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Abstract Multidrug resistance (MDR) is still a
major threat to successful clinical application of
cancer chemotherapy. Copper plays an important role
in biological systems, and copper is also involved in
carcinogenesis. In the present investigation, we
addressed the question whether metal copper might
be involved in drug resistance of murine and human
tumors. By means of atomic absorption spectroscopy,
we determined serum copper concentrations. We
found that the blood serum of tumor-bearing mice
contained higher amounts of copper than healthy
mice with tumors. Secondly, mice bearing doxo-
rubicin-resistant Ehrlich ascites carcinoma- or
cyclophosphamide-resistant Lewis lung carcinoma
contained more copper in their serum than mice
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bearing the corresponding drug-sensitive parental
tumors. Furthermore, the analysis of patients with
breast cancer, colon carcinoma or lung cancer
showed that the serum copper contents were higher
in patients not responding to chemotherapy when
compared to patients whose tumors responded to
treatment. The copper levels in serum of healthy
volunteers were lower than in cancer patients
irrespective of their response to chemotherapy. Our
results imply that the level of serum copper may be
considered as a biomarker for treatment response.
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Introduction

Multidrug resistance (MDR) is still a major threat to
successful clinical application of cancer chemother-
apy and also is a topic in basic cancer research. Drug
resistance occurs at the cellular level, and a number
of molecular mechanisms account for this phenom-
enon. Drug-resistant cells differ from the drug-
sensitive cells in many ways, e.g., by (1) reduced
accumulation of cytotoxic drugs, due to decreased
drug influx and or increased drug efflux; (2) altered
expression and activity of certain cellular detoxifica-
tion proteins and (3) physiological changes that alter
the intracellular milieu (German 1996). Several
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proteins have been found to be over-expressed in
multidrug-resistant human cancer cells, including the
multidrug resistant mdrl gene product P-glycoprotein
(Juliano and Ling 1976), the multi-drug resistance-
associated protein (MRP) (Cole et al. 1992) and
enzymes associated with the glutathione (GSH)
metabolism (O’Brien and Tew 1996; Eijdems et al.
1995; Broxterman et al. 1993; Edincott and Ling
1989; Roninson 1991). Moreover atypical multi-drug
resistance has been ascribed to decreased expression
or altered activity of topoisomerase II (Efferth and
Volm 2005). Although each of these proteins has
been associated with a unique profile of cellular drug
resistance, the drug resistance patterns may be
partially overlapping. In many human tumors, several
mechanisms are involved in drug resistance (Volm
et al. 2004).

Copper plays an important role in human and other
biological systems, e.g., copper is essential for the
proper functioning of copper-dependent enzymes
(cytochrome C oxidase, superoxide dismutase, tyros-
inase, dopamine hydroxylase, lysyl oxidase, clotting
factor V, ceruloplasmin) (Shing 1998; Watanbe et al.
1990). Copper (Cu®") is also involved in carcinogenic
(Hu 1986; Raju et al. 1982) as well as anticarcinogenic
(Hu 1986; Brem et al. 2005) processes. Copper
stimulates endothelial cell proliferation (Hu 1986).
Copper reduction inhibits the antiangiogenic response
(Brem et al. 2005). Copper administration suppresses
the development of rat hepatoma induced by chemical
carcinogens (Raju et al. 1982). Copper (II) complexes
induce the re-differentiation of tumor cells to normal
cells (Kawamoto et al. 1973). Although the role of
copper in physiological systems is controversial, there
is no doubt that copper is an essential component of
several endogenous antioxidant enzymes (Sorenson
1987; Yosmi et al. 2001).

Although copper transporters have been found to
transport anti-neoplastic drugs such as cisplatin (Kuo
et al. 2007), the role of copper itself for drug
resistance is still poorly understood (Engleka and
Maciag 1994; Majumder et al. 2005). We have
reported that a copper chelate overcomes drug
resistance in vivo (Choudhuri and Chatterjee 1998;
Majumder et al. 2006). In the present investigation,
we addressed the question for the first time whether
metal copper might be involved in drug resistance
of murine and human tumors. For this reason, we
first analyzed serum copper levels in mice bearing
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drug-sensitive or drug-resistant tumors and compared
the copper concentrations with healthy mice without
tumors. Then, we determined the levels of copper in
the serum of patients suffering from breast, colon, or
lung carcinoma. Again, copper concentrations in the
serum of healthy subjects were measured for
comparison.

Material and methods
Biological materials

All animals (male Swiss albino and male C57BL6/J
mice) were collected from our animal colony. All
experiments were done in accordance with the legal
regulations for animal experimentation in India and
with official permission of the Chittaranjan National
Cancer Institute (Kolkatta, India).

Cell lines

The Ehrlich ascites carcinoma (EAC) cell line was
maintained in male Swiss albino mice, weighing
18-20 g (6-8 weeks old) and water was supplied ad
libidum. A doxorubicin-resistant sub-line (EAC/
DOX) was developed by sequential transfer of EAC
cells to subsequent generation of host mice with
continuous doxorubicin (Dox) treatment as described
previously (Majumder et al. 2005; Choudhuri and
Chatterjee 1998; Majumder et al. 2006; Friche et al.
1992). The treatment regime consisted of 2.0 mg/kg/
week Dox intraperitoneally (i.p.). The daily treatment
dose was 0.4 mg/kg for 5 days. The drug was applied
24 h after inoculation of 1 x 10° ascites tumor cells
i.p. to mice (Majumder et al. 2005).

The Lewis lung carcinoma (3LL) cell line is a gift
from Professor Per H. Basse, University of Pittsburg,
Cancer Institute, Pittsburg, USA. 3LL cells were
maintained in C57BL6/] mice weighing 18-20 g
(6 weeks old). A cyclophosphamide (CTX)-resistant
sub-line was developed following the method of
Teicher et al. (Teicher et al. 1990) by sequential
transfer of 1 x 10° 3LL cells subcutaneously (s.c.) in
the dorsal hind scapula. The treatment regime
consisted of 300 mg/kg/week CTX i.p. (single dose).
The drug was injected 24 h prior to cell collection.
Primary subcutaneous tumors were observed within
24 £ 1.9 days (number of animals, n = 20) with cell
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Fig. 1 Cyclophosphamide-resistant 3LL/CTX primary tumor
(48 days growth) in C57BL6/J mouse

Fig. 2 Cyclophosphamide-resistant 3LL/CTX metastases
(48 days growth) in the lung of C57BL6/J mouse

yields of 26.5 x 107 (£2.69). A representative image
of a C57BL/6] mouse bearing a 3LL/CTX primary
tumor s.c. is shown in Fig. 1. Secondary tumors
(metastatic tumors) of 3LL/CTX-bearing mice
appeared in the lung. Fig. 2 shows 3LL/CTX
metastases in the lung. Normal lung is shown for
comparison.

Selection of patients

Patients with cancer either in the breast, colon or lung
in the advanced stage (histologically confirmed stage
II-IV) were treated by Dr. J. Biswas (Hospital of
Chittaranjan National Cancer Institute, Kolkatta,
India). The median age of the patients was 54 years
(range 28-70 years). Patients with significant periph-
eral neuritis or congestive heart failure were excluded
from this study.

Collection of serum from normal and cancerous
human beings

Blood (2 ml) was collected directly from the heart
and kept for clotting. Serum was collected from blood
of cancerous patients undergoing routine check-ups
in the Department of Clinical Biochemistry (Hospital
of Chittaranjan National Cancer Institute, Kolkatta,
India). At least 2 weeks have elapsed from the
application of radiotherapy or chemotherapy, before

samples have been collected for this study, in order to
avoid interferences of cancer therapy with copper
level determination. Number of patients and treat-
ment schedule are shown in Table 1. After
chemotherapy, patients were grouped as responders
(complete or partial response) or non-responders (no
change, progression). In addition, blood samples
(peripheral blood) were collected from five healthy
volunteers of age group 2040 years.

Measurement of serum copper

Aliquots of 100 pl serum were added to 3.9 ml of
nitric acid (2.5%) and vortexed for 5 min. The
solutions were kept at 37°C for 6 h with occasional
shaking. The mixture was centrifuged at 2,800 rpm
for 5 min. Copper was measured in the clear super-
natant by means of flame atomic absorption
spectrophotometry (AAS) (Varian Spectra 200 FS,
Varian Inc, Californa, USA) (hollow cathode lamp,
Flame type: Air acetylene; replicate 3; wavelength
324.8 nm) as described (US EPA 1994).

Results

As a first step, we measured serum copper concen-
trations in Swiss albino mice bearing sensitive EAC/S
or doxorubicin-resistant EAC/DOX tumors. High
concentrations of copper were found in EAC/DOX-
bearing mice compared with EAC/S-bearing mice or
healthy mice without tumors (Fig. 3).

Next, we determined serum copper levels in
C57BL/6] mice bearing sensitive 3LL/S or cyclo-
phosphamide-resistant 3LL/CTX tumors. The serum
copper levels of 3LL/CTX-bearing C57BL/6J mice
were 146% higher than in normal C57BL/6J mice
without tumors (Fig. 4). The copper concentrations in
the serum were 29% higher in 3LL/S-bearing mice
than in non-tumor-bearing ones (Fig. 4).

Then, we determined the serum copper levels in
cancer patients and healthy volunteers. Sixty percent
of human breast cancer patients contained higher
levels of copper in their serum (average: 3.25 png/ml)
than the normal healthy individuals having 2 pg/ml
copper in the serum. These patients responded to
chemotherapy and were, therefore, categorized as
being sensitive. They contained 63% more serum
copper than normal subjects without cancer (Fig. 5).
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Table 1 Clinical data and serum copper determination of cancer patients

Serial number Age/  Histology Treatment Chemotherapy Clinical response ~ Serum copper
sex concentration
(ng/ml)

Breast Ca

1 25/F  IDC, stage 11 S+ RT + CT CTX, MTX, 5SFU  Responder 3.66

2 35/F  IC in mammary tissue, S+ RT+CT CTX Non-responder 5.22

stage 111

3 58/F IDC, stage II CT 5FU, DOX, CTX Responder 3.76

4 30/F IDC, stage II S+RT+CT CTX Non-responder 4.21

5 70/F  ET, stage I S+ RT + CT CTX, MTX, 5FU  Responder 1.9

6 54/F  IDC, stage 11 S+ RT + CT CTX, MTX, 5FU  Responder 2.00

7 37/F IDC, stage III S + RT + CT 5FU, DOX, CTX Non-responder 3.76

8 56/F IDC, stage III S+ RT + CT CTX, DOX Non-responder 4.12

9 28/F  IDC, stage III CT CTX Non-responder 3.9

10 44/F  IDC, stage III S+ RT + CT CTX, MTX, 5FU  Non-responder 3.78
Lung Ca

1 65/F Adeno Ca, stage II RT + CT DDP, DOX, CTX  Responder 3.88

2 66/M  PD SCC, stage 11 RT + CT CTX, VBL, 5FU Non-responder 3.76

3 55/M  Adeno Ca, stage III CT CTX, DDP, DOX  Responder 2.14

4 35/M  SCC, stage III RT + CT CTX, VCR, MTX  Non-responder 5.38

5 56/F SCC, stage 1T RT + CT CTX, DOX, DDP  Responder 3.7

6 55/M  SCC, stage III CT DDP, ETO Non-responder 5.36
Colon Ca

1 54/M  Adeno Ca, stage III CT 5FU, Bleo Non-responder 4.88

2 36/M  Adeno Ca, stage III S + RT + CT 5FU, Bleo Non-responder 6.1

3 32/M  PD IC (adeno) Ca, stage I CT 5FU, Bleo Responder 3.66
4 28/M  MD IC(Adeno), stage III CT 5FU, Bleo Non-responder 5.42

5 43/M  AdenoCa, stage 111 CT 5FU, Bleo Non-responder 5.32

6 42/M  PD IC (Adeno Ca, stage II) CT 5FU, Bleo Responder 3.65

Bleo bleomycin; Ca Carcinoma; CT chemotherapy; CTX cyclophosphamide; DDP cisplatin; DOX doxorubicin; ET epithelial tumor;
ETO etoposide; SFU 5-fluorouracil; IC infiltrating carcinoma; IDC infiltrating adenocarcinoma; MD moderately differentiating
tumor; MTX methotrexate; PD poorly differentiating tumor; R radioptherapy; S surgery; SCC small cell lung carcinoma; VBL

vinblastine; VCR vincristine

Student #-test for responders versus non responders disclose that: Group I Breast Ca P = 0.026; Group II Lung Ca P = 0.107; Group

II Colon Ca P = 0.005

The other 40% patients did not respond to chemo-
therapy. The serum of these drug-resistant breast
cancer patients revealed 161% more serum copper
than normal human beings (Fig. 5).

Fifty-three percent of patients with colon carci-
noma were non-responders (no change or
progression). These patients showed 171% higher
serum copper levels than healthy control subjects,
whereas colon cancer patients, who responded to
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chemotherapy (complete or partial responders) had
only 110% more serum copper than normal human
beings (Fig. 5).

Eighty-five percent of patients having non-small
cell lung cancer did not respond to chemotherapeutic
drugs. These resistant patients had 169% more copper
in their serum than healthy volunteers (Fig. 5). The
15% patients with drug-sensitive lung cancer had
109% more serum-copper than normal individuals.
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Fig. 3 Serum-copper level of healthy normal and Ehrlich
carcinoma-bearing Swiss albino mice
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Fig. 4 Serum-copper level of healthy normal and Lewis lung
carcinoma-bearing C57BL/6J mice
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Fig. 5 Serum-copper concentration in healthy volunteers
(control) and cancer patients. Resp Responder; NResp Non
responder

The clinical response to chemotherapy as well as
the copper levels is given in Table 1. Student #-test
for responders versus non responders disclose that in
Group I for breast Ca P = 0.026; in Group II for lung
Ca P =0.107 and in Group II for colon Ca
P = 0.005. To prove the statistical significance of
the results, we subjected the clinical response to
chemotherapy with the serum copper levels of the
patients to Fisher’s exact test. As shown in Table 2,

Table 2 Relationship of serum copper of cancer patients and
response to chemotherapy

Responder Non-responder
<4 pg/ml Cu 8
>4 pg/ml Cu 0 9

P = 0.002 (Fisher exact test)

patients responding to chemotherapy had significant
lower serum copper levels than non-responders (P =
0.002) indicating that copper is associated with drug
resistance.

Discussion

In the present investigation, we analyzed the associ-
ation between copper and drug resistance with a view
to identify drug resistant patients for better treatment.
Firstly, we found that the blood serum of tumor-
bearing mice contained higher amounts of copper
than healthy mice with tumors. Secondly, mice
bearing doxorubicin-resistant EAC- or cyclophospha-
mide-resistant 3LL tumors contained more copper in
their serum than mice bearing the corresponding
drug-sensitive parental tumors. Thirdly, we studied
the level of copper in healthy volunteers and cancer
patients. This indicates that copper is linked both to
tumor growth and to drug resistance.

Animal models of drug resistance have the
advantage that the level of copper can be measured
in each generation (Majumder et al. 2005). In human
cancer patients, this kind of measurements is not
feasible. Therefore, we measured the level of serum
copper only in advanced stages of human cancers.
Our analysis showed that the concentration of copper
in the serum of patients correlated with the response
of the tumors to chemotherapy. Therefore, we
conclude that higher levels of serum copper are
associated with drug resistance and refractoriness.
The reasons are not yet known, but it can be
hypothesized that proteins involved in the transport
of copper may also be causatively linked to drug
resistance. Indeed, it has been shown previously that
metallothioneins confers drug resistance to multiple
anti-neoplastic drugs (Bahnson et al. 1991; Lazo et al.
1998; Volm et al. 2002; Efferth and Volm 2004).
The stress-induced expression of metallothioneins
depends on the transcription factor MTF-1, and
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MTF-1 is also involved in the development of drug
resistance (Yang et al. 2007). The copper transporters
ATP7A, ATP7B, and CTR1 have recently been
identified as mediators of cisplatin resistance (Kuo
et al. 2007; Matsumoto et al. 2007; Yoshizawa et al.
2007; Konkimalla et al. 2008). Further work is
warranted to study the defect or role of copper-
binding proteins and copper transporters in drug
resistance of human tumors.

Apart from copper’s role in carcinogenesis and
cancer drug resistance, copper is an essential trace
element and is involved in many enzymatic reactions
in prokaryotic and eukaryotic systems. Copper is
metabolized in the liver of human being, and excess
levels of copper are transported to the extracellular
environment by an energy-dependent system. Copper
is stored in the living body mostly as metallothionein
(MT)-copper complexes and unbound free Cu" is
almost nil in the living system. When copper is
injected to living system, GSH binds to it before the
metal complexes with MT (Engleka and Maciag
1994). Defects in copper transport cause a number of
diseases like Wilson’s disease (WND) or Menkes
disease, which are characterized by a chronic liver
and kidney damage (Petrukhin et al. 1993). The WND
gene encodes a copper-transporting P-type adenosine
triphosphate (ATP7B), whereas Menkes disease is
caused by mutations in the ATP7A gene. Its close
relative, ATP7B is also a member of a class of heavy
metal transporting P-type ATPase that pump out Cu,
Cd, Zn, Ag and Pb (Terada et al. 1998).

Can withdrawal of copper from serum cure cancer
or sensitize resistant cells to drugs? Conflicting
results have been obtained by lowering the level of
copper in the serum. In some cases withdrawal of
copper by using copper chelator, tetrathiomolybdate
(TM) inhibited the process of angiogenesis and led to
the partial decrease in the size of the tumor (Pan et al.
2002). The molecular mechanism by which copper
deficiency regulates angiogenesis remains unknown
(Brem et al. 2005; Ziche et al. 1982).

In many cases no significant tumor regression has
been found by lowering copper (Brem et al. 2005;
Ziche et al. 1982); Brem et al. have shown that
lowering of copper in the serum (hypocupremea) by
penicillamin and diet did not significantly increase
the survival of glioma patients.

Substantial evidence supports the view that appli-
cation copper (as copper chelate) cures cancer and
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overcomes drug resistance (Raju et al. 1982; Engleka
and Maciag 1994; Majumder et al. 2005). High level
of copper in the serum of cancer bearing animal is an
expression of the stage of the disease and not the
cause. The increase in copper level may be secondary
to the development of resistance based on other prior
molecular changes, e.g., change copper transporters,
enzyme system (Safaei et al. 2004). Where from
copper comes in the serum or how Cu is increased in
the serum of cancer patients? We have previously
reported in animal model that with concomitant rise
of Cu in the serum, the level of copper is decreased in
the liver (Medicicinal Chem, 2005). Although the
underlying mechanism behind elevation of copper
level in cancer patients is not yet understood, the
level of copper may be an indication of the change in
copper transporter like ATP7B in the cancer patients
(Terada et al. 1998; Petrukhin et al. 1993).

We have observed that intra peritoneal (i.p.)
application of copper complex (CuNG) in mouse
model can overcome MDR by deactivating MRP
(Majumder et al. 2006). CuNG also generates ROS
(Mookerjee et al. 2006) and induces apoptosis to
resistant cells by releasing IFN-y when applied
intramuscularly (im). Therefore, we did not make
any further attempt to lower copper concentration to
sensitizing resistant cells.

In conclusion, in the present investigation we
showed that serum copper was elevated in tumor-
bearing animals and patients and that the serum of
animals or patients with drug-resistant tumors con-
tained more copper than of those with drug-sensitive
ones. This implies that the level of serum copper may
be considered as a biomarker of response of cancer
patients to chemotherapy. It merits further investiga-
tion, whether novel treatment strategies can be
developed by utilizing the copper level as marker of
drug resistance.
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