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Introduction

Patients affected by a large panel of solid tumors, including 
head and neck, lung, bladder, colorectal, prostate, ovarian and 
germ cell cancers, are routinely treated with cis-diammine-
platinum (II) dichloride (CDDP), best known as cisplatin, a 
platinum-containing chemical first approved by the Food and 
Drug Administration for use in cancer patients in 1978.1 CDDP 
is highly efficient against testicular germ cell cancer, leading 
to long-term complete remission in > 80% of the patients.2 
However, in other clinical settings, including colorectal, lung and 
prostate carcinoma, the therapeutic efficacy of CDDP is limited, 
owing to the facts that: (1) a significant fraction of tumors is 
intrinsically resistant to therapy; and (2) a consistent percentage 
of initially sensitive neoplasms acquires chemoresistance, relapses 
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and provokes the death of the patient.3,4 Thus, innate or acquired 
chemoresistance constitutes by far the most prominent obstacle 
to the clinical use of CDDP. In addition, the administration of 
CDDP has been associated with various adverse effects, includ-
ing grade I–II nephrotoxicity (in > 30% of patients), neurotoxic-
ity and ototoxicity (both in 10–30% of patients).1

Upon aquation, i.e., the incorporation of one molecule of 
water, intracellular CDDP mediates antineoplastic effects via at 
least two distinct mechanisms. First, CDDP causes the forma-
tion of intra- and inter-strand DNA adducts, resulting in the 
activation of a DNA damage response that ultimately promotes 
senescence or cell death, mostly via apoptosis.5-8 Second, CDDP 
can engage poorly characterized cytoplasmic pathways that pro-
mote apoptotic or necrotic cell death responses characterized 
by the overproduction of reactive oxygen species (ROS) and, at 
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deprivation, heat shock, hypoxia, irradiation as well as the expo-
sure to multiple cytotoxic agents.19 Accordingly, high expression 
levels of pyridoxal kinase (PDXK), the enzyme that converts 
inactive precursors into the bioactive form of vitamin B6, i.e., 
pyridoxal-5-phosphate, have been associated with improved dis-
ease outcome in two independent cohorts of NSCLC patients.19

In this short communication, we demonstrate that vita-
min B6 metabolism, as well as non-oxidized glutathione (GSH, 
a well-known inhibitor of CDDP-induced cell death) influ-
ence the cytotoxic response of NSCLC A549 cells to CDDP 
as they aggravate and reduce, respectively, its cellular uptake. 
Importantly, these pharmacokinetic effects do not involve the 
transmembrane proteins that, at least according to current 
knowledge, transport the largest fraction of CDDP across the 
plasma membrane.

Results and Discussion

Vitamin B6 metabolism and GSH influence the uptake of 
CDDP. We and others have previously shown that pyridoxine 
exacerbates the cytotoxic effects of CDDP in a PDXK-dependent 
fashion, whereas antioxidants such as GSH and N-acetyl-cysteine 
(NAC) mediate striking cytoprotective effects.19,22-24 Pyridoxine 
increases the number of CDDP-DNA adducts that form upon 
exposure of NSCLC A549 cells to CDDP and aggravates the 
consequent DNA damage response,19 manifesting with the acti-
vating phosphorylation of ataxia telangiectasia mutated (ATM) 
on Ser 1981,25 the phosphorylation of histone 2AX on Ser 139,26 
as well as the activating phosphorylation of p53 on both Ser 15 
and Ser 46.27 Conversely, when CDDP is administered to A549 
cells together with GSH or NAC, CDDP-DNA adducts are 
barely detectable, irrespective of the presence of pyridoxine, and 

least in some instances, the activation of pro-apoptotic proteins, 
including the BCL-2 family members BAX and BAK as well as 
voltage-dependent anion channel 1 (VDAC1).9-13 The relative 
contribution of the nuclear and cytoplasmic signaling modules 
activated by CDDP to its cytotoxicity remains elusive and may 
be highly context-dependent.

Since the approval of CDDP as an antineoplastic agent for 
use in humans, the signaling pathways by which malignant cells 
elude the cytotoxic effects of CDDP have been extensively inves-
tigated. Although a comprehensive description of these mecha-
nisms goes beyond the scope of this introduction, it should be 
noted that: (1) malignant cells can elude CDDP cytotoxicity by 
at least four distinct types of mechanisms (i.e., pre-target, on-
target, post-target and off-target resistance); and (2) in most, if 
not all, settings, CDDP resistance is multifactorial, meaning that 
it results from the concomitant activation of non-overlapping 
molecular mechanisms.3,14,15 The pleiotropic nature of the mech-
anisms that promote CDDP resistance complicates the develop-
ment of clinically meaningful strategies of chemosensitization.

During the past few years, we have engaged in a relatively 
comprehensive system biology study to investigate CDDP-
elicited signaling pathways in non-small cell lung carcinoma 
(NSCLC), a common and aggressive subtype of lung cancer that 
provokes more than 1 million deaths worldwide annually.16,17 
This approach, which involved multiple in vitro and in vivo mod-
els, has allowed us to identify several CDDP response modifiers 
(CRMs), i.e., factors that inhibit or exacerbate the response of 
NSCLC cells to CDDP.18-21 Among these, a central position is 
occupied by the metabolism of vitamin B6, which appears to be 
involved not only in the cytotoxic response of a large collection of 
cancer cell lines to CDDP, but also in the adaptation of NSCLC 
cells to various perturbations in homeostasis, including nutrient 

Figure 1. Reduced glutathione (GSH) and the vitamin B6 metabolism influence the intracellular accumulation of cisplatin (CDDP) in A549 cells. (A) 
Intracellular levels of CDDP (normalized to protein content) in lysates from A549 cells treated for 24 h with 25 μM CDDP alone (in the presence of a 
control amount of PBS) or combined with 5 mM GSH and/or 5 mM pyridoxine (PN). Means ± SEM (n = 6). *p < 0.05 (Student’s t-test), as compared to 
cells treated with CDDP only; n.s. = non-significant (Student’s t-test), as compared to cells treated with CDDP plus GSH. (B) Intracellular levels of CDDP 
(normalized to protein content) in lysates from A549 transfected with a control siRNA (siUNR) or with a siRNA specific for pyridoxal kinase (siPDXK) and 
then treated for 24 h with 25 μM CDDP alone (in the presence of a control amount of PBS) or combined with 5 mM PN. Means ± SEM (n = 6). *p < 0.05 
(Student’s t-test), as compared to siUNR-transfected cells treated with CDDP only; n.s. = non-significant (Student’s t-test), as compared to siPDXK-trans-
fected cells treated with CDDP only. Immunoblots in (B) depict the efficacy of siRNA-mediated PDXK downregulation. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) levels were monitored to ensure the equal loading of lanes.
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both the influx and efflux of CDDP are mediated, for a large 
fraction, by plasma membrane transporters that normally carry 
Cu2+ ions, namely solute carrier family 31, member 1 (SLC31A1, 
best known as copper transporter 1, CTR1)29-31 and ATPase, 
Cu2+ transporting, β polypeptide (ATP7B).32-34

Prompted by these observations, we investigated whether the 
capacity of GSH and pyridoxine to limit and augment, respec-
tively, the intracellular accumulation of CDDP would be medi-
ated by SLC31A1/CTR1 or ATP7B. To this aim, A549 cells were 
transfected with custom-designed siRNAs specific for SLC31A1/
CTR1 and ATP7B for 48 h and then subjected to the same 
experimental maneuvers described above. In line with previous 
findings,29,31,33,35 the knockdown of SLC31A1/CTR1 by two non-
overlapping siRNAs significantly inhibited the accumulation of 
CDDP by A549 cells. In addition, A549 cells transfected with 
two non-overlapping siRNAs targeting ATP7B accumulated 
approximately 20% more CDDP than cells of the same type 
receiving a control siRNA (Fig. 2A and B). Importantly, both 
GSH and pyridoxine preserved their capacity to modulate the 
intracellular accumulation of CDDP, even in A549 cells depleted 
of SLC31A1/CTR1 or ATP7B (Fig. 2A and B).

These results demonstrate that GSH as well as the vitamin 
B6 metabolism influence the intracellular levels of CDDP inde-
pendent of the main CDDP transporters SLC31A1/CTR1 and 
ATP7B.

Concluding remarks. Here, we provide evidence in support 
of the hypothesis that the metabolism of vitamin B6 as well as 
GSH modulate the cytotoxic response of NSCLC cells to CDDP 
as they influence its intracellular accumulation. In addition, by 
RNA interference studies, we demonstrate that such pharmaco-
kinetic effects do not involve the transmembrane proteins that 
are currently believed to account for the largest fraction of CDDP 
import (SLC31A1/CTR1) and export (ATP7B).

a limited fraction (< 25%) of the cell population exhibits markers 
of the DNA damage response.19

Based on these premises, we decided to investigate whether 
the effects of pyridoxine and antioxidants on the cytotoxic 
response of A549 to CDDP may be due, at least in part, to a 
pharmacokinetic interaction. To this aim, we pre-treated A549 
cells with pyridoxine or GSH for 1 h, and then exposed them to 
a suboptimal dose of CDDP (25 μM) for additional 24 h. Then, 
intracellular CDDP accumulation was determined by flameless 
atomic absorption spectrometry, and results were normalized to 
total protein content. In the presence of pyridoxine, A549 cells 
accumulated ~30% more CDDP than in control conditions, 
whereas GSH reduced intracellular CDDP accumulation by 
~60%, irrespective of the simultaneous presence of pyridoxine 
(Fig. 1A). In addition, A549 cells depleted of PDXK by means 
of a validated siRNA not only accumulated 15–20% less CDDP 
than A549 cells transfected with a control, non-targeting siRNA, 
but also were entirely insensitive to the pharmacokinetic effects 
of pyridoxine on intracellular CDDP concentrations (Fig. 1B).

Taken together, these findings demonstrate that GSH limits 
the intracellular accumulation of CDDP, while pyridoxine aggra-
vates it in a PDXK-dependent fashion.

The pharmacokinetic effects of vitamin B6 and GSH on 
CDDP accumulation are not mediated by CTR1 and ATP7B. 
Until the late 1990s, CDDP was assumed to access the intra-
cellular compartment mainly by passive diffusion across the 
plasma membrane, presumably because the uptake of CDDP 
(a highly polar chemical) is relatively slow as compared to that 
of chemically analogous antineoplastic agents that are actively 
transported.3,28 However, this notion has been progressively 
invalidated starting from the early 2000s, and it is now clear that 
a prominent fraction of CDDP is actively transported across the 
plasma membrane.3 In particular, it has been demonstrated that 

Figure 2. Vitamin B6 exacerbates the intracellular accumulation of cisplatin (CDDP) independent of ATP7B and SLC31A1. (A) Immunoblots depict-
ing the efficacy of siRNA-mediated ATP7B and SLC31A1 downregulation. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels were checked 
to monitor equal lane loading. (B) Intracellular levels of CDDP (normalized to protein content) in lysates from A549 transfected with a control siRNA 
(siUNR) or with siRNAs specific for ATPase, Cu2+ transporting, β polypeptide (siATP7B) and solute carrier family 31, member 1 (siSLC31A1) then treated 
for 24 h with 25 μM CDDP alone (in the presence of a control amount of PBS) of combined with 5 mM reduced glutathione (GSH) or 5 mM pyridoxine 
(PN). Means ± SEM (n = 6). *p < 0.05 (Student’s t-test), as compared to siUNR-transfected cells treated with CDDP only; #p < 0.05 (Student’s t-test), as 
compared to cells transfected with the same siRNA and treated with CDDP only; §p < 0.05 (Student’s t-test), as compared to siUNR-transfected cells 
treated with the same compounds.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

420	 Cell Cycle	 Volume 12 Issue 3

siATP7B_1 (5'-CCA GGT TGG CAT CAA CAA AdT dT-3'), 
siATP7B_2 (5'-AAT TGA TAT TGA GCG GTT AdT dT-3'), 
siPDXK (5'-GAG TGA CTT TCT AAC CCA AdT dT-3'), siS-
LC31A1_1 (5'-GCA TGA ACT TGC CAA TCA AdT dT-3') 
and siSLC31A1_2 (5'-GCC TGT TGT CTA AAG CCA AdT 
dT-3'). In addition, a siRNA duplex with a sequence unrelated 
to the murine and human genome (siUNR, sense 5'-GCC GGU 
AUG CCG GUU AAG UdT dT-3')40,41 was employed to pro-
vide negative control conditions. Cells were used in experimental 
determinations 48 h after transfection, when target downregula-
tion was monitored by immunoblotting (see below).

Immunoblotting. For the preparation of total protein extracts, 
A549 cells were washed and lysed according to standard pro-
cedures.42,43 Forty to fifty micrograms of proteins were then 
separated according to molecular weight on pre-cast 4–12% 
polyacrylamide NuPAGE® Novex® Bis-Tris gels (Invitrogen), 
electrotransferred to polyvinylidene fluoride (PVDF) mem-
branes (Bio-Rad) and probed with primary antibodies specifi-
cally recognizing ATP7B (rabbit antiserum #AB41146, Abcam 
plc.), PDXK (rabbit antiserum #AV53615, Sigma-Aldrich) and 
SLC31A1/CTR1 (rabbit antiserum #AB108481, Abcam plc.). 
Equal-lane loading was monitored by probing membranes with 
an antibody specific for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH, mouse monoclonal IgG

1
 #MAB374, Millipore-

Chemicon International). Finally, membranes were incubated 
with suitable secondary IgG conjugated to horseradish peroxidase 
(Southern Biotech), followed by chemiluminescence detection 
with the SuperSignal West Pico® reagent (Thermo Scientific-
Pierce) and either CL-XPosure® X-ray films (Thermo Scientific-
Pierce) or the ImageQuant LAS 4000 software-assisted imager 
(GE Healthcare).

Quantification of intracellular CDDP. Elemental platinum in 
cell lysates was determined by flameless atomic absorption spec-
trometry as previously described,44 with slight modifications. In 
brief, an Analyst 600 atomic absorption spectrometer (Perkin-
Elmer Life Science) equipped with a graphite tube atomisator and 
a platinum hollow cathode lamp was used with the following ther-
mal program: 120°C (20 s), 130°C (50 s), 350°C (20 s), 600°C 
(20 s), 1,300°C (20 s), 2,400°C (8 s, reading step), 2,450°C (4 s), 
20°C (10 s) and 2,450°C (4 s). The technique was validated and 
met the international requirements on bioanalytical methods.

Quantification of protein content. Intracellular protein con-
tent was quantified by means of the DCTM Protein Assay (Bio-
Rad), following the manufacturer’s instructions. Absorbance 
was recorded on a FLUOstar OPTIMA microplate based multi-
detection reader (BMG Labtech).

Common statistical procedures. Unless otherwise indi-
cated, experiments were performed in triplicate instances and 
repeated at least twice, yielding comparable results. Data, which 
are presented as means ± SEM, were analyzed with Microsoft 
Excel (Microsoft Co.). Statistical significance was determined by 
means of two-tailed unpaired Student’s t-tests. Unless otherwise 
indicated, p values < 0.05 were considered statistically significant.
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Our findings are in line with the previously documented 
capacity of pyridoxine to exacerbate CDDP cytotoxicity in a 
PDXK-dependent fashion19 as well as with the well-known abil-
ity of antioxidants, including GSH and NAC, to potently block 
CDDP-induced cell death.19,22-24 Moreover, our data are compati-
ble with the observation that the amount of CDDP-DNA adducts 
that form in the presence of CDDP is increased by pyridoxine 
and decreased to nearly undetectable levels by antioxidants.19

Nevertheless, our observations cannot explain why pyridox-
ine and PDXK conjointly affect the adaptive response of A549 
cells to several cisplatin-unrelated chemical and physical pertur-
bations, including nutrient deprivation, hyperthermia, hypoxia, 
chemical inhibition of the respiratory chain, irradiation as well 
as the exposure to a large collection of cytotoxic agents.19 As pyr-
idoxal-5-phosphate (the bioactive form of vitamin B6) operates 
as a prosthetic group for > 4% of the enzymatic activities of the 
cell,36 it is tempting to speculate, though remains to be formally 
demonstrated, that vitamin B6 metabolism is wired to a complex 
network of signaling pathways that influence adaptive responses 
in a general fashion.

High expression levels of PDXK have been associated with 
improved disease outcome in two distinct cohorts of NSCLC 
patients irrespective of whether patients received CDDP or not 
after surgery.19 These clinical findings strongly suggest that vita-
min B6 metabolism influences the natural course of NSCLC, 
rather than the response to antineoplastic therapy, perhaps by 
affecting the adaptation of malignant cells to nutrient depriva-
tion, hypoxia or other adverse conditions that accompany onco-
genesis and tumor progression. The clinical relevance of vitamin 
B6 metabolism has been highlighted by large population studies 
in which the circulating levels of one or more B6 vitamers were 
correlated with a decreased risk of developing multiple malignan-
cies, including NSCLC,37 colorectal cancer38 and ovarian carci-
noma.39 Future studies will have to unveil whether parameters 
that reflect the proficiency of vitamin B6 metabolism may also 
constitute predictive, rather than merely prognostic, biomarkers 
in CDDP-treated cancer patients.

Materials and Methods

Chemicals and cell cultures. Unless otherwise specified, chemi-
cals were obtained from Sigma-Aldrich, cell culture reagents 
and supplements from Gibco-Invitrogen and plasticware from 
Corning. Human wild-type (WT) non-small cell lung carci-
noma (NSCLC) A549 cells were routinely maintained (at 37°C 
under 5% CO

2
) in Glutamax®-containing DMEM/F12 medium 

supplemented with 10% fetal calf serum (FCS), 10 mM HEPES 
buffer, 100 units/mL penicillin G sodium and 100 μg/mL strep-
tomycin sulfate. Cells were seeded into appropriate supports and 
allowed to adapt for at least 24 h before experimental procedures.

Transfections. A549 cells at 30–40% confluence were trans-
fected by means of the Oligofectamine™ transfection reagent 
(Invitrogen), following the manufacturer’s recommendations. 
The following siRNA duplexes specific for ATPase, Cu2+ trans-
porting, β polypeptide (ATP7B), pyridoxal kinase (PDXK) and 
solute carrier family 31, member 1 (SLC31A1/CTR1) were used:19 
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