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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC), the most common pancreatic malignancy, has a dismal 5-year sur-
vival rate, making palliative chemotherapy the only treatment option. Targeted therapy has limited efficacy in 
PDAC, underscoring the need for novel therapeutic approaches. The inducible stress-response protein, haem 
oxygenase-1 (HMOX1), has been implicated in treatment failure in PDAC.

Copper coordination complexes have shown promise as anticancer agents against various cancers, and are 
associated with apoptotic cell death. The different ligands to which copper is complexed, determine the speci-
ficity and efficacy of each complex.

Three different classes of copper complexes were evaluated for anti-cancer activity against AsPC-1 and MIA 
PaCa-2 pancreatic cancer cell lines. A copper-phenanthroline-theophylline complex (CuPhTh2), a copper-8- 
aminoquinoline-naphthyl complex (Cu8AqN), and two copper-aromatic-isoindoline complexes (CuAIsI) were 
effective inhibitors of cell proliferation with clinically relevant IC50 values below 5 μM. The copper complexes 
caused reactive oxygen species (ROS) formation, promoted annexin-V binding, disrupted the mitochondrial 
membrane potential (MMP) and activated caspase-9 and caspase-3/7, confirming apoptotic cell death.

Expression of nuclear HMOX1 was increased in both cell lines, with the CuPhTh2 complex being the most 
active. Inhibition of HMOX1 activity significantly decreased the IC50 values of these copper complexes suggesting 
that HMOX1 inhibition may alter treatment outcomes in PDAC.

1. Introduction

Pancreatic cancer is typically diagnosed at an advanced stage and is 
known for its poor prognosis [1]. Globally, it is ranked as the seventh 
leading cause of cancer-related mortality with 467,409 recorded deaths 
in 2022 [2]. Pancreatic ductal adenocarcinoma (PDAC), the most 
frequently diagnosed subtype of pancreatic cancer, is an exocrine 
tumour which originates in the epithelial lining of the pancreatic duct 
[3]. Diagnosis of PDAC is often made at a late and unresectable stage, 

with 5-year survival rates varying between 3.2 % and 16.2 %, depending 
on the stage at first diagnosis [3,4].

In PDAC, mutations associated with tumour progression and pro-
motion of metastasis are present in the KRAS, CDKN2A, TP53 and 
SMAD4/DPC4 genes [5,6]. Mutations in KRAS are present in 95 % of 
PDAC patients resulting in the synthesis of a constitutively active KRAS 
kinase, an oncogenic driver of tumorigenesis [7–9].

Mutations in CDKN2A are present in nearly 98 % of PDAC patients 
and inactivate p16, a cyclin-dependent kinase inhibitor which allows 
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progression of the cell cycle. [10–13]. Approximately 70 % of PDAC 
patients have mutations in TP53, resulting in the synthesis of a mutant 
p53 protein which either lacks tumour suppressor function, or is a 
mutant p53 protein that promotes the survival and proliferation of 
tumour cells [14,15]. SMAD4 is activated in response to Transforming 
Growth Factor beta (TGF-β) signaling [16], and is inactivated in close to 
50 % of PDAC cases [17,18]. The SMAD4/TGF-β pathway promotes cell 
cycle arrest, apoptosis and DNA repair [16].

The presence of multiple mutations in multiple signal transduction 
pathways makes targeted treatment of PDAC elusive with minimal 
successes. Targeted treatments, including immune checkpoint inhibitors 
offer a short-lived benefit to PDAC patients with the rapid development 
of resistance contributing to treatment failure [19,20].

Surgical resection followed by adjuvant chemotherapy is the stan-
dard of care when patients are diagnosed with early stage, resectable 
pancreatic cancer [21]. Unfortunately, only 15–20 % of patients are 
eligible for resection and in many of these patients the cancer recurs due 
to the presence of undetectable micro-metastases [19,22].

In patients with metastatic disease, treatment regimens are deter-
mined on a patient specific basis, with chemoradiation being frequently 
used. Chemotherapy comprises gemcitabine, paclitaxel, 5-fluorouracil 
or capecitabine, irinotecan and platinum-based drugs like cisplatin or 
oxaliplatin. Regimens consisting of 5-fluorouracil /folinic acid plus 
oxaliplatin and irinotecan (FOLFIRINOX) or gemcitabine plus nano- 
albumin-bound (nab)-paclitaxel are currently the first-line treatment 
options for patients with low morbidity scores [21]. As patients deteri-
orate, palliative treatment includes gemcitabine monotherapy or a 
combination of gemcitabine with capecitabine [20,22]. All these drugs 
cause serious adverse effects and contribute to patient morbidity while 
offering a meagre survival benefit.

While the use of targeted therapy like pembrolizumab is beneficial in 
select patients, they make up a small percentage of the total number of 
PDAC cases [23]. Additionally, the current cost of targeted treatments 
renders them a non-viable standard-of-care treatment option for the 
majority of patients. There is thus a clear need to find alternative 
treatments for pancreatic cancer.

The transition metal, copper, has gained much attention as an 
alternative to platinum-based chemotherapeutic agents in the potential 
treatment of a wide variety of cancers. Platinum-based drugs are widely 
used in cancer treatment regimens but are hindered by instability in 
aqueous media and the rapid development of resistance or the presence 
of innate resistance and unresponsiveness in patients. The platinum- 
based drugs are known for serious adverse drug reactions like nephro-, 
oto- and neuro-toxicity [24]. Copper is a micronutrient and an essential 
co-factor for a number of important biochemical reactions catalyzed by 
cytochrome c oxidase, superoxide dismutase, lysyl oxidase, dopamine-β 
oxygenase and tyrosinase [25,26]. Apart from these enzymes, copper is 
important for the activity of a number of oxidases such as ascorbate- 
oxidase, amine-oxidase, galactose-oxidase and phenol-oxidase [25,26].

Copper homeostasis is tightly regulated and a disruption, in the form 
of exogenous organic copper molecules, may be detrimental to tumour 
cells [27]. In addition, the general consensus is that endogenous ho-
meostatic mechanisms exist to regulate copper levels, and these same 
mechanisms will afford some protection against the adverse effects of a 
copper overload.

Copper has been complexed to various classes of organic ligands and 
these complexes have shown a wide variation in their potential as 
effective anticancer agents [28]. The organic ligand plays an important 
role in the ability of the complex to enter cells and may contribute to the 
potency, efficacy and toxicity of the specific copper complex [29]. For 
example [Cu(dmp)2(CH3CN)]2+ was proven superior to [Cu 
(phen)2(CH3CN)]2+ and cisplatin in inducing cytotoxicity and antitumor 
activity in bone, lung, and breast cancer cell lines [30]. This was 
confirmed when [Cu(dmp)2(CH3CN)]2+ was shown to be superior to [Cu 
(phen)2(CH3CN)]2+ when tested in three colorectal cancer cell lines 
[31]. However, the identification of the specific molecular targets of the 

numerous types of copper complexes remains elusive [28,29].
Mechanisms of action of copper complexes currently described in the 

literature include the induction of reactive oxygen species (ROS) and 
oxidative stress, [32] a disruption of mitochondrial function [33,34] 
and, the inhibition of angiogenesis by decreasing VEGF expression [35]. 
There are numerous reports regarding the binding of copper complexes 
to DNA either by intercalation or groove binding [28,29,36]. In addi-
tion, copper complexes have been shown to directly cleave DNA via a 
ROS mediated mechanism [37], or indirectly by the inhibition of top-
oisomerases [38]. Inhibition of the proteasome has emerged as an 
additional mechanism of action of copper(II)-Schiff base complexes 
[39,40]. The ability of the complexes to generate ROS impaired the 
function of the proteasome, in addition to causing mitochondrial and 
DNA damage [40]. Inhibition of the proteolytic function of the protea-
some results in the accumulation of ubiquitinated proteins, leading to 
cell death by apoptosis [39,40].

The in vitro anticancer activity of copper (II) complexed with 
different thiosemicarbazone ligands, was evaluated over a 72-h period 
on cell lines representing colorectal, pancreatic, thyroid and ovarian 
cancers, as well as melanoma [41,42]. The complexes showed a range of 
effectiveness with the most promising complexes being active in the low 
nanomolar range. The salicylate thiosemicarbazone complexes inhibited 
the function of the copper-binding protein disulfide isomerase, a newly 
identified chemotherapeutic target [41].

More recently Balsa et al., 2023, [43] compared the proteome pro-
files of a triple negative breast cancer cell line which was treated with 
two copper(II)-hydrazone complexes. They observed significant changes 
in the proteome pertaining to endoplasmic reticulum stress, and the 
unfolded protein response. A downregulation of proteins involved in 
DNA replication and repair was observed. Intriguingly, there was a 
decrease in the mutant gain of function p53 protein which corroborates 
our earlier observation in HT-29 cells [44].

Moreover, copper complexes can be functionalized with specific li-
gands to target receptors that are overexpressed in specific cancers 
[45,46]. Copper complexes conjugated with a N-methyl-D-aspartate 
(NMDA) receptor antagonist were effective inhibitors of proliferation in 
a variety of cell lines at low micromolar concentrations [45]. In another 
study, copper complexes were functionalized with oestrogen and were 
effective inhibitors of oestrogen-receptor-positive breast cancer cell 
proliferation [46].

Many studies on novel copper complexes do not report details 
regarding the mechanism of cell death, which is an important aspect of 
new drug development. Necrotic cell death is not prudent as a mode of 
death in cancer treatment. It increases the risk for severe tumour lysis 
syndrome and contributes to patient morbidity [47]. Thus, it is of high 
importance that new investigational cancer agents do not cause necrotic 
cell death in experimental systems but rather cause cell death by 
apoptosis or via the induction of autophagy.

We have previously reported on the anticancer effects and cell death 
mechanisms of copper imidazo[1,2a]pyridines in five cell lines repre-
senting breast and colorectal cancer as well as leukaemia [48]. The 
active copper complexes decreased cell proliferation with IC50 values in 
the low micromolar range (< 5 μM) by activating the intrinsic apoptotic 
pathway [44,49]. The copper complexes modulated the expression of 
apoptotic inhibitory proteins like XIAP, cIAP-1 and livin, in leukemic 
and colorectal cancer cell lines, creating a pro-apoptotic environment 
[44,49]. In addition, we observed an increase in the nuclear expression 
of haem‑oxygenase 1, (HMOX1), an inducible stress response protein 
implicated in cancer treatment failure [44,49]. An increase in HMOX1 
expression in PDAC has been associated with the survival of cancer cells 
and treatment failure, and its inhibition increased responsiveness to 
chemotherapy [50]. An increase of HMOX1 expression is required for 
angiogenesis in pancreatic cancer and cancer of the urinary bladder 
[51,52]. Currently the role of HMOX1 expression and its induction in 
cancer remains unresolved, with conflicting data [53].

Due to the limited efficacy of currently used chemotherapy and the 
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poor outcomes of current treatments, an alternative approach to 
pancreatic cancer is warranted. In the current study we evaluated the 
effects of copper complexed to three different types of ligands and their 
mechanism of cell death on two cell lines representing pancreatic can-
cer. We investigated further the effect of the copper complexes on 
HMOX1 expression in the two cell lines and determined the effect of an 
imidazole-based HMOX1 inhibitor, OB24, on the efficacy of the copper 
complexes.

2. Materials and methods

2.1. Cell culture

The AsPC-1 and MIA PaCa-2 cell lines were purchased from the ATCC 
and authenticated using short tandem repeat analysis (Inqaba Biotech-
nical Industries, South Africa). Cells were grown in sterile conditions in 
75 cm2 cell culture flasks (Greiner Bio-One, Separations, South Africa) at 
37 ◦C in a 5 % CO2, humidified incubator. AsPC-1 cells were cultured in 
Roswell Park Memorial Institute (RPMI) medium obtained from Sigma- 
Aldrich/Merck (SA) while MIA PaCa-2 cells were grown in a 50/50 (v/v) 
Dulbecco’s Modified Eagle Medium (DMEM) and Ham’s F-12 medium 
(Sigma-Aldrich/Merck, SA). The culture medium was supplemented 
with 10 % v/v heat-inactivated foetal bovine serum (Gibco, Thermo 
Fisher, Life Technologies, SA). Cells were routinely checked for myco-
plasma contamination using fluorescence microscopy and Hoechst 
33342. When cells reached approximately 80 % confluency, they were 
sub-cultured using standard protocols.

2.2. Test compounds

The copper complexes used in this study were synthesized by the The 
School of Chemistry, University of the Witwatersrand and the Depart-
ment of Chemistry at the Nelson Mandela University. The ligands and 
copper complexes used in this study were solubilized in 100 % cell 
culture-grade DMSO. The positive control, doxorubicin, was dissolved in 
70 % cell-culture grade ethanol (BioUltra, Sigma-Aldrich/Merck, SA). 
Stock solutions of the compounds were prepared at a concentration of 
10 mM. Doxorubicin was selected as a positive control since it was more 
effective than gemcitabine or cisplatin in the cell culture system.

2.2.1. Synthesis of Cu8AqN and CuPhTh2
The 8-aminoquinoline-naphthyl copper complex (Cu8AqN) used in 

this study was synthesized according to the methods described in Myeza 
et al., 2024 [54]. The phenanthroline-theophylline‑copper complex, 
(CuPhTh2), was synthesized according to the methods described in 
Gordon et al., 2022 [55] for complex 3.

2.2.2. Synthesis of the aromatic isoindoline copper complexes
Isoindole ligands were synthesized using a modification of the sol-

ventless method used by Addison and Burke (1981) [56]. Phthalonitrile 
(320 mg, 2.5 mmol), the appropriate amine (5.5 mmol, 2.2 eq) and a 
catalytic quantity of CaCl2 were heated together at 175 ◦C and the re-
actions were monitored through periodic NMR analysis of the solids 
until the reactions were complete. This process took between 6 and 24 h. 
The reaction products were allowed to cool slightly, before the addition 
of 5 mL of n-Butanol, which was followed by 10 mL water and 2 mL 
acetonitrile. The insoluble product was filtered and washed with small 
volumes of water and cold acetonitrile and allowed to air-dry. The 
structures of the isoindoline ligands were confirmed by NMR.

The isoindoline copper complexes were synthesized using a modified 
method based on Siegl’s work [57]. The ligand (0.33 mmol) and copper 
acetate dihydrate (0.66 mmol, 2 eq) were added to 5 mL methanol and 
allowed to stir at room temperature for 48 h. The solvent was removed in 
vacuo, and the solid product was redissolved in water and filtered to 
remove unreacted ligand. Following removal of the water, the remain-
ing solid was dissolved in dichloromethane and filtered to remove the 

excess copper salt, with the solvent allowed to evaporate slowly. The 
structures of the isoindoline ligands and their respective copper com-
plexes were confirmed by High Resolution Mass Spectrometry. Mass 
spectra were recorded with a Bruker compact Q-TOF high resolution 
mass spectrometer with Bruker Daltronics HyStar 3.2 SR4 software. 
Chromatograms were analysed with Bruker Compass DataAnalysis 
software (Version 4.3). The data is presented in the supplementary file, 
Section S1.

2.3. Cell viability assay

The IC50 values of the copper complexes were obtained from dose- 
response curves generated from the (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) tetrazolium (MTT) assay with modifica-
tion as described by Dam et al., 2017 [48,58]. Each concentration was 
tested in quadruplicate and experiments were repeated at least three 
times. The cells were treated with the copper complexes and positive 
controls for 48 h. Absorbances of the dissolved formazan crystals were 
determined using a plate reader at wavelengths of 570 nm and 690 nm 
and the data was used to determine the percentage of cell survival. The 
50 % inhibitory concentration (IC50 value) indicates the potency of a 
drug or an investigational compound. Sigmoidal dose response curves 
and IC50 values of the copper complexes were obtained using GraphPad 
Prism version 9.

Combination experiments using the MTT assay comprised the copper 
complexes combined with 20 μM of OB24 hydrochloride (OB24), a 
HMOX1 selective inhibitor, in order to determine the effect of HMOX1- 
inhibition on the IC50 values of the copper complexes. Student’s t-test 
was used to evaluate the statistical significance of the differences in IC50 
values obtained from treatment with copper complexes alone compared 
to IC50 values obtained from treatment with copper complexes and 
OB24. The significance criterion was set at p < 0.05 with a 95 % con-
fidence interval.

2.4. Cell morphology assay

The effects of the copper complexes on the morphology of the cells 
were assessed after a 24-h treatment with the complexes and doxoru-
bicin. A mixture containing three indicators, Hoechst 33342 (HO) (5 μg/ 
mL) (Sigma-Aldrich/Merck, SA), propidium iodide (PI) (10 μg/mL) 
(Sigma-Aldrich/Merck, SA) and acridine orange (AO) (10 μg/mL) 
(Thermo Fisher, Life Technologies, SA) were used to detect morpho-
logical changes. Cells were incubated with the dye mixture for 30 min at 
room temperature, before viewing with the Olympus BX41 epifluor-
escence microscope. The following filter cubes were used for detection: 
the U-MNIB3 filter cube for AO (Excitation: 480/20, Emission: 510/50); 
PI with U-MWIG2 for PI (Excitation: 535/30, Emission: 580 long pass) 
and the U-MWU2 filter cube for Hoechst 33342 (Excitation: 365/10, 
Emission 420 long pass). Images were captured with an Olympus DP72 
camera (Olympus, Tokyo, Japan). Experiments were repeated three 
times.

2.5. Annexin-V assay

The Alexa Fluor®-488/Annexin-V Dead Cell Apoptosis Assay 
(Thermo Fisher, Life Technologies, SA) was used to detect the presence 
of phosphatidylserine on the cell membrane. Cells were grown on cov-
erslips in six-well plates in 2 mL complete media (per well) and allowed 
to attach overnight. Cells were then treated with copper complexes and 
doxorubicin and incubated for 24 h at 37 ◦C in a 5 % CO2 atmosphere in 
a humidified incubator. The annexin-V detection reagent was prepared 
according to the instructions of the manufacturer. Coverslips were 
mounted with cells facing downwards onto 50 μL of the reagent mixture 
on microscope slides. The slides were incubated in the dark in a hu-
midified container at room temperature for 20 min and viewed using an 
Olympus BX41 epifluorescence microscope. The filter cube U-MNIB3 
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(Excitation: 480/20, Emission: 510/50) was used to view Alexa Fluor®- 
488/Annexin-V while filter cube U-MWIG2 (Excitation: 535/30, Emis-
sion: 580 long pass) was used to view PI. Images were captured with an 
Olympus DP72 camera.

2.6. Evaluation of the formation of reactive oxygen species (ROS)

The Invitrogen™ CellRox® Deep Red Reagent (Thermo Fisher, Life 
Technologies, SA) was used to measure ROS formation. Cells were 
seeded on glass coverslips in a 6-well plate in 2 mL media per well and 
allowed to attach overnight at 37 ◦C in a 5 % CO2, humidified incubator. 
The cells were incubated with the copper complexes and doxorubicin 
before incubation with the CellRox® reagent (2 μL/mL) for 4, 6 and 18 h 
at 37 ◦C. A doxorubicin control without CellRox® was included to 
mitigate the effects of doxorubicin’s innate red fluorescence. Following 
the treatment period, the coverslips were mounted onto microscope 
slides. Slides were viewed with an Olympus BX41 epifluorescence mi-
croscope using the U-MWIG2 filter cube (Excitation: 535/30, Emission: 
580 long pass). Images were captured with an Olympus DP72 camera 
and analysed with the Olympus CellSens Software package.

2.7. Determination of mitochondrial membrane potential (MMP)

The cationic reagent 1,1′,3,3’-Tetraethyl-5,5′,6,6′-tetra-
chloroimidacarbocyanine iodide (JC-1) was used to assess the MMP 
[59]. A decrease in the red/green fluorescence intensity ratio is indic-
ative of mitochondrial depolarisation. Cells were seeded on glass cov-
erslips in six-well plates and allowed to attach overnight at 37 ◦C in a 5 
% CO2, humidified incubator. Cells were treated with copper complexes 
and doxorubicin for 18 h. Following washing steps with phosphate 
buffered saline (PBS), cells were incubated with 500 μL JC-1 reagent 
(Thermo Fisher, Life Technologies, SA) at a concentration of 1 μL/mL 
and incubated for 30 min at 37 ◦C. The coverslips were mounted onto 
microscope slides and viewed using an Olympus BX41 epifluorescence 
microscope. The filter cubes used were U-MNIB3 (Excitation: 480/20, 
Emission: 510/50) and U-MWIG2 (Excitation: 535/30, Emission: 580 
long pass). Images were captured with an Olympus DP72 camera and 
analysed with the Olympus CellSens Software package.

2.8. Measurement of caspase-3/7 activity

Cells were seeded on glass coverslips in six-well plates and allowed to 
attach overnight at 37 ◦C in a 5 % CO2, humidified incubator. Cells were 
treated with the copper complexes or doxorubicin and incubated for 48 
h at 37 ◦C. Active caspase-3/7 was detected with a 5 μM solution of 
CellEvent™ Caspase-3/7 Green Detection Reagent prepared in complete 
media. CellEvent™ Caspase-3/7 Green Detection Reagent was added to 
each coverslip and incubated for 45 min at 37 ◦C in the dark. Coverslips 
were mounted onto microscope slides and viewed with an Olympus 
BX41 epifluorescence microscope using the U-MNIB3 (Excitation: 480/ 
20, Emission: 510/50) filter cube. Images were captured with an 
Olympus DP72 camera and analysed with the Olympus CellSens Soft-
ware package.

2.9. Measurement of caspase-8 activity

Caspase-8 activity was measured in live cells with the Abcam Active 
Caspase-8 reagent (AB65618). The assay uses a sulfo-rhodamine 
labelled caspase-8 inhibitor (IETD-FMK) as an in situ detection re-
agent for active caspase-8. Cells were seeded on sterile glass coverslips in 
six well plates and incubated overnight to allow for cell attachment to 
the growth surface. Cells were treated with the copper complexes for 12 
h and 24 h at concentrations equivalent to their IC80 values. Doxorubicin 
was excluded in this assay due to its innate red fluorescence which 
interfered with the detection of caspase-8 and gave a false positive 
result. The assay was performed by aspirating the culture media from 

the plates and this was followed by two washes with the Abcam pro-
prietary caspase-8 buffer. The caspase-8 detection reagent was prepared 
in culture media at a dilution of 1 μL per 300 uL. Hoechst-33,342 was 
added to the mixture to enable the observation of the nuclei. The cells 
were incubated with the detection reagent of 1 h at 37 ◦C in a 5 % CO2, 
humidified incubator. The reagent was flooded off the coverslips, fol-
lowed by two gentle wash steps with 2 mL buffer prior to mounting the 
coverslips on microscope slides. The cells were viewed with an Olympus 
BX41 epifluorescence microscope at a 400 X magnification, using the 
appropriate filter cubes and images were captured with an Olympus 
DP72 camera and processed with the Olympus CellSens software 
package.

2.10. Measurement of caspase-9 activity

The Caspase-9 (active) FITC Staining Kit (Cat nu ab65615, Abcam) 
was used to detect active caspase-9. Cells were seeded on glass coverslips 
in six-well plates and allowed to attach overnight at 37 ◦C in a 5 % CO2, 
humidified incubator. Cells were treated with the copper complexes or 
doxorubicin and incubated for 24 and 48 h at 37 ◦C. Following aspira-
tion of the test compounds, cells were washed once with 2 mL PBS. One 
hundred and fifty microliters of the prepared detection reagent (FITC- 
LEHD-FMK) was added to each coverslip and incubated for 60 min at 
37 ◦C. Thereafter, cells were washed with PBS and coverslips were 
mounted onto microscope slides. Slides were viewed using an Olympus 
BX41 epifluorescence microscope using the U-MNIB3 (Excitation: 480/ 
20, Emission: 510/50) filter cube. Images were captured with an 
Olympus DP72 camera and analysed with the Olympus CellSens Soft-
ware package.

2.11. Immunofluorescence detection of HMOX1

Cells were seeded on glass coverslips in a six-well plate and allowed 
to attach overnight at 37 ◦C in a 5 % CO2, humidified incubator. Cells 
were treated with the copper complexes or doxorubicin for 18 h. 
Following treatment, cells were fixed by incubating with 3.7 % form-
aldehyde for 20 min at room temperature. Thereafter cells were per-
meabilized and non-specific binding was blocked with a solution 
prepared by combining 100 μL of 25 % Triton X100; 1 mL of 5 % human 
serum albumin (HSA); and PBS to a final volume of 10 mL. Coverslips 
were incubated for 10 min at room temperature, before washing with 
PBS. This was followed by a further blocking step with 0.5 % human 
serum albumin (HSA) for a further 45 min. Following three washing 
steps with PBS the cells were incubated overnight with the primary 
antibody at a 1:200 dilution, which was prepared in 0.5 % HSA. A 
polyclonal rabbit anti-HMOX1 antibody (PA5–27338) was obtained 
from Thermo Fisher, Life Technologies, SA). Controls comprised of an 
untreated negative control and a control incubated only with the sec-
ondary antibody.

Following three washing steps with PBS the coverslips were incu-
bated with an appropriate AlexaFluor- 488® conjugated secondary 
antibody (A32731; Thermo Fisher, Life Technologies, SA) at a 1:800 
dilution in 0.5 % HSA for one hour. Following this incubation, the nuclei 
were counterstained with HO (5 μg/mL) (Sigma-Aldrich/Merck, SA) for 
20 min. Coverslips were mounted onto microscope slides using Fluo-
romount™ (Sigma-Aldrich/Merck, SA) mounting media and allowed to 
dry before viewing with an Olympus BX41 epifluorescence microscope. 
The following filter cubes were used: U-MWU2 (Excitation: 365/10, 
Emission: 420 long pass) for Hoechst 33342; U-MNIB3 (Excitation: 480/ 
20, Emission: 510/50) for HMOX1. Images were captured using an 
Olympus DP72 camera and analysed with the Olympus CellSens Soft-
ware package. Experiments were repeated three times.

Fluorescent intensities of the images were measured using CellPro-
filer™ Image analysis software and is presented as arbitrary values. 
Ordinary one-way ANOVA followed by Dunnett’s post hoc multiple 
comparisons test was used to evaluate the statistical significance of the 
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differences of treated cells compared to untreated cells. The significance 
criterion was set at p < 0.05 with a 95 % confidence interval. Colocal-
isation analysis was done using CellProfiler™ Image analysis software 
by determining the Pearson’s correlation coefficient between the HO 
signal and the HMOX1 signal.

2.12. Western blotting

Cell lines were treated with the copper complexes or doxorubicin for 
18 h. Cell lysates were prepared using RIPA buffer in the presence of a 
protease inhibitor cocktail tablet (Roche, South Africa). The protein was 
quantified with the Bradford assay, using the Bio-Rad Protein Assay Kit 
II (Bio-Rad, SA). Proteins were denatured in Laemmli buffer. The sam-
ples containing the same concentration of protein were separated on a 
discontinuous 12 % SDS-PAGE gel and transferred onto a PVDF mem-
brane. Non-specific binding sites on the membrane were blocked by 

incubation in 10 mL Invitrogen™ Membrane Blocking Solution (Thermo 
Fisher, Life Technologies, SA) for one hour at room temperature. The 
primary HMOX1 antibody (PA5–27338; (Life Technologies, SA) was 
prepared at a 1:200 dilution in Invitrogen™ Membrane Blocking Solu-
tion (Thermo Fisher, Life Technologies, SA). This was followed by an 
overnight incubation on a rocking platform at 4 ◦C and followed by three 
washing steps with Tris-buffered saline. The membrane was incubated 
with secondary antibody solution (1:10000) for one hour on a rocking 
platform at room temperature. The secondary antibody used was 
Pierce® Goat Anti-Rabbit IgG, (H + L), horseradish peroxidase (HRP) 
conjugated (#31460, Thermo Fisher, Life Technologies, SA). The bands 
were detected by chemiluminescence, using the Pierce™ ECL Western 
Blotting Substrate (Thermo Fisher, Life Technologies, SA) according to 
the instructions of the manufacturer. The blots were viewed and imaged 
using the Bio-Rad ChemiDoc™ MP imaging system and analysed using 
Bio-Rad Image Lab software. Biorad Precision Plus Standards were used 

Fig. 1. Copper complexes were more effective inhibitors of AsPC-1 and MIA PaCa-2 cell proliferation than their respective ligands. AsPC-1 cells (A) and MIA PaCa-2 
cells (B) were treated with the copper complexes and their respective ligands at concentrations of 50 μM and 5 μM for 48 h. Cell viability was measured with the MTT 
assay. Each bar represents the mean of four replicate experiments. Error bars represent the standard error of the mean (SEM). (Phen: phenanthroline; Theo: 
theophylline; 8AqN: ligand of Cu8AqN).
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as molecular weight markers.

2.13. Data analysis

Where appropriate, data was analysed using one-way ANOVA fol-
lowed by Dunnett’s post hoc multiple comparison or Student’s t-test. 
Significance criterion was set at p < 0.05 with a 95 % confidence in-
terval. Graphs indicate the mean ± SEM and p-values are shown where 
appropriate. All experiments were repeated at least three times and data 
points were collected in triplicate. Statistical analysis and the con-
struction of graphs were done using GraphPad Prism version 9.

3. Results

3.1. The copper complexes inhibit cell proliferation with low IC50 values

Initial experiments, evaluating the effect of the ligands and their 
respective copper complexes, confirmed the ability of the copper com-
plexes inhibiting cell proliferation in both pancreatic cancer cell lines as 
indicated in Fig. 1. The IC50 values, indicating the superior activity of the 
complexes compared to their respective ligands, and their respective 
structures are presented in Table 1. The CuAIsI complexes were the most 
active in both cell lines with IC50 values below 2 μM. CuPhTh2 was the 
least active in both cell lines, although the IC50 value is below 5 μM. 
Cu8AqN had IC50 values of 2.75 μM and 3.62 μM against AsPC-1 and 
MIA PaCa-2 cells respectively. Doxorubicin was the least active with 
IC50 values of 6.64 μM and 12.07 μM against AsPC-1 and MIA PaCa-2 
cells respectively. All four copper complexes were more effective in-
hibitors of the Hek-293 cells compared to the pancreatic cancer cells, 
underscoring the resistance of the pancreatic cancer cells to treatment. 
Hek-293 cells are used to evaluate the selectivity of investigational 
compounds for cancer cell lines but are not an absolute indicator for 
selectivity since it is a transformed cell line. Representative dose 
response curves are shown in the supplementary document, Fig. S2. 
Gemcitabine, used in the treatment of pancreatic cancer, requires 
extensive activation steps and was poorly active in our assay system 

after a 48-h treatment period. Therefore, doxorubicin was selected for 
use as a positive control in the current study.

3.2. In both cell lines, the copper complexes caused apoptotic changes to 
the nuclei, increased the formation of ROS and increased annexin-V 
binding

Cell morphology experiments were used to determine the absence or 
presence of necrotic cell death. These results indicated the absence of 
necrosis in both cell lines, together with nuclei showing characteristic 
apoptotic features. Cell membrane blebbing was observed and apoptotic 
changes to the nuclei included ring and necklace condensation, nuclear 
fragmentation and chromatin condensation (Fig. 2A and B, green ar-
rows). Cells with red fluorescing nuclei, indicating necrosis, were not 
detected as shown in Fig. 2. Red/orange lysosomes, detected by AO, 
were present in the CuAIsI-1, CuAIsI6 and doxorubicin treated AsPC-1 
cells, as seen by the presence of punctate perinuclear vesicles (Fig. 2A, 
yellow arrows). AO is an efficient indicator of acidic compartments 
within cells [60]. In MIA PaCa-2 cells, (Fig. 2B, pink arrows), the pres-
ence of cytoplasmic vacuoles was observed, with the exception of 
CuAIsI-6 and doxorubicin treated cells.

Since copper complexes are associated with increased ROS formation 
which cause mitochondrial damage, potentially leading to apoptosis, the 
effect of the copper complexes on ROS formation was determined. 
Owing to the short half-lives of ROS [61], the formation of ROS in this 
study was measured at four-, six- and 18-h treatment periods. The 
copper complexes caused an increase of ROS formation at 6 h, but not at 
4- and 18-h treatment periods. Results are shown in Fig. 3A-D. To 
compensate for the innate red fluorescence of doxorubicin, a doxoru-
bicin control without the addition of the CellRox reagent was included. 
This confirmed that doxorubicin caused ROS formation in both cell lines 
which is consistent with its published mechanism of action [62].

Low levels of ROS were present in untreated AsPC-1 cells, (Fig. 3A, 
panels a and b and Fig. 4B) which is not uncommon in cancer cells given 
their high metabolic rate [63]. In AsPC-1 cells, Cu8AqN and doxorubicin 
caused the greatest increase in fluorescence intensity indicating ROS 

Table 1 
IC50 values of the four copper complexes and doxorubicin on AsPC-1, MIA PaCa-2 and Hek- 
293 cells. IC50 values were obtained with the MTT assay after a 48-h treatment period.

AsPC-1 cells MIA PaCa-2 cells Hek-293 cells

Test 
compound

IC50 ( M) p-value IC50 ( M) p-value IC50 ( M) p-value

CuPhTh2 3.15 ± 0.07 p<0.001 4.04 ± 0.07 p<0.001 2.1 ± 0.07 ns

Cu8AqN 2.75 ± 0.14 p<0.001 3.62 ± 0.08 p<0.001 1.49 ± 0.13 p<0.001

CuAIsI-1 1.41 ± 0.33 p<0.001 1.08 ± 0.15 p<0.001 0.09 ± 0.01 p<0.001

CuAIsI-6 1.27 ± 0.22 p<0.001 1.39 ± 0.16 p<0.001 0.281 ± 0.03 p<0.001

Doxorubicin 6.64 ± 0.11 12.07 ± 0.61 2.187± 0.033

Structures of the copper complexes

CuPhTh2 Cu8AqN CuAIsI-1 CuAIsI-6

The IC50 values of the copper complexes were compared with doxorubicin by ANOVA, 
followed by Dunnett’s post hoc test. The significance criterion was set at p < 0.05.
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formation (Fig. 3A panels e, f, k, l and Fig. 3B), followed by CuPhTh2, 
CuAIsI-1 and CuAIsI-6 (Fig. 3A panels c, d, g, h, i, j and Fig. 3B). In MIA 
PaCa-2 cells ROS was not observed in the untreated control cells (Fig. 3C 
panels a and b) whilst all four copper complexes caused a significant 
increase in ROS (Fig. 3C panels c-j and Fig. 3D) albeit significantly less 
than that caused by doxorubicin (Fig. 3C panels k and i). ROS formation 
was more pronounced in MIA PaCa-2 than in AsPC-1, when comparing 
Fig. 3B and D. Doxorubicin was significantly more effective than the 
copper complexes at inducing the formation of ROS in both cell lines, at 
the time periods tested (Fig. 3B and D).

The annexin-V binding assay was used to determine the presence of 
phosphatidyl serine on the outer plasma membrane and to confirm 
apoptotic cell death. Results from this assay are shown in Fig. 3E, F, G 
and H. In AsPC-1 cells the four complexes significantly increased 
annexin-V binding indicating an increase in phosphatidylserine on the 
outer leaflet of the cell membrane, an early marker of apoptosis (Fig. 3E, 
panels c-j and Fig. 3F). In MIA PaCa-2 cells both early and late apoptotic 
cells were seen, as indicated by the red-fluorescing nuclei in combina-
tion with the green annexin-V fluorescing cell membranes (Fig. 3H, 
panels c-j and Fig. 3D). This is indicative of possible secondary necrosis 
which commonly occurs in cell culture assays since there is no mecha-
nism for removing apoptotic cells from cell cultures. As seen in Fig. 3F in 
AsPC-1 cells, the copper complexes were less effective than doxorubicin 
as inducers of phosphatidylserine localisation to the outer cell mem-
brane. The four copper complexes caused membrane blebbing in AsPC-1 
cells (Fig. 3E, panels c, e and g). In Mia PaCa-2 cells (Fig. 3G), CuAIsI-6 
shows a greater percentage of cells positive for annexin-V binding than 
doxorubicin. The other copper complexes were similar to doxorubicin as 

inducers of annexin-V binding.

3.3. The copper complexes activated the intrinsic apoptotic pathway by 
decreasing mitochondrial membrane potential (MMP) and activating 
caspase-9 whilst failing to cause the early activation of caspase-8

3.3.1. The copper complexes caused a loss of MMP
The four copper complexes and doxorubicin caused the near com-

plete loss of MMP in both cell lines as indicated by the predominant 
green fluorescence observed in the treated cells (Fig. 4A-D). In AsPC-1 
cells the control cells showed yellow and orange/red fluorescence 
indicating an intact MMP (Fig. 4A, panel a and Fig. 4B). Red and orange 
fluorescence was absent in all the treated cells (Fig. 4A panels b – f, and 
Fig. 4B). The granular appearance of the green fluorescence indicates 
structurally intact mitochondria whilst an even green fluorescence 
suggests the loss of mitochondrial structural integrity. This was the 
primary observation in AsPC-1 cells treated with CuAIsI-6 and doxoru-
bicin (Fig. 4A, panels e and f). The other copper complexes caused a 
mixture of cells displaying either granulated or an even green 
fluorescence.

In a similar fashion, in MIA PaCa-2 cells, there was a complete loss of 
MMP, as indicated in Fig. 4C panels b – e, when compared with Fig. 4C, 
panel a. All the complexes caused a loss of the punctate fluorescence 
observed in the untreated cells (Fig. 4C, panel a). In doxorubicin-treated 
MIA PaCa-2 cells the green fluorescence dominates with some red 
fluorescence present in the nuclei, indicative of doxorubicin’s nuclear 
localisation.

Fig. 2. Representative photomicrographs showing morphological changes in AsPC-1 and MIA PaCa-2 cells after a 24-h treatment with copper complexes. AsPC-1 
cells (A) were treated with 6 μM CuPhTh2, 4 μM Cu8AqN, 2 μM CuAIsI-1, 2 μM CuAIsI-6 and 5 μM doxorubicin for 24 h. MIA PaCa-2 cells (B) were treated with 
6 μM CuPhTh2, 5 μM Cu8AqN, 2 μM CuAIsI-1, 2 μM CuAIsI-6 and 5 μM doxorubicin for 24 h. Cells were viewed with an Olympus BX41 microscope and images were 
captured with an Olympus DP72 camera. Magnification: 400×. Each photomicrograph is representative of three independent experiments. PC: phase contrast, HO: 
Hoechst 33342, AO: acridine orange. Arrow legend: Red: membrane blebbing, Blue: normal nuclei, Green: apoptotic nuclei, Yellow: lysosomes, Pink: vacuoles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3.2. The copper complexes activated caspase-9
Mitochondrial membrane depolarisation is associated with the acti-

vation of the intrinsic apoptotic pathway which depends on the forma-
tion of the apoptosome which contains active caspase-9. Active caspase- 
9 was present in both cell lines following treatment with the copper 
complexes as seen in Fig. 5A-D. In AsPC-1 cells CuPhTh2 was the weakest 
caspase-9 activator with the lowest percentage of cells (⁓ 50 %) 
showing active caspase-9 (Fig. 5A, panels c and d and Fig. 5B). Caspase-9 
activity in the other copper complexes compared well to that of doxo-
rubicin with no significant differences observed (Fig. 5A panels e-j and 

Fig. 5B. In MIA PaCa-2 cells, the aromatic isoindoline copper complex, 
CuAIsI-6 had the lowest percentage of cells with active caspase-9 
(Fig. 5C panels i and j and Fig. 5D). The other three copper complexes 
increased caspase-9 activity to between 70 % and 90 %, similarly to 
doxorubicin (Fig. 5C, panels c-h and Fig. 5D). The increase in caspase-9 
activity observed in both cell lines by the four copper complexes indi-
cated that apoptosis was facilitated by the activation of the intrinsic 
apoptotic pathway.

Fig. 3. The copper complexes increased ROS formation and the binding of annexin-V to phosphatidylserine in AsPC-1 and Mia PaCa-2 pancreatic cancer cell lines. 
Parts A, B, C and D represents the effects of copper complexes on ROS formation after a 6 h treatment period. A and C are representative photomicrographs with the 
red fluorescence indicating ROS and C and D represents the fluorescence intensity observed from three independent experiments. Parts E and H are representative 
photomicrographs of annexin-V binding with green fluorescence indicating annexin-V binding and red fluorescence indicating PI staining of nuclei. F and G are bar 
graphs showing the percentage cells positive for annexin-V after a 24 h treatment with copper complexes. Cells were treated as follows; CuPhTh2 (6 μM), Cu8AqN (4 
μM for AsPC1 and 5 μM for MIA PaCa-2 cells respectively), CuAIsI-1 (2 μM), CuAIsI-6 (2 μM), and doxorubicin (5 μM). Cells were viewed with an Olympus BX41 
microscope and images captured with an Olympus DP72 camera. Magnification: 400 x, scale bar: 20 μm. Each photomicrograph is representative of three inde-
pendent experiments. Each bar represents the mean and SEM of three independent experiments. Pink arrows: membrane blebbing, red arrows: late apoptosis, blue 
arrows: early apoptosis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3.3. The copper complexes failed to induce the early activation of 
caspase-8

Activation of caspase-8 is an early indicator for the activation of 
death receptors and the subsequent activation of the extrinsic apoptotic 
pathway. We could not demonstrate meaningful activation of caspase-8 
in both cell lines during the first 24 h following the start of treatment. 
We did however observe that cells with signs of advanced deterioration 
were positive for caspase-8. The caspase-8 data is presented in the 
supplementary file, Section S3, Figs. S2 and S3 for AsPC-1 and Mia PaCa- 
2 cells respectively.

3.4. The copper complexes activate caspase-3/7 in both cell lines

Further to the activation of caspase-9, their ability of the copper 
complexes to activate caspase-3/7 in the two cell lines was evaluated. 
After treatment with the copper complexes, active caspase-3/7 was 
observed in both cell lines as shown in Fig. 6A-D. Cu8AqN was the most 
efficient activator of caspase-3/7 in AsPC-1 cells (Fig. 6A panels e, f and 
Fig. 6B), while CuAIsI-1 was the poorest activator at this treatment 
period with a low percentage of cells with active caspase-3/7 (Fig. 6A 
panels g. h and Fig. 6B). CuPhTh2 and CuAIsI-6 was moderately active 
with around 30 % of cells with active caspase-3/7 (Fig. 6A, panels c, d, i, 
j and Fig. 6B). All the copper complexes were less efficient than doxo-
rubicin which had close to 90 % of cells with active caspase-3/7 (Fig. 6A 

Fig. 4. Copper complexes decreased the MMP in ASPC-1 and MIA PaCa-2 cells. Photomicrographs in 4 A and 4C shows images of red JC-1-aggregates and green JC-1 
monomers and 4B and 4D shows the percentage of cells with JC aggregates and monomers of three experiments. Effects of the copper complexes on AsPC1 cells are 
shown in 4 A and 4B and on Mia PaCa-2 cells in 4C and D. Cells were treated as follows; CuPhTh2 (6 μM), Cu8AqN (4 μM for AsPC1 and 5 μM for MIA PaCa-2 cells 
respectively), CuAIsI-1 (2 μM), CuAIsI-6 (2 μM), and doxorubicin (5 μM). Cells were viewed with an Olympus BX41 microscope and images captured with an 
Olympus DP72 camera. Magnification: 400 x, scale bar: 20 μm. Each photomicrograph is representative of three independent experiments and each bar graph 
represents the mean from three independent experiments, with error bars representing the SEM. Copper complexes were compared to doxorubicin using ANOVA (p <
0.05) followed by Dunnett’s post hoc multiple comparisons test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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panels k, l, and Fig. 6B).
In comparison, in MIA PaCa-2 cells all the copper complexes and 

doxorubicin proved to be efficient activators of caspase-3/7 with close to 
100 % of cells positive for caspase-3/7 (Fig. 6C and D). All the complexes 
showed similar or better caspase-3/7 activity than doxorubicin (Fig. 6C 
panels c-l), indicating their ability to activate the intrinsic apoptotic 
pathway in MIA PaCa-2 cells.

3.5. Copper complexes induced HMOX1 expression in AsPC-1 and MIA 
PaCa-2 cells and its inhibition increased the potency of the copper 
complexes

3.5.1. Copper complexes increased the nuclear expression of HMOX1
Expression levels of HMOX1 was determined by immunofluores-

cence microscopy and western blotting. In AsPC-1 cells no fluorescence 
was present in the untreated primary antibody-negative control, indi-
cating the specificity of the primary antibody (Fig. 7A panels a-c). 
Baseline HMOX1 expression was observed in the nuclei of untreated 
AsPC-1 cells (Fig. 7A panels d-f). There was a visible increase in fluo-
rescence intensity of HMOX1 in all treated cells, compared to untreated 

Fig. 5. The copper complexes caused an increase in active caspase-9 in AsPC-1 and MIA PaCa-2 cells Photomicrographs in 5 A and 5C show the presence of active 
caspase-9, visible as green fluorescence, and 5B and 5D show the average percentage of cells with active caspase-9 from three independent experiments. The effect of 
the copper complexes on AsPC1 cells is shown in 5 A and 5B and the effect on Mia PaCa-2 cells is shown in 5C and 5D. Cells were treated as follows; panel a: untreated 
cells, panel b: CuPhTh2 (6 μM) panel c: Cu8AqN (4 μM for AsPC1 and 5 μM for MIA PaCa-2 cells respectively), panel d: CuAIsI-1 (2 μM), panel e: CuAIsI-6 (2 μM), 
panel f: doxorubicin (5 μM). Cells were viewed with an Olympus BX41 microscope and images were captured with an Olympus DP72 camera. Magnification: 400×, 
scale bar: 20 μm. Each photomicrograph is representative of three independent experiments and each bar represents the mean from three independent experiments. 
Error bars represent SEM. The effect of the copper complexes was compared to doxorubicin using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple 
comparison test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cells (Fig. 7A panels g-u), indicating that the copper complexes and 
doxorubicin induced the expression of HMOX1. Fluorescence intensity 
analysis showed CuPhTh2 to be the strongest inducer of HMOX1 while 
Cu8AqN was the weakest (Table 2). Compared with the copper com-
plexes, doxorubicin had the second highest fluorescence intensity 
measurement. Colocalisation analysis using Pearson’s correlation coef-
ficient (PCC) between Hoechst and HMOX1 fluorescence was used to 
quantify changes in the subcellular location of HMOX1. The analysis 
indicated that HMOX1 was located primarily in the nucleus, following 
treatment with the copper complexes (Table 2). Conversely, in doxo-
rubicin treated cells, the percentage of HMOX1 in the nucleus was 
decreased when compared to the untreated cells (Table 2).

In MIA PaCa-2 cells the absence of green fluorescence in the un-
treated primary antibody-negative control of MIA PaCa-2 cells indicated 
the specificity of the primary antibody for HMOX1 (Fig. 7B, panels a-c). 
Untreated MIA PaCa-2 cells had low levels of basal HMOX1 expression 
(Fig. 7B, panels d-f). The copper complexes and doxorubicin increased 
the expression of HMOX1, indicated by the increased intensity and 
numbers of green fluorescing cells, compared with the untreated control 
(Fig. 7B, panels g-u). Fluorescence intensity analysis showed CuPhTh2 to 
be the strongest HMOX1 inducer, similar to the AsPC-1 cells, while 
CuAIsI-6 was the weakest inducer (Table 2). Doxorubicin had the 
smallest increase in fluorescence intensity, suggesting that the copper 
complexes induced HMOX1 more potently than doxorubicin (Table 2). 

Fig. 6. The copper complexes activated caspase-3/7 in ASPC-1 and MIA PaCa-2 cells. Photomicrographs in 6A and 6C shows the presence of active caspase-3/7 
visible as green fluorescence and 6B and 6D shows the average percentage of cells with active caspase-3/7 from three independent experiments. The effect of the 
copper complexes on AsPC-1 cells is shown in 6A and 6B and the effect on MIA PaCa-2 cells is shown in 6C and 6D. Cells were treated as follows; panel a: untreated 
cells, panel b: CuPhTh2 (6 μM), panel c: Cu8AqN (4 μM for AsPC-1 and 5 μM for MIA PaCa-2 cells respectively), panel d: CuAIsI-1 (2 μM), panel e: CuAIsI-6 (2 μM), 
panel f: doxorubicin (5 μM). Cells were viewed with an Olympus BX41 microscope and images were captured with an Olympus DP72 camera. Magnification: 400×, 
scale bar: 20 μm. Each photomicrograph is representative of three independent experiments. Each bar represents the mean from three independent experiments and 
error bars represent the SEM. The effect of the copper complexes was compared with doxorubicin using ANOVA (p < 0.05) followed by Dunnett’s post hoc multiple 
comparisons test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Colocalisation analysis indicated that HMOX1 was primarily localized to 
the nucleus of the cells treated with the copper complexes as verified by 
an increase in PCC between HO and HMOX1 (Table 2). The exception 
was in doxorubicin-treated cells where the largest fraction of HMOX1 
was located in the cytoplasm (Table 2).

3.5.2. Western botting confirmed the increase of HMOX1 expression
Cell lysates were prepared from treated AsPC-1 and MIA PaCa-2 cells 

and were used to confirm the results of the HMOX immunofluorescence 
by western blotting (Fig. 8). Analysis of the western blots indicated that 
CuPhTh2 was the most potent inducer of HMOX1 in both cell lines which 
was consistent with the immunofluorescence observations (Fig. 8A-D). 
In AsPC-1 cells, Cu8AqN, CuAIsI-1 and CuAIsI-6 caused similar increases 

of HMOX1, which was lower than that of CuPhTh2. In doxorubicin 
treated cells, no bands were detected.

In MIA PaCa-2 cells, Cu8AqN caused a larger increase than CuAIsI-1 
and CuAIsI-6 but lower than CuPhTh2 (Fig. 8B and D). CuAIsI-1 was the 
weakest inducer of HMOX1 in MIA PaCa-2 cells. A faint band was pre-
sent in doxorubicin treated cells, indicating that HMOX1 expression was 
not increased. Analysis of the molecular weight indicated that the size of 
HMOX1 was 32 kDa, for both cell lines, suggesting a full-length HMOX1 
protein.

3.5.3. The HMOX1 inhibitor, OB24, decreased the IC50 values of the 
copper complexes

Next, the effects of an HMOX1 inhibitor on the potency of the four 

Fig. 7. Representative photomicrographs showing the induction of HMOX1 expression by the copper complexes and doxorubicin in AsPC-1 and Mia PaCa-2 cells. 
Green fluorescence indicates the presence and intensity of HMOX1 and blue fluorescence indicates the nuclei. An untreated negative control without primary 
antibody (panels a-c) and an untreated positive control with primary antibody (panels d-f) was included. AsPC1 cells (A) were treated with CuPhTh2 at 6 μM (g-i); 
Cu8 AqN at 4 μM (j-l); CuAIsI-1 at 2 μM (m-o) and CuAIsI-6 at 2 μM (p-r) for 18 h. Doxorubicin was used as a positive control at 5 μM (panels s-u). Mia PaCa-2 cells 
(B) were treated with CuPhTh2 at 6 μM (g-i); Cu-8 AqN at 5 μM (j-l); CuAIsI-1 at 2 μM (m-o) and CuAIsI-6 at 2 μM (p-r) for 18 h. Doxorubicin was used as a positive 
control at 5 μM (panels s-u). Cells were viewed with an Olympus BX41 microscope and images were captured with an Olympus DP72 camera. Legend: PC = Phase 
contrast. HO = Hoechst 33342. HMOX1 = haem oxygenase-1. Magnification: 400×, scale bar: 20 μm. Each photomicrograph is representative of three independent 
experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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copper complexes were investigated. The IC50 values of the copper 
complexes on AsPC-1 and MIA PaCa-2 cells were determined in the 
presence of a constant concentration of a HMOX1 selective inhibitor 1- 
[[2-[2-(4-Bromophenyl)ethyl]-1,3-dioxolan-2-yl]methyl]-1H-imid-
azole.HCl, commonly referred to as OB24. OB24 is reported to inhibit 
HMOX1 selectively with an IC50 of 1.9 μM and is not active against 
HMOX2 with an IC50 value exceeding 100 μM [64]. At the concentra-
tions tested, (10 μM, 20 μM and 40 μM), OB24 by itself showed no 
meaningful cytotoxic effects, therefore the Chou-Talalay method was 
not used to determine synergy or antagonism. In this study OB24 was 
used a concentration of 20 μM.

The decreases in the IC50 values of the copper complexes obtained in 
the presence of OB24 are shown in Table 3 and were statistically sig-
nificant. Given that OB24 did not display cytotoxic activity against the 
cell lines on its own, it can be concluded that the observed decreases 
were not due to the cytotoxic activity of OB24, but rather to its inhibi-
tion of HMOX1. The results indicate that HMOX1 inhibition sensitized 
the pancreatic cancer cell lines to the copper complexes.

4. Discussion

4.1. The copper complexes inhibited cell growth with clinically relevant 
IC50 values which were further decreased by a HMOX1 inhibitor

The IC50 values of the four copper complexes were in the low 
micromolar range for both PDAC cell lines, with the two aromatic iso-
indoline copper complexes being the most active. The respective ligands 
of the four complexes were poorly active at 5 μM, indicating that the 
addition of copper to the ligands enhanced their cytotoxic activity. The 
phenanthroline-theophylline based copper complex, CuPhTh2, was the 
least active in the two cell lines. All four complexes had IC50 values 
below 5 μM after a 48-h treatment, while doxorubicin was less active in 
both cell lines with IC50 values above 6 μM. In this study, we chose to use 

Table 2 
The mean fluorescence intensity and nuclear localization of HMOX1 in AsPC-1 
and MIA PaCa-2 cells following treatment with the copper complexes and 
doxorubicin for 18 h.

AsPC-1 cells

Test 
Compound

Mean Fluorescence 
Intensity (AU)

p-value Nuclear 
localization 

(PCC)

% Nuclear 
localization

Control 295.5 ± 15.04 0.767 ± 0.030 76.7

CuPhTh2 1082.0 ± 34.1 p = <0.001 0.816 ± 0.013 81.6

Cu-8AqN 747.5 ± 36.8 p = <0.001 0.878 ± 0.016 87.8

CuAIsI-1 881.6 ± 38.7 p = 0.0015 0.867 ± 0.003 86.7

CuAIsI-6 848.8 ± 7.1 p = <0.001 0.843 ± 0.017 84.3

Doxorubicin 1046 ± 18.5 p = <0.001 0.578 ± 0.004 57.8

MIA PaCa-2 cells

Test 
Compound

Mean Fluorescence 
Intensity (AU)

p-value Nuclear 
localization 

(PCC)

Nuclear 
localization (%)

Control 173.1 ± 7.6 0.721 ± 0.043 72.1

CuPhTh2 908.4 ± 36.8 p = <0.001 0.899 ± 0.021 89.9

Cu-8AqN 733.4 ± 8.8 p = <0.001 0.879 ± 0.004 87.9

CuAIsI-1 661.7 ± 12.7 p = <0.001 0.888 ± 0.012 88.8

CuAIsI-6 558.2 ± 17.9 p = <0.001 0.869 ± 0.010 86.9

Doxorubicin 360.1 ± 13.3 p = <0.001 0.590 ± 0.014 59.0

The fluorescence intensity of treated cells was compared with that of untreated 
cells using ANOVA followed by Dunnett’s post hoc test. P > 0.05: not signifi-
cant (ns), AU: arbitrary units, PCC: Pearson’s correlation coefficient.

Fig. 8. Western blots and bar graphs showing the expression level of HMOX1 in AsPC-1 (A and C) and MIA PaCa-2 cells (B and D). AsPC-1 cells were treated with 
copper complexes and doxorubicin at the following concentrations: CuPhTh2 at 6 μM; Cu8AqN at 4 μM; CuAIsI-1 at 2 μM and CuAIsI-6 at 2 μM and doxorubicin at 5 
μM for 18 h. MIA PaCa-2 cells were treated with copper complexes at the following concentrations: CuPhTh2 at 6 μM; Cu8AqN at 5 μM; CuAIsI-1 at 2 μM and CuAIsI-6 
at 2 μM and doxorubicin at 5 μM for 18 h. Lysate samples containing 20 μg protein were separated using a 12 % denaturing polyacrylamide gel. β-tubulin was used as 
a loading control in AsPC-1 cells and in MIA PaCa-2 cells β- actin was used. Chemiluminescent bands were detected with a Bio-Rad ChemiDoc™ MP Imaging system 
and the blots were analysed using Bio-Rad Image Lab software. A and B are representative western blot images of AsPC-1 and MIA PaCa-2 cells respectively. C and D 
represents the average fold increase of HMOX1 of three independent experiments of AsPC-1 and MIA PaCa-2 cells respectively. Error bars represent the SEM.
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doxorubicin as a positive control rather than gemcitabine. Our data (not 
shown) indicated that the IC50 values of gemcitabine were greater than 
200 μM in both cell lines, suggesting either an inability of gemcitabine to 
enter the cells or a failure to activate the molecule to its active 
triphosphate form. The copper complexes were evaluated for cytotox-
icity after 48-h treatment periods rather than the commonly published 
72 h. A 72-h treatment in cell culture has the caveat that rapidly dividing 
cells deplete the culture medium, making them more susceptible to test 
compounds, thereby causing an overestimation of the compounds’ po-
tency. The IC50 values for the HEK-293 embryonic kidney cell line were 
markedly lower than those for the PDAC cancer cell lines, aligning with 
PDAC’s well-documented resistance to chemotherapy. This highlights 
the importance of considering potential adverse reactions in future 
studies with these copper complexes. Moreover, evaluation of a single 
cell line does not provide conclusive data to exclude these copper 
complexes from further investigation. Many cancer drugs currently in 
clinical use are known for specific toxicity, with established protocols in 
place to mitigate associated adverse events effectively. Follow-up in-
vestigations aimed at understanding the mechanism of cell death, used 
concentrations equivalent to the IC80 values of the copper complexes 
since clinically, cancer is treated with concentrations of drugs aiming to 
get a 100 % cell kill, rather than a 50 % cell kill. The aromatic 
isoindoline-based copper complexes were significantly more active than 
the 8-aminoquinoline-naphtyl and the phenanthroline-theophylline 
copper complexes. Importantly, the IC50 values of all four complexes, 
in both cell lines, were significantly reduced in the presence of an 
imidazole-based HMOX1 inhibitor, supporting those studies indicating 
that induced HMOX1 expression is associated with treatment failure in 
pancreatic cancer [50–53]. In order to study the events responsible for 
cell death we determined the effects of the copper complexes on cell 
death parameters at treatment periods shorter than 48 h, where 
applicable.

4.2. The copper complexes caused cell death by activation of the intrinsic 
apoptotic pathway

Once the potency of the copper complexes was established it was 
important to rule out necrosis as the primary mechanism of cell death. 
Evaluation using a live cell assay indicated that none of the four com-
plexes showed any evidence of causing necrotic cell death, as seen by the 
absence of red-fluorescing nuclei, indicating intact cell membranes. 

Membrane blebbing was observed in some instances, further supporting 
the notion of apoptotic cell death. Changes to the nuclei included ring 
and necklace condensation, fragmentation and chromatin condensation 
(all features of apoptosis), and were observed for all the treated cells 
[65,66].

Following the promising IC50 values and the absence of necrosis in 
the treated cells, we further investigated the ability of the copper com-
plexes to cause apoptotic cell death. In both cell lines, the complexes 
increased the translocation of phosphatidylserine, as seen with 
increased binding of AlexaFluor-488 labelled annexin-V, which further 
supported apoptotic cell death. Annexin-V assays however did indicate 
the presence of late apoptotic MIA PaCa-2 cells, positive for both 
annexin-V and PI, which is considered to be secondary necrosis, often 
observed in cultured cell lines [67]. In both cell lines, CuAIsI-6 was the 
most effective inducer of annexin-V whilst CuAIsI-1 was the least 
effective. Doxorubicin was more effective in AsPC-1 cells, with 95 % of 
the cells showing annexin-V-binding compared with the 31 % in MIA 
PaCa-2 cells.

The ability of other copper complexes to cause annexin-V binding is 
widely reported in the literature. Copper-imidazo[1,2-a]pyridines 
induced annexin-V binding in leukemic cell lines [41] as well as in 
colorectal cancer cell lines [40]. Additionally, polypyridyl based copper 
(II) complexes increased annexin-V binding in breast cancer cells [68]. 
Ternary copper (II) complexes with reduced Schiff base ligands and 
heterocyclic bases, which also included a phenanthroline-based copper 
complex, were able to induce annexin-V binding in human lung, oeso-
phageal and gastric cancer cell lines [69].

Copper complexes are associated with the formation of ROS, which 
interact with DNA, causing DNA damage and the formation of oncogenic 
mutations that drive tumorigenesis [70,71]. In both cell lines doxoru-
bicin was the most potent inducer of ROS which is consistent with its 
mechanism of action [62]. Untreated AsPC-1 cells had low baseline ROS 
levels, unlike MIA-Paca 2 cells where ROS was not detected. All the 
copper complexes increased ROS, albeit less than doxorubicin, with the 
exception of CuAIsI-1in AsPC-1 cells. Due to the short half-lives of ROS, 
it is possible that the CuAIsI-1 associated increase in ROS levels were 
high at a different time point following the initiation of treatment. 
However, the data are consistent with previously published studies 
which showed that apoptosis occurred in copper complex treated cells 
irrespective of high levels of ROS [44,49].

The induction of high levels of ROS in cancer cells leading to irrep-
arable DNA and mitochondrial damage followed by the induction of 
apoptosis is a valuable treatment strategy in cancer treatment. ROS has 
been reported to trigger the intrinsic apoptotic pathway by increasing 
the permeability of the mitochondrial membrane and by inhibiting the 
anti-apoptotic protein Bcl-2 in human lung epithelial cancer cells and 
oral squamous carcinoma cells [72,73]. We therefore evaluated the ef-
fects of the copper complexes on mitochondrial integrity and its ability 
to activate caspase-9, the initiator caspase of the intrinsic apoptotic 
pathway.

The electrochemical gradient formed by the formation of ATP in the 
mitochondria contributes to the MMP that exists across the mitochon-
drial membranes [74]. Consequently, the status of MMP is a key indi-
cator of mitochondrial health. A decrease in MMP indicates a disruption 
in mitochondrial activity and decreased ATP production, decreasing cell 
viability [74]. When MMP decreases, the mitochondrial permeability 
transition pore opens, allowing the release of pro-apoptotic proteins like 
cytochrome c, Smac/DIABLO and HtrA2/Omi [75]. Additionally, the 
release of apoptosis inducing factor (AIF) is dependent on the disruption 
of MMP [75]. Thus, loss of MMP is a prerequisite and preliminary in-
dicator of intrinsic apoptosis [76].

In this study we used the JC-1 dye as an indicator of mitochondrial 
health. In healthy cells with an intact MMP, the JC-1 dye is present as a 
dimer showing as red fluorescing J-aggregates. In depolarized mito-
chondria, the JC-1 dye does not form dimers, with the monomeric spe-
cies showing green fluorescence [59]. In untreated AsPC-1 and MIA 

Table 3 
The IC50 values of copper complexes alone and in combination with 20 μM of a 
HMOX1 inhibitor, OB24, in AsPC-1 and MIA PaCa-2 cells.

AsPC-1 cells

Copper 
complex

IC50 value ( M) 
without OB24 

IC50 value ( M) with 
20 M OB24 

p-value 

CuPhTh2 3.15 ± 0.07 μM 2.79 ± 0.04 μM p = 0.0108 

Cu8AqN 2.75 ± 0.14 μM 1.01 ± 0.10 μM p < 0.0001 

CuAIsI-1 1.41 ± 0.33 μM 0.18 ± 0.03 μM p = 0.0216 

CuAIsI-6 1.27 ± 0.22 μM 0.19 ± 0.04 μM p = 0.0022 

MIA PaCa-2 cells

Copper 
complex

IC50 value ( M) 
without OB24

IC50 value ( M) with 
20 M OB24

p-value 

CuPhTh2 4.04 ± 0.07 μM 1.83 ± 0.15 μM p < 0.0001

Cu8AqN 3.62 ± 0.08 μM 2.45 ± 0.07 μM p < 0.0001

CuAIsI-1 1.08 ± 0.15 μM 0.59 ± 0.05 μM p = 0.0404 

CuAIsI-6 1.39 ± 0.16 μM 0.77 ± 0.16 μM p = 0.0363

Student’s t-test was used to compare the IC50 values of copper complexes with 
and without OB24 with a significance criterion set at p ≤ 0.05.
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PaCa-2 cells, accumulation of red J-aggregates was seen, indicating 
active mitochondria. All the copper complexes and doxorubicin 
decreased the red fluorescence whereby the mitochondria of treated 
cells were visible as green fluorescence, indicating a complete loss in 
MMP. In AsPC-1 cells treated with Cu8AqN, CuPhTh2 and CuAIsI-1, 
most of the cells showed punctate green fluorescence, indicating struc-
turally intact mitochondria. In contrast, cells treated with CuAIsI-6 had 
diffuse green fluorescence, indicating loss of mitochondrial integrity 
[77].

All the copper complexes were able to activate caspase-9 which is the 
initiator caspase of the intrinsic/mitochondrial apoptotic pathway [78]. 
After a 48-h treatment with the test compounds, the copper complexes 
caused a statistically significant increase in active caspase-9 in both cell 
lines. In AsPC-1 cells, Cu8AqN and CuAIsI-1 were the strongest activa-
tors, followed by CuAIsI-6, while CuPhTh2 was the weakest. In MIA 
PaCa-2 cells, CuPhTh2 and Cu8AqN were the strongest activators of 
caspase-9, followed by CuAIsI-1. Doxorubicin effectively activated 
caspase-9 in both cell lines. The activation of caspase-9 in both cell lines, 
albeit at various efficacies, indicates that the copper complexes were 
able to cause cell death via the activation of the intrinsic apoptotic 
pathway.

PDAC cells are known for their resistance to death-receptor mediated 
apoptosis [79]. Fas-associated phosphatase-1 is overexpressed in PDAC 
cells and renders pancreatic carcinoma cells resistant to Fas-initiated 
apoptosis by inhibiting the activation of caspase-8 and preventing the 
formation of the death inducing signaling complex, commonly referred 
to as DISC [79]. PDAC cells are classified as type II cells, meaning they 
require mitochondrial amplification pathways to induce apoptosis [80]. 
The copper complexes and doxorubicin were effective inducers of 
intrinsic apoptosis in both cell lines which is in line with these 
observations.

The activation of caspase-3 and/or caspase-7 is the endpoint of both 
the intrinsic and extrinsic apoptotic pathways. These active caspases are 
executioner caspases that cause nuclear fragmentation by cleaving in-
hibitor of caspase-activated DNAse (ICAD). This in turn activates 
caspase-activated DNAse (CAD) which ultimately causes DNA frag-
mentation. Active caspase-3 is primarily located in the nucleus [81,82]. 
In AsPC-1 cells the complexes were effective activators of caspase-3 
activity confirming apoptosis as the primary mechanism of cell death, 
with the exception of CuAIsI-1 which was a poor activator at the selected 
timepoint in the study.

Under the same treatment conditions, the copper complexes 
demonstrated higher caspase-3/7 activation in MIA PaCa-2 cells than in 
AsPC-1 cells. This was in line with annexin-V findings and cell 
morphology evaluation that demonstrated that late apoptotic cells are 
more frequently observed in MIA PaCa-2 cells compared to AsPC-1 cells. 
Additionally, the copper complexes induced ROS more potently in MIA 
PaCa-2 cells than in AsPC-1 cells. The data suggested that MIA PaCa-2 
cells were more sensitive to the copper complexes than AsPC-1 cells 
and entered apoptosis more readily.

4.3. The copper complexes increased nuclear HMOX1 expression levels

In normal cells HMOX1 is found in the cytoplasm, anchored to the 
membrane of the smooth endoplasmic reticulum. Certain disease states 
induce HMOX1 translocation to the mitochondria, plasma membrane 
and the nucleus. Its enzymatic activity is preserved in all compartments 
except in the nucleus [83]. In both cell lines the four copper complexes 
caused a significant increase in HMOX1 protein expression which was 
primarily located in the nucleus. Western blotting data indicated that 
CuPhTh2 was the most potent inducer of HMOX1 in both cell lines. The 
western blot data in this study indicated a molecular mass of 32 kDa for 
HMOX1 which implies the presence of a full-length, active enzyme. 
Currently the function of nuclear HMOX1 remains unresolved and it is 
not known if it may affect gene transcription. A study on mouse em-
bryonic fibroblasts has shown that HMOX1 translocated to the nucleus 

in response to hypoxia and was associated with the up-regulation of 
transcription factors involved in oxidative stress [84]. These transcrip-
tion factors included AP-1, AP-2, Brn-3 and Core Binding Factor all 
which play a role in cell proliferation and differentiation [84]. The same 
study observed a decrease in the binding of nuclear factor kappa B (NF- 
κB) to DNA [84]. It is widely accepted that increased HMOX1 expression 
protects tumour cells against oxidative stress [85], inflammatory me-
diators and apoptosis and promotes angiogenesis in these cells [86–88]. 
High levels of HMOX1 mRNA expression are associated with a signifi-
cantly worse prognosis for lung, brain, breast, colorectal and haemato-
logical cancers, as predicted by a meta-analysis database [89].

In pancreatic cancer an increase in HMOX1 expression in patient 
samples, measured during chemotherapy, was associated with treatment 
failure [90]. It is thus important to evaluate the effect of investigational 
compounds on HMOX1 expression. In PDAC, HMOX1 expression has 
been reported to increase after chemotherapy and is associated with 
treatment failure [90,91].

Cytotoxicity studies were performed in the presence of a fixed con-
centration of a HMOX1 selective imidazole-based inhibitor, OB24. The 
data indicated a significant decrease in the IC50 values of all the copper 
complexes, with those of the aromatic isoindolines reaching the nano-
molar range. Thus, inhibition of HMOX1 increases the efficacy of the 
copper complexes indicating the potential benefit of HMOX1 inhibition 
in PDAC.

Due to the importance of the basic physiological functions of 
HMOX1, its inhibition, with the aim for clinical use, has not been 
actively investigated. Current HMOX1 inhibitors are metabolites of the 
haem pathway or involved in haem homeostasis, making them unsuit-
able drug candidates. To our knowledge, OB24 is the only commercially 
available small molecule HMOX1 inhibitor. In a study by Mucha et al., 
(2019) [92], another imidazole-based HMOX1 inhibitor was synthesized 
which showed positive responses in pre-clinical evaluations.

Western blot studies that isolated cytoplasmic and nuclear fractions 
of cells demonstrated an increase in nuclear HMOX1 following treat-
ment of MIA PaCa-2 cells with nab-paclitaxel/gemcitabine, indicating 
nuclear translocation of HMOX1 [90]. The nuclear HMOX1 contributed 
to the cells’ resistance to chemotherapy treatment [90]. In addition, the 
formation of ROS is associated with the induction of HMOX1. Our data 
indicates a poor correlation between HMOX1 induction and ROS for-
mation suggesting that an in-depth investigation is warranted. Based on 
the results of the current study we propose that it would be advanta-
geous to further investigate the use of non-toxic HMOX1 inhibitors as an 
adjunct to chemotherapeutic regimens in pancreatic and other cancers.

5. Conclusion

In this study, copper complexed with aromatic isoindoline ligands 
demonstrated superior activity compared to 8-aminoquinolone-naph-
thyl and phenanthroline-theophylline complexes. Both CuAIsI-1 and 
CuAIsI-6 complexes activated the intrinsic apoptotic pathway, with 
CuAIsI-6 showing the highest activity. Compared to CuPhTh2, the 
CuAIsI complexes were less potent inducers of HMOX1, which is ad-
vantageous. Furthermore, the inhibition of HMOX1 led to a substantial 
increase in the potency of all four the complexes. This finding un-
derscores the importance of evaluating the effects of investigational 
compounds for cancer treatment on HMOX1 induction, as it may be 
detrimental to cancer patients.

To our knowledge, these copper complexes compare favourably in 
efficacy with a wide range of published data on the anticancer effects of 
copper complexes, suggesting their potential as anticancer agents. The 
data presented here are encouraging and suggest that these complexes 
warrant further preclinical investigation. Additionally, our findings 
reinforce the evidence in the scientific literature that HMOX1 induction 
is an important consideration in cancer chemotherapy, and that its se-
lective inhibition may enhance patient outcomes.
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