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have proteasome-inhibitory capabilities and have the poten-
tial to be developed into novel anticancer drugs.
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Abbreviations
DMSO	� Dimethyl sulfoxide
MTT	� 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-

phenyl-tetrazolium bromide
PARP	� Poly(ADP-ribose) polymerase
PBS	� Phosphate-buffered saline
Suc-LLVY-AMC	� N-Succinyl-Leu–Leu-Val-Tyr-7-amino-

4-methylcoumarin
UPS	� Ubiquitin–proteasome system

Introduction

The ubiquitin–proteasome system (UPS) is a pivotal cel-
lular pathway for protein homeostasis. It controls intracel-
lular protein degradation and therefore regulates variety 
of key cellular processes such as cell cycle, proliferation, 
differentiation, apoptosis and immune response. Its target 
proteins include a broad array of regulatory proteins that 
are crucial for cell cycle progression, cell development 
and differentiation, DNA damage response and tumo-
rigenesis. Therefore, a cell could modulate its protein 
expression patterns in response to a change in physiologi-
cal conditions and UPS. Thus, UPS plays a critical role 
in normal health and disease states [1, 2]. Importantly, as 
UPS plays a key role in carcinogenesis and tumor pro-
gression, it has therefore been extensively studied as a 
novel molecular target for the development of new anti-
cancer agents [3, 4].

Abstract  Ubiquitin–proteasome system (UPS) plays a 
crucial role in many cellular processes such as cell cycle, 
proliferation and apoptosis. Aberrant activation of UPS 
may result in cellular transformation or other altered 
pathological conditions. Previous studies have shown that 
metal-based complexes could inhibit proteasome activity 
and induce apoptosis in certain human cancer cells. In the 
current study, we report that the cadmium and copper com-
plexes with heterocycle-ornithine Schiff base are potent 
inhibitors of proteasomal chymotrypsin-like (CT-like) 
activity, leading to induction of apoptosis in cancer cells. 
Two novel copper-containing complexes and two novel 
cadmium-containing complexes with different heterocycle-
ornithine Schiff base structures as ligands were synthesized 
and characterized. We found that complexes Cu1, Cd1 and 
Cd2 show proteasome-inhibitory activities in human breast 
cancer MDA-MB-231 and human prostate cancer LNCaP 
cells, resulting in the accumulation of p27, a natural protea-
some substrate and other ubiquitinated proteins, followed 
by the induction of apoptosis. Our results suggest that 
metal complexes with heterocycle-ornithine Schiff base 
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The proteasome is a massive protease complex with 
multiple catalytic activities responsible for degrading a vast 
array of cellular proteins. To be degraded by the proteas-
ome, these target proteins should be first tagged with at 
least 4 ubiquitin (Ub) molecules, which can then direct the 
substrate proteins to the 26S proteasome for their destruc-
tion. The 20S proteasome, the core subunit of the 26S pro-
teasome complex, has at least three distinct catalytic activi-
ties, i.e., caspase/PGPH-like, trypsin-like and 
chymotrypsin-like activity. Several studies have shown that 
the inhibition of the proteasomal chymotrypsin-like activity 
results in the accumulation of various target proteins lead-
ing to the induction of apoptosis in various types of cancer 
cells [5, 6].

Metal-containing agents have been used in clinic for 
many years, e.g., cisplatin, a platinum-containing com-
pound, is used in the chemotherapy for the treatment of 
various cancers [7–10]. However, patients show severe 
adverse effects like nephrotoxicity, ototoxicity, or electro-
lyte disturbance when treated with cisplatin-based chemo-
therapy. They also eventually develop drug resistance limit-
ing the clinical use of this drug [11–13]. Therefore, many 
researchers have been trying to design, synthesize, and 
characterize new potential metal-based anticancer drugs to 
reduce toxicity, overcome resistance and improve clinical 
effectiveness [14–16].

A Schiff base possesses a carbon–nitrogen double bond 
(–C=N–R with R  =  aryl or alkyl group) as a functional 
group that is formed by condensation of an aldehyde or 
ketone with a primary amine. Schiff bases coordinate via 
the lone pair of the nitrogen atom from the –C=N–R 

moiety and additional functional groups leading to stabili-
zation of many metals in various oxidation states [17]. Pre-
viously, it has been shown that the metal complexation with 
a Schiff base ligand improves the anticancer properties of 
the complex [18, 19]. Our previous work has been focused 
on the biological activity of Schiff base complexes and we 
have shown that many of these complexes have significant 
antitumor activity, associated with proteasome inhibition 
[20–23].

In the current study, we hypothesized that synthetic 
forms of Cu(II) and Cd(II) with heterocycle-ornithine 
Schiff base ligands might have proteasome-inhibitory and 
apoptosis-inducing activities in cancer cells. To test this 
hypothesis, we synthesized two novel cooper-containing 
complexes, Cu(C16H17N2O3)2·2H2O (Cu1) 
(C16H17N2O3=2-hydroxy-1-naphthaldehyde-l-ornithine) 
and Cu(C12H15N2O4)2·2H2O (Cu2) (C12H15N2O4=2,4-
dihydroxybenzaldehyde-l-ornithine) and two novel cad-
mium-containing complexes, Cd(C16H17N2O3)2·2H2O 
(Cd1) (C16H17N2O3=2-hydroxy-1-naphthaldehyde-l-orni-
thine) and Cd(C12H15N2O4)2·2H2O (Cd2) 
(C12H15N2O4=2,4-dihydroxybenzaldehyde-l-ornithine) 
(Fig.  1) with different heterocycle-ornithine Schiff base 
structures as ligands and characterized them by various 
assays, including IR, UV, elemental analysis, 1H NMR 
analysis, thermogravimetric analysis and molar conductiv-
ity analysis. In the current study, we characterized and 
assessed the synthesized copper and cadmium complexes 
and compared their abilities to inhibit the proliferation and 
induce apoptosis of MDA-MB-231 breast cancer and 
LNCaP human prostate cancer cells. Of the complexes 

Fig. 1   Chemical structures of 
cadmium and copper complexes 
Cu1, Cd1, Cu2 and Cd2
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tested, Cu1, Cd1 and Cd2 could inhibit cellular proteaso-
mal chymotrypsin-like activity and induce apoptosis in 
these breast and prostate cancer cells.

Materials and methods

Materials

All the chemicals were used without further purification 
in this work. 2,4-Dihydroxybenzaldehyde and 2-hydroxy-
1-naphthaldehyde were purchased from Acros and l-Orni-
thine monohydrochloride was purchased from Aladdin. 
Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were pur-
chased from Sigma-Aldrich (St. Louis, MO). All compounds 
were made as 50 mM stocks in DMSO and stored at 4 °C. 
DMEM/F12 (1:1), RPMI-1640 and penicillin/streptomy-
cin were purchased from Invitrogen (Carlsbad, CA). Fetal 
bovine serum (FBS) was purchased from Aleken Biologi-
cals (Nash, TX, USA). The fluorogenic peptide substrate 
Suc-LLVY-AMC (for the CT-activity assay) was purchased 
from Calbiochem (San Diego, CA). Mouse monoclonal anti-
body against human poly (ADP-ribose) polymerase (PARP), 
mouse monoclonal antibodies against ubiquitin (P4D1) and 
p27 (F-8), goat polyclonal antibody against β-actin (C-11) 
and all secondary antibodies were purchased from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA).

Elemental analyses were carried out on a Carlo Erba 
1106 full-automatic trace organic elemental analyzer. 
Infrared spectra were recorded as KBr pellets on a Nico-
let 170SX spectrophotometer in the 4,000–400  cm−1 
region. The UV spectra were performed on a Unicam 
UV2 spectrometer. 1H NMR spectra were obtained on a 
Bruker AVANCE III (600-MHz) spectrometer. Thermo-
gravimetric measurements were made using a PerkinElmer 
TGA7 instrument. The heating rate was programmed to 
be 10 °C min−1 with a protecting stream of N2 flowing 
at a rate of 40  mL  min−1. Molar conductivity was 
measured with a WTWLF model 330 conductivity 
meters, using prepared solution of the complex in 
DMSO.

Synthesis of complexes

l-Ornithine monohydrochloride (2.0 mmol) and potassium 
hydroxide (1.5 mmol) were dissolved in 30 mL of metha-
nol with magnetic stirring, and then 2-hydroxy-1-naph-
thaldehyde or 2,4-dihydroxybenzaldehyde (2.0 mmol) was 
added dropwise to the solution. The reaction mixture was 
heated to 60 °C with stirring and then refluxed for 5 h to 
get a bright yellow transparent solution. Next, the solution 
of M(OAc)2·nH2O [M = Cd(II) and Cu(II)] (1.0 mmol) in 

methanol (10 mL) was added, and the mixture was stirred 
and refluxed at 60 °C for 4 h to yield a precipitate, which 
was filtered off, to produce the final complexes. The syn-
thesis routes of complexes Cu1, Cd1, Cu2 and Cd1 are 
shown in Scheme 1.

Cu1: yield, 85  %; Anal. Calc. for Cu1 {%, 
[Cu(C16H17N2O3)2·2H2O], FW  =  670.2123  g  mol−1}; C, 
57.34; H, 5.71; N, 8.36. Found (%): C, 57.73; H, 5.30; N, 
8.68. UV: λmax (nm): 243, 325. IR data (KBr, cm−1): 
3,419.68, υ(–OH); 1,621.79, υ(–C=N–); 1,568.24, 
υas(COO−); 1,356.47, υs(COO−); 506.71, υ(Cu–N); 
427.68, υ(Cu–O). 1H NMR (DMSO-d6, 600 MHz; s, sin-
glet; d, doublet; t, triplet): δ (ppm) 9.871 (2H, s, CH=N); 
9.037 (2H, s, –OH); 7.847 (2H, t, –Ph–H); 7.560 (2H, s, 
–Ph–H); 6.947 (2H, d, –Ph–H); 6.792 (2H, t, –Ph–H); 
6.492 (4H, m, –Ph–H); 4.677 (4H, s, –NH2); 3.16 (2H, d, 
–CH); 3.021 (4H, t, –CH2); 2.651 (4H, t, –CH2); 2.230 (4H, 
t, –CH2). TG analysis: residue 12.11  % (calculated 
11.87  %, CuO). Molar conductivity, Λm (S  cm2  mol−1): 
9.42.

Cd1: yield, 85  %; Anal. Calc. for Cd1 {%, 
[Cd(C16H17N2O3)2·2H2O], FW  =  719.0773  g  mol−1}; C, 
53.25; H, 5.32; N, 7.79. Found (%): C, 53.43; H, 5.05; N, 
8.01. UV: λmax (nm): 247, 323. IR data (KBr, cm−1): 
3,443.89, υ(–OH); 1,629.56, υ(–C=N–); 1,552.12, 
υas(COO−); 1,351.47, υs(COO−); 505.14, υ(Cu–N); 447.31, 
υ(Cu–O). 1H NMR (DMSO-d6, 600 MHz; s, singlet; d, dou-
blet; t, triplet): δ (ppm) 9.863 (2H, s, CH=N); 9.041 (2H, s, 
–OH); 7.967 (2H, t, –Ph–H); 7.561 (2H, s, –Ph–H); 6.834 
(2H, d, –Ph–H); 6.798 (2H, t, –Ph–H); 6.572 (4H, m, –Ph–
H); 4.699 (4H, s, –NH2); 3.213 (2H, d, –CH); 3.078 (4H, t, 
–CH2); 2.758 (4H, t, –CH2); 2.239 (4H, t, –CH2). TG analy-
sis: residue 18.36 % (calculated 17.88 %, CdO). Molar con-
ductivity, Λm (S cm2 mol−1): 8.31.

Cu2: yield, 85  %; Anal. Calc. for Cu2 {%, 
[Cu(C12H15N2O4)2·2H2O], FW =  602.0937  g  mol−1}; C, 
47.87; H, 5.69; N, 9.31. Found (%): C, 48.54; H, 5.58; N, 
9.57. UV: λmax (nm): 237, 316. IR data (KBr, cm−1): 
3,454.59, υ(–OH); 1,621.03, υ(–C=N–); 1,563.46, 
υas(COO−); 1,362.47, υs(COO−); 1,229.58, υ(Ar–O); 
522.42, υ(Cu–N); 426.69, υ(Cu–O). 1H NMR (DMSO-d6, 
600 MHz; s, singlet; d, doublet; t, triplet): δ (ppm) 9.347 
(2H, s, CH=N); 9.034 (4H, s, –OH); 8.847–6.392 (6H, t, 
–Ph–H); 4.537 (4H, s, –NH2); 3.675 (2H, s, –CH); 3.031 
(4H, t, –CH2); 2.551 (4H, t, –CH2); 2.325 (4H, t, –CH2). 
TG analysis: residue 13.87 % (calculated 13.21 %, CuO). 
Molar conductivity, Λm (S cm2 mol−1): 12.13.

Cd2: yield, 85  %; Anal. Calc. for Cd2 {%, 
[Cd(C12H15N2O4)2·2H2O], FW  =  650.9587  g  mol−1}; C, 
44.28; H, 5.26; N, 8.60. Found (%): C, 44.13; H, 5.01; N, 
8.21. UV: λmax (nm): 231, 321. IR data (KBr, cm−1): 
3,401.53, υ(–OH); 1,632.17, υ(–C=N–); 1,599.74, 
υas(COO−); 1,362.07, υs(COO−); 1,229.07, υ(Ar–O); 
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512.37, υ(Cu–N); 426.86, υ(Cu–O). 1H NMR (DMSO-d6, 
600 MHz; s, singlet; d, doublet; t, triplet): δ (ppm) 9.473 
(2H, s, CH=N); 9.048 (1H, s, –OH); 8.616–6.213 (6H, t, 
–Ph–H); 4.307 (4H, s, –NH2); 3.674 (2H, s, –CH); 3.138 
(4H, t, –CH2); 2.560 (4H, t, –CH2); 2.420 (4H, t, –CH2). 
TG analysis: residue 19.65 % (calculated 19.72 %, CdO). 
Molar conductivity, Λm (S cm2 mol−1): 13.48.

Cell culture and whole cell extract preparation

MDA-MB-231 human breast cancer cells and LNCaP 
human prostate cancer cells were obtained from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA, USA). 
MDA-MB-231 231 human breast cancer cells were cul-
tured in DMEM/F-12 (1:1) and LNCaP human prostate 
cancer cells were cultured in RPMI-1640 medium. All 
media were supplemented with 10  % FBS, 100  μg/mL 
streptomycin and 100 U/mL penicillin (Life Technologies, 
Carlsbad, CA USA). All cells were maintained in a humidi-
fied atmosphere containing 5  % CO2 at 37  °C. The cells 
were treated as indicated, harvested, washed with phos-
phate-buffered saline (PBS), lysed in lysis buffer [50 mM 
tris(hydroxymethyl)aminomethane Tris–HCl, pH 8.0, 
150 mM NaCl, 0.5 % NP40], vortexed at 4 °C for 30 min, 
and centrifuged at 12,000×g for 14  min [24]. The super-
natants were collected as whole cell extracts and used for 
the measurement of chymotrypsin-like activity and Western 
blot analysis, as previously described [25].

Cell proliferation assay

The effect of each cadmium complex on cell proliferation 
was determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyl-tetrazolium bromide (MTT) assay. In brief, MDA-
MB-231 human breast cancer and LNCaP human prostate 
cancer cells were seeded in triplicates in a 96-well plate 
and incubated at 37  °C until 70–80  % confluent, then 
treated with the indicated concentration of each com-
plex for 24  h. Media was then removed and MTT solu-
tion (1 mg/mL) was added followed by a 2-h incubation 
period. MTT was then removed and 100 μL DMSO was 
added to dissolve formazan, the metabolized MTT prod-
uct, followed by measuring the absorbance values on a 
Victor 3 multi-label plate reader (PerkinElmer Wellesley, 
MA).

In vitro proteasomal activity assay

A MDA-MB-231 cell extract (10  μg) was incubated in 
100  μL of assay buffer (20  mM Tris–HCl, pH 7.5) and 
20  μM of chymotrypsin-like substrate Suc-LLVY-AMC, 
using different concentrations of copper and cadmium 
complexes Cu1, Cu2, Cu2 and Cd2 or DMSO as a vehicle 
control at 37 °C for 2 h. Following incubation, proteasome 
CT-like activity was measured using the Wallac Victor 3 
Multi-label Counter with an excitation filter of 365 nm and 
emission filter of 460 nm.

Scheme 1   The synthesis routes of complexes
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Proteasomal CT‑like activity assay using human breast 
cancer cells and human prostate cancer cells

MDA-MB-231 human breast cancer and LNCaP human 
prostate cancer cells were treated as indicated, lysed and 
protein concentrations measured by the Bio-Rad Pro-
tein Assay (Bio-Rad Hercules, CA). Whole cell extracts 
(10 μg) were incubated for 2 h at 37 °C in 100 μL of assay 
buffer (20 mM Tris–HCl, PH 7.5) with 20 μM fluorogenic 
peptide substrate Suc-LLVY-AMC. Proteasomal CT-like 
activity was measured using the Wallac Victor 3 Multi-
label Counter with an excitation filter of 365 nm and emis-
sion filter of 460 nm.

Western blot assay

Proteins (30 μg) from whole cell extracts were separated 
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a nitrocellulose 
membrane, followed by incubation with antibodies against 
specified proteins and visualization with an enhanced 
chemiluminescence reagent (Denville Scientific Metuchen, 
NJ), as previously described [26].

Cellular morphology analysis

Morphological changes in the cancer cells after indicated 
treatments were observed using a Zeiss (Thornwood, NY) 
Axiovert 25 microscope with phase contrast, as previously 
described [27].

Results

Characterization of copper and cadmium complexes

The structural elucidation of the complexes is supported 
by infrared spectroscopy (IR spectra). There are wide and 
strong bands at 3,400–3,500  cm−1 in the spectra of com-
pounds Cu1, Cd1, Cu2 and Cd2 which are assigned to 
H2O absorption. The IR spectra also shows sharp bands 
at 1,621–1,633  cm−1 corresponding to υ(–C=N–) in 
compounds Cu1, Cd1, Cu2 and Cd2 [28]. The evidence 
of the complexation of oxygen and nitrogen is obtained 
from the appearance of new bands at 426–448  cm−1 and 
505–523  cm−1 which is assignable to υ(M–O) and υ(M–
N) for the complexes. The difference between the value 
of υas(COO−) and υs(COO−) is greater than 200  cm−1, 
thus confirming that carboxylic radical is in the form of 
monodentate in the coordination complex.

The specifics of the 1H NMR studies are described in the 
‘Materials and methods’ section. From the 1H NMR spectra 
analysis, we conclude that the complexes consist of 

coordination between the ligands and the M (II) ion. The 
four complexes give a singlet at 9.037 (2H), 9.041 (2H), 
9.034 (4H) and 9.048 (4H) ppm, assigned to the protons 
(–OH), respectively. So the hydrogen atom of phenolic 
hydroxyl was found to still be present in the complexes 
Cu1, Cu2, Cd1 and Cd2. In addition, the complexes Cu1, 
Cd1, Cu2 and Cd2 also show a singlet at 4.677 (4H), 4.699 
(4H), 4.537 (4H) and 4.307 (4H) ppm, assigned to the pro-
tons (–NH2), respectively, which indicates that the hydro-
gen atoms of –NH2 were still be present in the complexes. 
However, the hydrogen atom of –COOH was in fact dis-
placed by a metal ion. Consequently, the newly synthesized 
complexes were indeed formed by coordination with the 
metal ion, a conclusion further supported by IR output data.

The UV–Vis absorption spectra for Cd1, Cd2, Cu1 and 
Cu2 complexes, dissolved in DMSO, were obtained and 
recorded in the 200–500 nm range. For the complexes Cu1 
and Cd2, the λmax values, 231–247  nm and 316–325  nm 
can be attributed to the π–π* and n–π* transition of 
ligands, respectively. Furthermore, the absorption bands 
tend to shift towards longer wavelengths, which can also be 
ascribed to the metal-to-ligand charge transfer transitions 
taking place.

TG analysis of these complexes was recorded in the 
range of 25–800  °C. The residue rates of the metal com-
plexes were 12.11–19.65  %, respectively, consistent with 
the calculated values (11.87–19.72 %).

All of the compounds are soluble in DMSO and stable in 
air. The molar conductivities (Λm) of Cu2, Cd1 and Cd2 in 
DMSO were 9.42, 12.13, 8.32 and 13.48 S  cm2  mol−1, 
respectively. As the molar conductivities were less than 
35 S cm2 mol−1 [29], these complexes are considered to be 
nonelectrolytes and are quite stable in culture media [3, 35, 
36]. This data suggest that the active species are metal 
complexes.

Metal complexes have been the research interest of our 
lab and we have previously synthesized and tested various 
metal complexes [3, 28, 35, 36]. The synthesis routes of 
complexes Cu1, Cd1, Cu2 and Cd2 that are discussed here 
are shown in the Scheme 1. Methanol was used as solvent 
during these syntheses. In these types of syntheses, redox 
reaction rarely takes place. Also, we used M(OAc)2·nH2O 
[M = Cd(II) and Cu(II)] to synthesize the metal complexes. 
Therefore, we can say with certainty that the copper deriva-
tives are Cu(II) complexes.

Complexes Cu1, Cd1, Cu2 and Cd2 inhibit proliferation 
of MDA‑MB‑231 human breast cancer cells and LNCaP 
human prostate cancer cells

Previously we reported that some Cd(II) and Cu(II) com-
plexes could inhibit proliferation of cancer cells [30]. In 
the current study to examine whether the four novel Schiff 
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base complexes, Cu1, Cd1, Cu2 and Cd2 (Fig. 1), are capa-
ble of inhibiting the proliferative abilities, MDA-MB-231 
cells and LNCaP cells were treated with each compound at 
20, 40 and 60 μM for 24 h, followed by MTT assay. Cells 
treated with DMSO were used as a control. For MDA-
MB-231 cells, we found that Cu1, Cd1 and Cd2 had simi-
lar growth-inhibitory activity, resulting in 95, 99 and 54 % 
inhibition at 60 μM, respectively (Fig. 2a). However, Cu2 
showed only 13 % inhibition at 60 μM after 24 h of treat-
ment (Fig.  2a). When LNCaP cells were used, we found 
that Cu1, Cd1 and Cd2 showed similar pattern of cell 
growth inhibition, resulting in 83, 93 and 64 % inhibition at 
60 μM after 24 h of treatment, respectively (Fig. 2b). How-
ever, Cu2 induced less than 14 % inhibition at 60 μM after 
24 h of treatment.

Complexes Cu1, Cd1, Cu2 and Cd2 inhibit 
chymotrypsin‑like activity of the proteasome in vitro 
under cell‑free conditions

To investigate whether these copper and cadmium com-
plexes can inhibit proteasomal activities, we incubated 
Cu1, Cd1, Cu2 and Cd2 at various concentrations with a 

breast cancer MDA-MB-231 cell extract for 2  h, with 
DMSO treatment as a control. The results clearly indi-
cated that the compounds Cu1, Cd1, Cu2 and Cd2 were the 
most potent against proteasomal chymotrypsin-like activity 
under cell-free conditions (Fig.  3). Therefore, these com-
plexes could inhibit chymotrypsin-like activity of the cell-
free proteasome in a concentration-dependent manner and 
that Cu2 might not be able to get into cells. For the later 
experiments, we therefore used only Cu1, Cd1 and Cd2.

Concentration‑dependent proteasome inhibition 
and apoptosis induction in MDA‑MB‑231 human breast 
cancer cells by complexes Cu1, Cd1 and Cd2

We found that our complexes Cu1, Cd1 and Cd2 were able 
to inhibit the chymotrypsin-like activity of cell-free protea-
some in vitro (Fig.  3). To test whether they were able to 
inhibit tumor cellular proteasome activity, MDA-MB-231 
cells were treated with various concentrations (5–60 μM) 
of Cu1, Cd1 and Cd2 and DMSO as control for 24 h. Cell 
lysates were prepared after denoted treatments as described 
in “Materials and methods” section and used for measure-
ment of proteasome activity by evaluating the levels of 

Fig. 2   3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT) assay for 
MDA-MB-231 cells (a) and 
LNCap cells (b). The cells were 
treated with Cu1, Cd1, Cu2 and 
Cd2 complexes for 24 h at vari-
ous concentrations as indicated. 
After 24 h, the medium was 
removed, and the cells were 
treated with MTT solution, as 
described in “Experimental” 
section. Dimethyl sulfoxide 
(DMSO) was used as a control
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cellular proteasomal chymotrypsin-like activity, accumula-
tion of proteasome target protein, p27, and other ubiquit-
inated proteins.

All compounds at 10 μM showed about 25 % inhibition 
of proteasome CT-like activity, and when the doses of these 
compounds were increased to 40 μM, Cd1 showed 90 % 
inhibition,where as Cu1 and Cd2 showed about 50 % inhi-
bition (Fig.  4a). In addition, the accumulation of proteas-
ome substrate, p27 and ubiquitinated proteins was observed 
in MDA-MB-231 cells treated with Cu1, Cd1 and Cd2 in a 
concentration-dependent manner (Fig. 4b), consistent with 
the proteasome activity inhibition (Fig.  4a). Interestingly, 
we observed morphological changes (shrunken and 
rounded up cell appearance) in the cancer cells after treat-
ment with the test compounds (Fig. 4c) along with PARP 
cleavage (Fig.  4b), indicating that the cancer cells are 
undergoing apoptosis. The MDA-MB-231 cells began to 
show morphological changes when they were treated with 
20 μM of Cu1 and Cd2 and 10 μM of Cd1 (Fig. 4c). Fur-
thermore, the cleaved PARP fragment p85 appeared at 
20 μM and 40 μM of Cd1 and Cd2 (Fig. 4b). Interestingly, 
we also observed a reduction in the p116 full-length PARP 
leading to its disappearance at the 40 μM of Cu1. There-
fore, these results show that, complexes Cu1, Cd1 and Cd2 
can inhibit proteasome activity and subsequently induce 
apoptosis in breast cancer cells in a concentration-depend-
ent manner.

Concentration‑dependent proteasome inhibition 
and apoptosis induction in LNCaP human prostate cancer 
cells by complexes Cu1, Cd1 and Cd2

Similarly, to investigate whether these complexes have con-
centration-dependent effects on LNCaP cells, we treated 
the cells with various concentrations (5–60  μM) of Cu1, 
Cd1 and Cd2 with DMSO as a solvent control for 24 h. The 
results indicate that at 10  μM, the compounds Cu1, Cd1 
and Cd2 were able to cause about 30 % inhibition of the 

proteasomal CT-like activity (Fig. 5a). However, at 60 μM, 
Cu1, Cd1 and Cd2 showed potent inhibition of proteasomal 
CT-like activity. (Fig.  5a). Consistent with that, the accu-
mulation of ubiquitinated proteasomal substrate proteins 
and p27 was also observed in a concentration-dependent 
manner when LNCaP Cells were treated with Cu1, Cd1 
and Cd2 (Fig. 5b).

When assessing PARP cleavage in characterizing the 
apoptosis-inducing ability of these compounds in LNCaP 
cells, we observed that the PARP cleavage fragment p85 
appeared at 10 and 20 μM of Cd1 with a reduction in the 
p116, the full-length PARP at 40 μM dose of Cu1 and Cd2 
(Fig.  5b). Morphological changes, indicative of cellular 
apoptosis, were observed at the 20 and 40 μM concentra-
tions in accordance with the cleavage and disappearance of 
PARP (Fig.  5c). These results demonstrate that the com-
plexes Cu1, Cd1 and Cd2 have the ability to inhibit the pro-
teasome and induce apoptosis in a concentration-dependent 
manner in LNCaP cells.

Time‑dependent proteasome inhibition and apoptosis 
induction in MDA‑MB‑231 human breast cancer cells 
by complexes Cu1, Cd1 and Cd2

If proteasome inhibition due to complexes Cu1, Cd1 and 
Cd2 was responsible for apoptosis induction, we would 
expect the proteasomal inhibition to be the earlier event 
to apoptosis. To test this idea, MDA-MB-231 breast can-
cer cells were treated with 40 μM of Cu1, Cd1 and Cd2 
for indicated time points, followed by the measurement 
of proteasome inhibition and induction of apoptosis. In 
this kinetic experiment, we found that the proteasome 
inhibition by Cu1, Cd1 and Cd2 started as early as 2  h, 
as evident by a 10, 60 and 13  % respective decrease in 
the proteasome activity level (Fig.  6a) and an increase 
in the levels of ubiquitinated proteins (Fig. 6b). Consist-
ent with the results for proteasome inhibition, the levels 
of proteasome target protein, p27, were increased in a 

Fig. 3   Inhibition of CT-like 
activity under cell-free condi-
tion. A MDA-MB-231 cell 
extract (10 μg) was incubated 
with DMSO or various concen-
trations of Cu1, Cd1, Cu2 and 
Cd2 for 2 h, followed by the 
proteasomal chymotrypsin-like 
activity assay
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time-dependent manner (starting at 4  h; Fig.  6b). In the 
same kinetic experiment, the cleaved PARP fragment 
p85 appeared 24 h after treatment with Cd2 (Fig. 6b). We 
also observed a reduction in the full-length PARP which 
disappeared at the 24  h of treatment with Cu1 and Cd1 
(Fig.  6b). Furthermore, gradually increasing apoptotic 
morphological changes in cancer cells were detected start-
ing from 8  h of treatment with each complex (Fig.  6c). 
These results suggest that apoptosis induced by Cu1, 
Cd1 and Cd2 is a consequential event of their proteasome 
inhibition.

Time‑dependent proteasome inhibition and apoptosis 
induction in LNCaP human prostate cancer cells 
by complexes Cu1, Cd1 and Cd2

To investigate whether these complexes show a similar pat-
tern of time-dependent proteasome inhibition in LNCaP 
cells, we treated the cells with Cu1, Cd1 and Cd2 using 

the same experimental conditions as described in “Time-
dependent proteasome inhibition and apoptosis induction 
in MDA-MB-231 human breast cancer cells by complexes 
Cu1, Cd1 and Cd2” section. In this kinetic experiment, we 
found that the proteasome inhibition in LNCaP cells started 
as early as 2 h, as evident by a 7, 52 and 8 % respective 
decrease in the proteasome activity level (Fig.  7a) with 
enhanced levels of ubiquitinated proteins after treatment 
with Cu1, Cd1 and Cd2 (Fig. 7b). Consistent with proteas-
ome inhibition, the level of proteasome target protein, p27, 
was increased in a time-dependent manner (starting at 4 h; 
Fig. 7b). In the same kinetic experiment, we also observed 
a reduction in the p116 full-length PARP which disap-
peared at the 24  h of treatment with Cu1, Cd1 and Cd2 
(Fig.  7b). Furthermore, apoptotic morphological changes 
were detected after 12 h of treatment with each complex, 
also increasing gradually as time progressed (Fig.  7c). 
These results suggest that apoptosis induced by Cu1, Cd1 
and Cd2 is a consequential event of proteasome inhibition.
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Fig. 4   Dose–response experiment in MDA-MB-231 cells. MDA-
MB-231 cells were treated with either DMSO or indicated concentra-
tions of complexes Cu1, Cd1 and Cd2 for 24  h. This was followed 
by measuring inhibition of the cellular proteasomal CT-like activity 

using the fluorescent substrate Suc-LLVY-AMC (a), Western blot 
analysis using specific antibodies to PARP, p27, ubiquitin and β-actin 
(as loading control) (b), and detection of morphological changes (c)
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Discussion

Some of the important apoptosis-inducing antineoplastic 
drugs like cisplatin have a metallic center, such as heavy 
metal compound, platinum. These types of drugs have been 
used in clinic to treat various human cancers for years. 
However, the clinical use of cisplatin is restricted due to 
dose-dependent toxicity and the development of resist-
ance [11–13]. These shortcomings have triggered a search 
for other metal-based compounds that show lower toxicity, 
higher selectivity, and a broader spectrum of activity [14–
16]. As a result, compounds containing gold, copper, zinc, 
etc. showed potent tumor proteasome-inhibitory activity 
[20–27].

The proteasome has been established as an anticancer 
drug target due to the approval of bortezomib for the treat-
ment of multiple myeloma and mantle cell lymphoma. 
Unfortunately, some patients are intrinsically resistant to it 
or eventually develop resistance to it. In addition, borte-
zomib has shown little or no effect on solid tumors. 

Therefore, we designed metal-based proteasome inhibitors 
as potential anticancer agents that could be developed for 
the treatment of solid tumors like breast and prostate cancer 
[38]. Proteasome inhibition might be effective strategies in 
the anticancer therapy due to the fact that the cancer cells 
are much more dependent on these processes as compared 
to normal cells and proteasome inhibition leads to apopto-
sis selectively in cancer cells [31–33]. Furthermore, it has 
also been reported that some copper and cadmium com-
plexes are capable of inhibiting proteasome and induce 
apoptosis in cancer cells [20, 21, 25, 34, 35]. We synthe-
sized novel cadmium- or copper-containing complexes 
based on amino acid Schiff base to further explore the strat-
egy to incorporate heavy metals into amino acid Schiff 
base. To study the potential anticancer effects of novel cad-
mium- and copper-containing complexes and to investigate 
the mechanism by which these novel complexes can inhibit 
tumor cell proliferation, we tested their biological activity 
in MDA-MB-231 human breast cancer cells and LNCaP 
human prostate cancer cells.
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Fig. 5   Dose–response experiment in LNCap cells. LNCap cells were 
treated with either DMSO or indicated concentrations of complexes 
Cu1, Cd1 and Cd2 for 24 h. This was followed by measuring inhibi-
tion of the cellular proteasomal CT-like activity using the fluorescent 

substrate Suc-LLVY-AMC (a), Western blot analysis using specific 
antibodies to PARP, p27, ubiquitin and β-actin (as loading control) 
(b), and detection of morphological changes (c)
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First, we measured the antiproliferative activities of 
these complexes by the MTT assay, and found that Cu1 
Cd1 and Cd2 suppressed the proliferation of MDA-
MB-231 human breast cancer cells in a concentration-
dependent manner. In addition, we found that Cu1, Cd1 
and Cd2 had similar growth-inhibitory activity, resulting 
in 95, 99 and 54  % inhibition of cell proliferation at 
60 μM, respectively (Fig. 2a). However, Cu2 induced less 
than 13  % inhibition at 60  μM after 24  h of treatment. 
Secondly, we performed a cell-free proteasomal activity 
assay and found that all the four complexes potently inhib-
ited the chymotrypsin-like activity of the cell-free proteas-
ome with IC50 values of 6.1, 1.7, 3.7 and 2.6 μM, respec-
tively (Fig. 3). As for the complex Cu2, although it could 
inhibit chymotrypsin-like activity of the cell-free purified 
proteasome in vitro, it could not inhibit cellular proteaso-
mal activities. It might be possible that this compound is 
unable to enter the cancer cells. As Cu2 did not showed 
significant inhibition of cell proliferation in MDA-MB-231 
and LNCaP cells, we decided not to study it further. 

Proteasome inhibition due to complexes Cu1 Cd1 and Cd2 
was confirmed by the increased levels of the proteasome 
target protein p27 in dose and time dependent as shown by 
the Western blot analysis.

In this study, we also made observations about the 
structures and proteasome-inhibitory potential of various 
metal-containing complexes (Fig.  1). While Cd2 has a 
same amino acid Schiff base like Cu2, their activities dif-
fer greatly with only difference being the metal ion that is 
complexed (Fig. 2). We found that copper complexes with 
the same ligands have little activity, compared to Cad-
mium. This pattern of proteasome inhibition was corre-
lated with the results in the MTT assay (Fig. 2). Similarly, 
Cd1 is more potent than Cu1. The inhibition of cell prolif-
eration was strongly associated with the inhibition of CT-
like activity of the proteasome (Fig. 3), and accumulation 
of proteasome substrate-ubiquitinated proteins (Figs.  4b, 
5b, 6b, 7b). Furthermore, Cu1 Cd1 and Cd2 complexes 
also induced apoptosis in cancer cells as evident from 
PARP cleavage and phenotypic morphologic changes in 
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Fig. 6   Kinetic effects of cadmium complexes Cu1, Cd1 and Cd2 in 
MDA-MB-231 cells. MDA-MB-231 cells were treated with 40 μM 
of these complexes for the indicated period. This was followed by 
measuring inhibition of the proteasomal CT-like activity using the flu-

orescent substrate Suc-LLVY-AMC (a), Western blot analysis using 
specific antibodies to PARP, p27, ubiquitin and β-actin (as loading 
control) (b), and detection of morphological changes (c)
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cancer cells (Figs. 4c, 5c, 6c, 7c). We found that Cd-coor-
dinating compounds were relatively more potent in their 
ability to inhibit MDA-MB-231, breast cancer cell prolif-
eration [3].

To test whether the proteasome-inhibitory and apopto-
sis-inducing properties of these test compounds are limited 
to a particular cancer type, we investigated the effect of 
each complex in human prostate cancer cells (LNCaP) at 
the same treatments conditions. The results showed that 
the complexes Cd1, Cu1 and Cd2 were potent inhibitors of 
prostate cancer cell proliferation. These results were simi-
lar to those observed in the MDA-MB-231 breast cancer 
cells.

We synthesized many amino acid Schiff base metal 
complexes such as l-methionine, l-ornithine and l-trypto-
phan [28, 36]. We used a direct synthesis method. Unfortu-
nately, we cannot get the amino acid Schiff base in its solid 
state. Therefore, we could not compare metal complexes 
activity with their amino acid Schiff base ligands. It has 
been shown that Schiff base possesses antivirus and 

antibacterial activities. Few researchers have shown that the 
Schiff base also has anticancer activities. It has also been 
shown that [21], the biological activities of metal com-
plexes could be better than their Schiff base ligands. For 
example, the metal complex GVC is more sensitive than 
the Schiff base GV (for their structures, see Fig. 8).

Previously, we have shown that several Schiff base–
copper and –cadmium complexes (Fig. 8) could be pro-
teasome inhibitors and induce apoptosis in human can-
cer cells [3, 35, 36]. Compared with the metal complexes 
Z-Cu3, Z-Cd3, P-C1, P-C2, J-C3 and J-C4 in some pub-
lished paper, the metal complexes Cu1, Cd1 and Cd2 are 
more sensitive due to the possibility that these com-
pounds are able to easily enter the cancer cells [3, 35, 
36].

Use of copper to target cancer cells has been suggested 
for long time although with limited success. The major 
problem with this is the limited intracellular transporta-
tion of copper [37]. Although cadmium (Cd) is a major 
environmental contaminant and might lead to 
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Fig. 7   Kinetic effects of cadmium complexes Cu1, Cd1 and Cd2 in 
LNCaP cells. LNCap cells were treated with 40 μM of these com-
plexes for the indicated period. This was followed by measuring 
inhibition of the proteasomal CT-like activity using the fluorescent 

substrate Suc-LLVY-AMC (a), Western blot analysis using specific 
antibodies to PARP, p27, ubiquitin and β-actin (as loading control) 
(b), and detection of morphological changes (c)
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carcinogenesis, our results indicate that organic Cd com-
plexes could be potent inhibitor of proteasomal chymot-
rypsin-like (CT-like) activity, leading to apoptosis induc-
tion in cancer cells.

We investigated the growth-inhibitory activity of four 
metal-based complexes along with their mechanism of 
action. Cd1, Cu1 and Cd2 are potent proteasome inhibitors 
and apoptosis inducers in human breast cancer cells and 
human prostate cancer cells. In conclusion, our study sug-
gests that metal complexes could inhibit proteasomal activ-
ities and have the potential to be developed into novel anti-
cancer drugs.
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