/streptomycin, Trypsin/EDTA, 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium-bromide (MTT), crystal violet,
melphalan and PB28 (sold as a racemate) were purchased from Sigma
(Taufkirchen, FRG), glutaraldehyde was obtained from Roth (Karlsruhe,
FRG), the annexin/PI apoptosis kit was obtained from Miltenyi Biotec
(Teterow, FRG). The water for all experiments was supplied by a Milli-Q
water purification system from Millipore.

4.2. Cell culture

All cell lines were obtained from the DSMZ (Braunschweig, FRG) and
grown in RPMI 1640 medium supplemented with 10 % fetal bovine serum,
penicilin (10 000 U/ml) and streptomycin (10 mg/ml) at 37 ◦C in a humidi-
fied incubator with 5 % CO2 atmosphere.

4.3. In vitro cytotoxicity assay

Cell viability of the suspension cells (HL60 and RPMI 8226) was analyzed
using the MTT assay. Cells were seeded out in 96-well plates at a density of
10 000 cells/well and incubated for 48 h (HL60 cells) or 72 h (RPMI 8226)
with increasing concentrations of the substances. Controls included cells
without drug and medium plus solvent but no cells. 20 �l MTT (2.5 mg/ml)
was added to each well followed by a 4 h incubation.100 �l/well of 0.04 N
HCl in isopropanol was added to dissolve the MTT-formazan product and
the absorbance of each well was measured at �= 570 nm with a microplate
reader (Anthos, Salzburg, Austria). The relative cell viability was expressed
as the percentage of the control that was treated with vehicle only.
Growth inhibition of adherent cells was measured with crystal violet stain-
ing. Cells were plated out into 96 well microtiter Plates 24 h prior to testing at
a density of 500 cells/well (LCLC-103H), 1000 cells/well (DAN-G; MCF-7;
RT-4) or 2000 cells/well (A427) in 100 �l medium. One plate for each cell
line served as a control plate (t0) and was fixed with glutaraldehyde after
24 h.
In the primary screening the tumor cells were incubated with a 20 �M solu-
tion of the test compound at 37 ◦C for 96 h. Compounds that reduced cell
growth by greater than 50 % compared to untreated controls were further
tested to determine IC50 values, where five serial dilutions of the substances
in DMSO were prepared. After 96 h the medium was discarded and cells
were fixed with 1% glutaraldehyde solution for 20 min. Staining of cells
was done with 100 �l/well of a crystal violet solution (0.02% in water) for
30 min followed by a 15 min washing step. To redissolve the dye, stained
cells were treated with 100 �l in 70% ethanol/water for 2 h under gentle
shaking. The optical density in the wells was measured at 570 nm with
an Anthos plate reader. Concentrations giving T/C values between 10 and

90 % were used to estimate the IC50 values, which were calculated by
least-squares analysis of the dose-response curves as described previously
(Bracht et al. 2006).

4.4. Apoptosis staining

RPMI 8226 cells (7.5 × 105) were treated with the substances and incu-
bated for desired times. Then cells were harvested and double-stained with
annexin-V and propidium iodide (PI) by using the protocol of the manufac-
ture of the annexin V-FITC apoptosis detection kit. After 15 min incubation
in the dark, cells were washed and subsequently analyzed by flow cytometry
using a Macs Quant flow cytometer and software (Miltenyi Biotec, Bergisch
Gladbach, Germany). A total of 104 cells were scored in all determinations.
Experiments were repeated at least three independent times.

4.5. Statistical analysis

The results of independent experiments are expressed as the means ± S.D.
The significance of differences between experimental conditions was calcu-
lated by using GraphPadPrism software. Significant differences between two
groups were tested for with the two-side paired t-test. When comparisons
between three or more groups were done, analysis of variance (ANOVA)
was done followed by a multiple comparison test with a Dunnetts or Bon-
ferroni test. *p < 0.05, **p < 0.01, ***p < 0.001 was considered statistically
significant.

Acknowledgements: This work was supported in part by the German
Research Foundation [DFG grants BE 1287/3-1, WU 176/6-1].
Conflict of interest: The authors have declared no conflict of interest.

References

Aydar E, Palmer CP, Djamgoz MBA (2004) Sigma receptors and cancer:
possible involvement of ion channels. Cancer Res 64: 5029–5035.

Aydar E, Palmer CP, Klyachko VA, Jackson MB (2002) The sigma receptor
as a ligand-regulated auxiliary potassium channel subunit. Neuron 34:
399–410.

Bracht K, Boubakari, Grunert R, Bednarski PJ (2006) Correlations between
the activities of 19 anti-tumor agents and the intracellular glutathione
concentrations in a panel of 14 human cancer cell lines: comparisons
with the National Cancer Institute data. Anti-Cancer Drugs 17: 41–51.

Brune S, Schepmann D, Lehmkuhl K, Frehland B, Wuensch B (2012) Char-
acterization of Ligand Binding to the sigma(1) Receptor in a Human
Tumor Cell Line (RPMI 8226) and Establishment of a Competitive Recep-
tor Binding Assay. Assay Drug Dev Technol 10: 365–374.

Colabufo NA, Berardi F, Contino M, Niso M, Abate C, Perrone R,
Tortorella V (2004) Antiproliferative and cytotoxic effects of some
sigma(2) agonists and sigma(1) antagonists in tumour cell lines. Naunyn-
Schmiedebergs Arch Pharmacol 370: 106–113.

Crawford KW, Bowen WD (2002) Sigma-2 receptor agonists activate a novel
apoptotic pathway and potentiate antineoplastic drugs in breast tumor cell
lines. Cancer Res 62: 313–322.

Geiger C, Zelenka C, Weigl M, Froehlich R, Wibbeling B, Schep-
mann D, Grünert R, Bednarski PJ, Wünsch B (2007) Synthesis of
bicyclic sigma receptor ligands with cytotoxic activity. J Med Chem 50:
6144–6153.

Guitart X, Codony X, Monroy X (2004) Sigma receptors: biology and
therapeutic potential. Psychopharmacology 174: 301–319.

Hayashi T, Su TP (2003) Intracellular dynamics of sigma-1 receptors
(sigma(1) binding sites) in NG108–15 cells. J Pharmacol Exp Ther 306:
726–733.

Hellewell SB, Bruce A, Feinstein G, Orringer J, Williams W, Bowen
WD (1994) Rat-liver and kidney contain high-densities of sigma(1) and
sigma(2) receptors - characterization by ligand-binding and phtoaffinity-
labeling. Eur J Pharmacol Mol Pharmacol Sect 268: 9–18.

Holl R, Schepmann D, Bednarski PJ, Gruenert R, Wuensch B (2009a)
Relationships between the structure of 6-substituted 6,8-diazabicyclo
[3.2.2]nonan-2-ones and their sigma receptor affinity and cytotoxic activ-
ity. Biorg Med Chem 17: 1445–1455.

Holl R, Schepmann D, Froehlich R, Gruenert R, Bednarski PJ, Wuen-
sch B (2009b) Dancing of the second aromatic residue around the
6,8-diazabicyclo[3.2.2]nonane framework: influence on sigma receptor
affinity and cytotoxicity. J Med Chem 52: 2126–2137.

Jansen KLR, Elliot M, Leslie RA (1992) Sigma-receptors in rat-brain and
testes show similar reductions in response to chronic haloperidol. Eur J
Pharmacol 214: 281–283.

Pharmazie 69 (2014) 921

http://www.ingentaconnect.com/content/external-references?article=0033-3158()174L.301[aid=10462334]
http://www.ingentaconnect.com/content/external-references?article=0028-1298()370L.106[aid=6941392]
http://www.ingentaconnect.com/content/external-references?article=0028-1298()370L.106[aid=6941392]
http://www.ingentaconnect.com/content/external-references?article=0008-5472()62L.313[aid=6941391]
http://www.ingentaconnect.com/content/external-references?article=0896-6273()34L.399[aid=10462338]
http://www.ingentaconnect.com/content/external-references?article=0896-6273()34L.399[aid=10462338]
http://www.ingentaconnect.com/content/external-references?article=0008-5472()64L.5029[aid=7801469]


ORIGINAL ARTICLES

Korpis K, Weber F, Brune S, Wünsch B, Bednarski PJ (2014) Involvement
of apoptosis and autophagy in the death of RPMI 8226 multiple myeloma
cells by two enantiomeric sigma receptor ligands. Bioorg Med Chem 22:
221–233.

Maurice T, Su T-P (2009) The pharmacology of sigma-1 receptors. Pharma-
col Ther 124: 195–206.

Meyer C, Neue B, Schepmann D, Yanagisawa S, Yamaguchi J, Wuerthwein
E-U, et al. (2013) Improvement of sigma(1) receptor affinity by late-
stage C-H-bond arylation of spirocyclic lactones. Bioorg Med Chem 21:
1844–1856.

Morin-Surun MP, Collin T, Denavit-Saubie M, Baulieu EE, Monnet FP
(1999). Intracellular sigma(1) receptor modulates phospholipase C and
protein kinase C activities in the brainstem. Proc Natl Acad Sci USA 96:
8196–8199.

Ostenfeld MS, Fehrenbacher N, Hoyer-Hansen M, Thomsen C, Farkas T,
Jaattela M (2005) Effective tumor cell death by sigma-2 receptor ligand
siramesine involves lysosomal leakage and oxidative stress. Cancer Res
65: 8975–8983.

Riganas S, Papanastasiou I, Foscolos GB, Tsotinis A, Bourguignon J-
J, Serin G, Mirjolet JF, Dimas K, Kourafalos VN, Eleutheriades A,
Moutsos VI, Khan H, Georgakopoulou S, Zaniou A, Prassa M, Theodor-
opoulou M, Pondiki S, Vamvakides A (2012) Synthesis, sigma(1),

sigma(2)-receptors binding affinity and antiproliferative action of new
C1-substituted adamantanes. Bioorg Med Chem 20: 3323–3331.

Schepmann D, Lehmkuhl K, Brune S, Wuensch B (2011) Expression of
sigma receptors of human urinary bladder tumor cells (RT-4 cells) and
development of a competitive receptor binding assay for the determination
of ligand affinity to human sigma(2) receptors. J Pharm Biomed Anal 55:
1136–1141.

Spruce BA, Campbell LA, McTavish N, Cooper MA, Appleyard MVL,
O’Neill M, et al. (2004) Small molecule antagonists of the sigma-1
receptor cause selective release of the death program in tumor and self-
reliant cells and inhibit tumor growth in vitro and in vivo. Cancer Res 64:
4875–4886.

Sunnam SK, Schepmann D, Rack E, Froehlich R, Korpis K, Bed-
narski PJ, Wuensch B (2010) Synthesis and biological evaluation
of conformationally restricted sigma(1) receptor ligands with 7,9-
diazabicyclo[4.2.2]decane scaffold. Org Biomol Chem 8: 5525–5540.

Weber F, Brune S, Korpis K, Bednarski PJ, Wünsch B (2014) Synthe-
sis, pharmacological evaluation, and �1 receptor interaction analysis of
hydroxyethyl substituted piperazines. J Med Chem 57: 2884–2894.

Wheeler KT, Wang LM, Wallen CA, Childers SR, Cline JM, Keng PC,
Mach RH (2000) Sigma-2 receptors as a biomarker of proliferation in
solid tumours. Br J Cancer 82: 1223–1232.

922 Pharmazie 69 (2014)

http://www.ingentaconnect.com/content/external-references?article=0007-0920()82L.1223[aid=1310177]
http://www.ingentaconnect.com/content/external-references?article=0008-5472()64L.4875[aid=7801495]
http://www.ingentaconnect.com/content/external-references?article=0008-5472()64L.4875[aid=7801495]

	Cytotoxic activities of hydroxyethyl piperazine-based sigma receptor ligands on cancer cells alone and in combination with melphalan, PB28 and haloperidol
	Introduction
	Investigations and results
	sigma-Receptor-ligands show antiproliferative activity
	Induction of apoptosis by (R)-2b
	Apoptotic effect of (R)-2b enhanced by the sigma2-agonist PB28
	Apoptotic effect of (R)-2b enhanced by the chemotherapeutic melphalan
	Cytotoxic effects of (R)-2b blocked at lower concentrations by haloperidol

	Discussion
	Experimental
	Materials
	Cell culture
	Inprotect protect unhbox voidb@x penalty @M  {}vitro cytotoxicity assay
	Apoptosis staining
	Statistical analysis

	Acknowledgements
	References


