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Background: Exposure to exogenous zinc results in increased apoptosis, growth inhibition, 

and altered oxidative stress in cancer cells. Previous studies also suggested that zinc sensitizes 

some cancer cells to cytotoxic agents depending on the p53 status. Therefore, zinc supplemen-

tation may show anticancer efficacy solely and may increase docetaxel-induced cytotoxicity in 

non-small-cell lung cancer cells.

Methods: Here, we report the effects of several concentrations of zinc combined with docetaxel 

on p53-wild-type (A549) and p53-null (H1299) cells. We evaluated cellular viability, apoptosis, 

and cell cycle progression as well as oxidative stress parameters, including superoxide dismutase, 

glutathione peroxidase, and malondialdehyde levels.

Results: Zinc reduced the viability of A549 cells and increased the apoptotic response in both 

cell lines in a dose-dependent manner. Zinc also amplified the docetaxel effects and reduced 

its inhibitory concentration 50 (IC
50

) values. The superoxide dismutase levels increased in all 

treatment groups; however, glutathione peroxidase was slightly increased in the combination 

treatments. Zinc also caused malondialdehyde elevations at 50 μM and 100 μM.

Conclusion: Zinc has anticancer efficacy against non-small-cell lung cancer cells in the pres-

ence of functionally active p53 and enhances docetaxel efficacy in both p53-wild-type and 

p53-deficient cancer cells.
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Introduction
Lung cancer is the most commonly diagnosed cancer. It is the leading cause of 

cancer-related deaths in males and the second cause of cancer-related deaths in females 

worldwide.1 Non-small-cell histology comprises ~85% of lung cancers, and 75% of 

patients are diagnosed at stages III and IV.2,3 At the advanced stages, taxane chemo-

therapy regimens are commonly used for the treatment of non-small-cell lung cancers 

(NSCLCs) as first-line options.4 However, long-term survival in patients with advanced 

NSCLC is ,5% and toxic. Side effects such as febrile neutropenia, neuropathy, and 

hypersensitivity reactions are particularly high in taxane formulations. Furthermore, 

the therapeutic results are not satisfactory.4,5

Paclitaxel and its semisynthetic form, docetaxel, are isolated from the yew tree 

and primarily stabilize cytoplasmic microtubules via binding to the β-tubulin site, 

thereby causing cell cycle arrest at the G2/M phase and driving apoptosis.6 Several 

compounds have been tested to determine whether they increase taxane-induced 

anticancer efficacy. For example, the therapeutic efficacy of paclitaxel is restricted 

by the increasing frequency of chemotherapeutic resistance in NSCLC. Pulsing with 
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both taxanes results in approximately fivefold higher resis-

tant clones in NSCLC cells, such as A549 and H1299 cells.7 

Several compounds, such as l-type calcium channel blockers, 

reverse docetaxel-induced multidrug resistance independent 

of ABCB1 expression in both cell lines.8 Additionally, the 

histone deacetylase inhibitor trichostatin A increases both cell 

cycle delay at the G2/M phase and apoptosis in docetaxel-

treated A549 cells.9 In hormone-refractory prostate cancer 

(HRPC) models, taxol synergizes with several antioxidants 

in HRPC cells by inducing cell cycle arrest at the sub G1 

phase, apoptosis, and caspase activity and decreasing Bcl-2 

expression simultaneously.10 By contrast, TP53 mutations are 

the most frequent gene abnormalities leading to inactivation 

of p53, which effects paclitaxel sensitivity in NSCLC.11

A trace element, zinc, is essential for the wide range of 

physiological processes, including growth, development, 

and immune functions as well as the intracellular activities 

of ~300 enzymes and 2,000 transcription factors.12 It is also 

effective in decreasing oxidative stress and the generation of 

inflammatory cytokines such as TNF-α and IL-1β.13 Further-

more, the role of zinc in the development and progression 

of prostate cancer and its widespread antitumor efficacy 

have been shown in several malignancies.14–17 Intracellular 

zinc status is associated with prostate carcinogenesis. For 

example, zinc deficiency contributes to tumor progres-

sion and development in cultured HRPC cells,18 whereas 

increased levels of intracellular zinc decrease cancer cell 

proliferation and induce apoptosis.14,15 In a large case-control 

study, a direct association was found between zinc intake 

and prostate cancer risk.19 The vast majority of epithelial 

tumors are associated with reduced intratumoral or plasma 

zinc levels.20 Importantly, zinc deficiency reduces paclitaxel 

efficacy in cultured prostate cancer cells, whereas increased 

intracellular zinc concentrations sensitize prostate cancer 

cells to cytotoxic agents, including paclitaxel, via inhibition 

of NF-κB activation.21,22

Therefore, zinc supplementation may have growth inhibi-

tory effects against NSCLC cells and may increase docetaxel 

efficacies. In this study, cellular viability, apoptosis, and cell 

cycle alterations as well as oxidative stress activities were 

tested in the NSCLC cell lines, A549, and H1299, when zinc 

was used alone and in combination with docetaxel.

Materials and methods
cells
NSCLC cells, A549 (p53 wild-type), and H1299 (lymph 

node metastasis, p53 null-type) were obtained from the 

American Type Culture Collection. The A549 cells were 

cultured in DMEM/Ham’s F12K medium that containing 

10% FBS, 1% penicillin/streptomycin, 1% l-glutamine, 

and 1% amphotericin B. The H1299 cells were cultured in 

RPMI-1640 medium containing 10% FBS, 1% penicillin/

streptomycin, 1% l-glutamine, and 1% amphotericin B at 

37°C in a 5% CO
2
 incubator.

Docetaxel/zinc therapy, cell viability 
analysis
Cell viability was determined using the CCK-8 (Cell Count-

ing Kit-8; Sigma-Aldrich, St Louis, MO, USA) assay in 

accordance with the manufacturer’s instructions. Briefly, 

when the cells reached 80% confluency, the medium was 

replaced with fresh medium without zinc or docetaxel. Then, 

the cells were transferred to 96-well plates at a density of 

10,000 cells/well. Docetaxel (0.001–100 μM) and zinc sul-

fate (10–1,000 μM) were added to the cell lines at different 

concentrations in each of the eight wells. The CCK-8 reagents 

were added to each well at the indicated time after the treat-

ments. At the end of 24 hours and 48 hours, the absorbance 

was measured at a test wavelength of 450 nm and a reference 

wavelength of 650 nm using a microplate reader (Thermo 

Electron Corporation, Multiskan Ascent). Each experiment 

was repeated three times. The average inhibitory concentra-

tion 50 values (IC
50

 values) were determined at 24-hour and 

48-hour treatment periods. The 24-hour doses were selected 

due to the lack of significant differences between the 24-hour 

and 48-hour doses.

Flow cytometry analyses
apoptosis analysis
The AnnexinV-FITC Apoptosis Detection Kit I (BD 

Pharmingen) was used. The cells were plated in six-well 

plates at a density of 50×104 cells/well, and the total volume 

was brought to 3.2 mL with fresh media. After the initial 

72-hour incubation, at which point the cells were ~80% 

confluent, the cells were treated with the previously estab-

lished IC
50

 concentrations of docetaxel, zinc and combina-

tions thereof in fresh medium for an additional 24 hours. 

The cells were harvested by trypsinization and collected 

by centrifugation at 1,500 rpm for 5 minutes. Following 

removal of the supernatant, the cells were resuspended in 

400 μL binding buffer and stained with 5 μL annexin-V and 

5 μL propidium iodide (PI, 50 μg/mL) at room temperature 

for 20 minutes in the dark. After adding 400 μL binding 

buffer to each tube, the tubes were placed in a double-laser 

flow cytometry device. The percentage apoptosis, necrosis, 

and viable cells were evaluated by using a flow cytometer. 
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A Beckman CoulterEpicsXL-MCL was used for analysis of 

the H1299 cells, and a Becton Dickinson (BD) FACSCanto 

II cytometer was used for analysis of the A549 cells.

cell cycle analysis
The Cycletest Plus DNA Reagent kit (BD Pharmingen) was 

used to determine the distribution of cells between cell-cycle 

phases. The cells were seeded in six-well plates at a density 

of 50×104 cells/well, and their volume was adjusted to 3.2 mL 

with media. After an initial incubation for 72 hours, at which 

point the cells were ~80% confluent, the cells were treated 

with previously defined IC
50

 doses of zinc and docetaxel 

and then incubated for 24 hours. Then, the medium was 

removed, and 500 μL trypsin was added to the cells, which 

were transferred into a tube. A volume of 1 mL fresh medium 

was added to each tube to inactivate the trypsin. The suspen-

sion was transferred to 17×100 mm tubes and centrifuged at 

1,500 rpm for 5 minutes. The supernatant was removed, and 

the cells were resuspended by adding 1 mL buffer solution 

(sucrose-citrate buffer containing dimethyl sulfoxide) to the 

pellet (wash procedure). The wash was repeated two times 

more. The following steps were performed on ice. After 

removal of the buffer, 250 μL solution A (citrate buffer 

containing trypsin) was added to the pellet in each tube 

and incubated at room temperature for 10 minutes. Then, 

200 μL solution B (citrate buffer containing trypsin inhibi-

tor and RNAse) was added to each tube and incubated at 

room temperature for 10 minutes. Finally, 200 μL solution C  

(PI-staining solution) at 4°C was added to each tube and 

reincubated on ice for 10 minutes. Three hours later, the cells 

were analyzed using double laser-flow cytometry devices. 

A Beckman CoulterEpicsXL-MCL was used for analysis 

of the H1299 cells, and a BD FACSCanto II cytometer was 

used for analysis of the A549 cells. The cells in G0/G1,  

S (synthesis), and G2/M (mitosis) phases were evaluated 

using the ModFitLT3.2 software program.

high-performance liquid chromatography 
analysis of free malondialdehyde in the 
cells
The cell lysates were prepared and kept at -20°C before the 

antioxidant enzyme and malondialdehyde (MDA) analyses. 

For standard preparation, the MDA standard (T-9889) was 

purchased from Sigma-Aldrich. A 10 mM stock standard 

solution was prepared by dissolving the MDA in distilled 

water, and this was then diluted to working concentrations 

ranging from 1 μM to 50 μM. For sample preparation, the 

protein concentrations were measured using a BCA protein 

assay kit (Pierce BCA Protein Assay Kit 23225; Thermo 

Fisher Scientific, Waltham, MA, USA). The samples 

were lyophilized with a Flexi-Dry uP Freeze Dryer (FTS 

Systems, Stone Ridge, NY) because of the low protein 

concentrations.

For MDA measurement, 100 μL distilled water was 

added to a 40 μL volume of all cell samples. Then, 20 μL 

of 2.8 mmol/L BHT, 40 μL of 8.1% SDS, 600 μL of 8 g/L 

TBA:200 mL/L acetic acid (1:1) were added, and the pH 

was adjusted with 2 M NaOH (pH 3.5). All samples were 

placed in a water bath at 95°C for an hour. Then, the samples 

were placed on ice. A volume of 200 μL distilled water and 

1,000 μL butanol:pyridine (15:1) were added, and all the 

samples were vortexed for 1 minute. After 3 minutes, the 

organic phases were transferred to new Eppendorf tubes 

and centrifuged at 10,000 rpm for 10 minutes. The samples 

were then placed in an autosampler vial for high-performance 

liquid chromatography (HPLC) analysis. The sample injec-

tion volume was 10 μL. As previously described,23 the 

analysis was performed using a HPLC set Prominence LC 20 

(Shimadzu, Kyoto, Japan) equipped with Sil-20AC autosam-

pler, LC-20AD pump, and RF-10Axl fluorescence detector. 

A MN Nucleosil 4.6 mm ×250 mm C18 column was used for 

analysis. Phosphate buffer (0.01 M in 30% methanol, pH 7.0) 

was used as the mobile phase. The flow rate of the mobile 

phase was 0.8 mL/min. MDA was detected by fluorescence 

(excitation 536 nm; emission 549 nm).

superoxide dismutase and glutathione 
peroxidase activities of the cells
The superoxide dismutase (SOD) activity of the cells was 

determined using a RANSOD kit (Randox Labs, Crumlin, 

UK). Lyophilized cells and standard solutions were used to 

assay for SOD. The absorbance was measured at 505 nm on 

a microplate reader (Bio-Tek Instruments, Inc., USA).

The glutathione peroxidase (GPx) activity of the cells 

was determined using a RANSEL kit (Randox Labs, Crum-

lin, UK) and a previously described method.24 Briefly, the 

lyophilized cells and standard solutions were used to assay 

for GPx. The absorbance was measured at 340 nm on a 

microplate reader (Bio-Tek Instruments, Inc.). In this method, 

GPx oxidizes glutathione via cumene hydroperoxidase. In 

the presence of GR and NADPH, oxidized glutathione is 

immediately converted to the reduced form, with concomitant 

oxidation of NADPH to NADP+. A 40-μL sample was added 

to the primary reagent (200 μL) and cumene (80 μL) into a 

96-well plate. The plate was read after 1 minute, then again 

after 2 minutes for the final absorbance (after reaction). The 
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GPx activity of these samples was calculated according to 

GPx manual included with the RANSEL kit.

statistics
The triplicate data were analyzed using the SigmaStat 3.5 

(Systat Inc., Santa Cruz, CA, USA) software program. For 

comparison of the groups, ANOVA was used. Significance 

was evaluated with Holm–Sidak test, and P,0.05 was 

accepted as statistically significant.

Results
growth inhibitory effects of zinc  
and docetaxel on nsclc cells
First, we determined the IC

50
 concentrations for zinc and 

docetaxel on A549 and H1299 cells using a CC8 kit. To 

investigate the effects of exogenous zinc on cellular viability, 

apoptosis, and cell cycle alterations, both cell types were 

treated with various zinc concentrations (50 μM, 100 μM, and 

IC
50

 level). For the combinations, the groups were treated with 

three different zinc concentrations and the same docetaxel 

dose (IC
50

). However, to determine the efficacy of zinc pre-

treatment on IC
50

 changes caused by docetaxel, NSCLC cells 

were treated with 50 μM and 100 μM of zinc. Then, cellular 

viability and apoptosis were analyzed after 24 hours.

The IC
50

 values of zinc on A549 and H1299 cells were 

287.1 μM and 458.2 μM, respectively, whereas the docetaxel 

concentrations were 20.44 μM and 33.15 μM, respectively 

(Figure 1). The docetaxel IC
50

 values for A549 cells were 

reduced to 8.16 μM and 6.6 μM levels after exposure to 50 μM 

and 100 μM of zinc, respectively, whereas these values were 

reduced to 12.16 μM and 14.69 μM in H1299 cells. Zinc sig-

nificantly reduced the cellular viability of A549 cells in a dose-

dependent fashion when combined with docetaxel and used 

alone (P,0.001). There was significant suppression of viabil-

ity in combination groups. However, zinc supplementation did 

not modify H1299 cell viability at all concentrations, although 

significant suppression was observed for the combination 

groups. For apoptotic induction, zinc significantly increased 

the effects of docetaxel on both cell lines (Figure 2).

cell cycle analysis
As shown in Figure 3, the increase of the G0/G1 phase cell 

population was accompanied by a concomitant S-phase 

decrease in A549 cells treated with zinc and combinations in 

a dose-dependent manner. However, zinc and combinations 

reduced the G0/G1 population and increased S-phase accumu-

lation in H1299 cells. As expected, G2/M phase accumulation 

significantly increased after docetaxel treatment in both cell 

lines. H1299 cells showed significantly increased apoptotic/

necrotic cell population in the combination groups.

antioxidant enzyme status and MDa 
alterations
To assess the importance of oxidative stress, the SOD 

activity, GPx activity, and MDA levels were evaluated in 

NSCLC cells. In both cell lines, the SOD values significantly 

increased all treatment groups compared to the control, but 

the highest values were observed in the cells treated with 

100 μM zinc. GPx was not elevated when both the A549 and 

H1299 cells were treated with 50 μM and 100 μM doses, 

but were slightly increased in the docetaxel and combina-

tion groups (Table 1). The maximum MDA response was 

observed when the A549 cells were exposed to 50 μM of 

zinc and combinations, except the IC
50

 doses, whereas the 

maximum MDA response occurred when the H1299 cells 

were exposed to 100 μM of zinc and docetaxel (P,0.001, 

ANOVA followed by Holm–Sidak test).

Discussion
Zinc is reported to induce apoptosis and cytotoxicity in dif-

ferent tumor types including prostate, ovarian, hepatoma, 

pancreatic, and breast cancers,14–17,25,26 but it is less studied 

in lung cancers. Here, we found that zinc exhibited growth 

inhibitory and apoptotic effects in a dose-dependent manner, 

up to the IC
50

 concentrations for cultured lung cancer cells. 

Importantly, these effects were significantly increased when 

combined with docetaxel. Apoptotic cell contents were higher 

for the combination than individual treatments and control.

The exact mechanisms underlying this synergism and 

zinc-induced apoptosis are unclear, but zinc homeostasis 

and p53 functions appear to be key factors for subsequent 

physiological processes including DNA repair, cell cycle 

regulation, and response to oxidative stress.27 Both exposures 

to excessive zinc and zinc depletion activate the apoptosis, 

and also, the zinc-induced apoptosis are commonly associ-

ated with the oxidative stress. For example, intracellular zinc 

deficiency can enhance DNA damage due to oxidative stress 

and also blocks critical cellular signals that drive DNA repair 

and apoptosis,27 such that, zinc deficiency results in increased 

sensitivity to oxidative stress, increased DNA damage, and 

accelerated carcinogenesis.28 The DNA repair functions of 

p53 are commonly lost, and redox sensitive transcription 

factors, such as AP-1 and NF-κB show reduced nuclear 

binding as a result of low cellular zinc status.27 The zinc 

exposure causes intracellular acidosis, increased the reactive 

oxygen species (ROS) generation in several tumor cells,29,30 
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Figure 1 (A) ic50 values of a549 and h1299 cell lines for docetaxel and zinc. (B) 50 μM and 100 μM zinc pretreatment reduced docetaxel-induced ic50 values in both cell lines.
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Figure 2 (Continued)

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3905

Anticancer efficacy of zinc supplementation against NSCLC cells

and stimulates the caspase-dependent and -independent 

apoptosis.30,31 Moreover, the zinc-induced ROS generation 

has been shown in the presence of functionally active p53 

in breast cancer cells.29,30 By contrast, reactivation of mutant 

p53 increases the sensitivity of chemoresistant cancer cells to 

antineoplastic agents with zinc supplementation, which was 

demonstrated for glioblastoma and colorectal cancer cells.32 

Zinc-related apoptosis is associated with decreased Bcl-2 

and survivin expression in prostate cancer cells, and other 

studies found that survivin inhibition with deguelin results 

in enhanced efficacy of docetaxel in breast cancer cells.15,33 

Therefore, based on these data, we hypothesize that the addi-

tion of zinc into docetaxel regimens is a reasonable option 

to increase docetaxel-induced apoptosis and cytotoxicity in 

NSCLC cells.

In the present study, NSCLC-derived H1299 (p53-

null) and A549 (p53-wild-type) cells were used. The IC
50

 

doses of docetaxel and zinc were higher for the p53-null 

H1299 cells than A549 cells (Figure 1). It is well known 

that the complete loss of p53 or the expressions of mutant 

p53 variants are commonly seen in NSCLC with 40–70% 

frequencies and are associated with increased resistance to 

chemotherapy and radiotherapy.11,34,35 Functional p53 status 

may influences docetaxel and zinc-induced cytotoxicity.11 

For example, Liu et al36 demonstrated that docetaxel induces 

apoptotic cell death in C4-2 and LNCaP prostate cancer cell 

express wild-type p53 more than DU145 (mutant p53) and 

PC-3 (p53-null) cells. They also shown knockdown of p53 

protein in C4-2 cells increases docetaxel resistance. The role 

of p53 on zinc-induced apoptosis has been shown in some 

similar studies.29,37 In our study, zinc showed cytotoxicity in 

p53-wild lung cancer cells but not in null cells at different 

supraphysiological concentrations. These results suggest 

that zinc-induced cytotoxicity and/or apoptotic induction 

are associated with the availability of functionally active 

p53 in NSCLC cells.

In our study, we observed increased MDA levels, 

which are an indirect indicator of oxidative stress and ROS 

production, using higher zinc concentrations (50 μM and 

100 μM but not the IC
50

) in p53-wild-type A549 cells, 

whereas H1299 cells had higher MDA levels at 100 μM 

zinc concentrations. Based on our data, it is suggested that 

supraphysiological zinc supplementation induces ROS 

generation and apoptosis in NSCLC cells through p53 

activation. In the presence of altered intracellular zinc con-

centrations (low or high), ROS stimulates p53 activation 

and/or p53 itself to stimulate ROS production, and finally, 

it may cause cell death. Previous studies demonstrated that 

when cells are exposed to several zinc chelators, mutant 

p53 forms start to accumulate, and these forms lose their 

DNA binding capacity. Finally, redox-active compounds 

cause DNA-strand breaks, whereas removal of the zinc 

chelators from the medium returns to cell “wild-type p53”  

form.38 In addition, exposure of MCF7 (p53-wild-type) cells 

to 10–25 μM zinc causes an increase in the expression of Bax, 

proapoptotic Bcl-2 and, PIG3 (p53-induced gene product) 

and also generation of ROS.

The synergistic effects of zinc on docetaxel cytotoxicity 

may occur by inducing ROS generation and increasing oxida-

tive stress. The combination of zinc and docetaxel induced 

apoptosis and cytotoxicity as well as MDA levels. Interest-

ingly, zinc also reduced the IC
50

 values of docetaxel and this 

may related to intracellular action of ROS. Similar to other 

chemotherapeutic agents, taxanes induce ROS production, 

and high levels of ROS participate in paclitaxel cytotoxicity.39 

For example, exposure of A549 cells to paclitaxel resulted 

in an intracellular increase of O
2
- and H

2
O

2
 levels. Then, the 

addition of N-acetylcysteine (NAC) and glutathione, which are 

Figure 2 Growth inhibitory effects of zinc, docetaxel and combinations. In the graphics, horizontal lines indicate statistical significance between the groups (P,0.05, anOVa 
followed by holm–sidak). Bar abbreviations from left, c: control, Doc: docetaxel, Zinc: zinc 50 (50 μM), zinc 100, zinc-ic50 groups, respectively; combinations Doc + Zinc 50,  
Doc + Zinc 100, and Doc + Zinc ic50.
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Figure 3 cell cycle analysis of the study groups.
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Table 1 Oxidative stress parameters in study groups

Groups SOD (U/mg protein)* GPx (U/mg protein) MDA (U/mg protein)§

A549 (±SD) H1299 (±SD) A549 (±SD) H1299 (±SD) A549 (±SD) H1299 (±SD)

control 81±8* 85±6* 824±90 854±70 328±40 266±40
Docetaxel 114±10 117±10 996±90 1,007±8 444±30 369±20 
Zinc 50 μM 109±9 116±8 838±80 845±60 561±50§ 477±30 
Zinc 100 μM 132±10 142±9 843±70 849±50 441±50 572±50§

Zinc ic50 118±8 128±8 863±70 991±60 374±70 380±80
Doc + Zinc 50 110±10 113±10 979±80 1,014±10 442±40 452±40
Doc + Zinc 100 119±10 110±20 1,018±80 1,001±40 383±70 342±40
Doc + Zinc ic50 126±10 128±10 1,007±10 1,015±10 336±40 322±70

Notes: *In both cell lines, SOD values were significantly higher in all treatment groups than control. In A549 cell line, Zinc 100 values were also higher than Zinc 50 and Doc +  
Zinc 50 groups. In H1299 cell line, SOD values belonging to Zinc 100 group were significantly higher than Docetaxel, Zinc 50, Doc + Zinc 100 and Doc + Zinc 50 groups.  
§In A549 cell line, MDA levels belonging to Zinc 50 were significantly higher than the others. Whereas, in H1299 cell line, Zinc 100-group values were significantly higher than 
the other groups (P0.001, anOVa, holm–sidak).
Abbreviations: sOD, superoxide dismutase; gPx, glutathione peroxidase; MDa, malondialdehyde; sD, standard deviation.

H
2
O

2 
scavengers, induced a fourfold increase in the paclitaxel 

IC
50

 level.40 We also examined the antioxidant enzymes SOD 

and GPx in cell lysates and found significant increases in all 

treatment modalities compared to the control, with the highest 

SOD values in the combination group. These results may be 

related to the higher zinc and docetaxel concentrations. Zinc 

is an essential component of CuZnSOD, which is the first-line 

defense enzyme to avoid the harmful effects of ROS.27,41

In our study, we selected three different zinc concentrations, 

and zinc concentration was slightly supraphysiological (50 μM) 

along with higher concentrations (100 μM and IC
50

). Because, 

the zinc treatment at ~15 μM concentration is accepted as physi-

ological level.42 Previous studies showed that zinc-induced 

apoptosis occurs from 50 μM and higher, but zinc-induced ROS 

generation is observed at 100 μM doses.14,17,25,43,44 Although, 

we have not counted intracellular free zinc concentrations after 

the drug and zinc exposures, in a published study, maximum 

intracellular zinc concentrations have been obtained at 50 μM 

ZnSO
4
 treatment, and finally decreased to initial level when the 

concentration of ZnSO
4
 exceeded 100 μM.17 In addition, the 

cell growth inhibition and apoptosis were evaluated 24 hours 

after the treatment. Apoptotic changes due to zinc treatments 

(100 ng/mL and 1,000 ng/mL) were remarkably seen in pros-

tate cancer cells in an in vitro study.45 It has also been shown 

that, the zinc ions translocated into mitochondria 24 hours 

after the 150 μM zinc sulfate treatment and at the beginning 

of the 18 hours of treatment, cytochrome c started to be seen in 

the cytoplasm and reached to the peak level in approximately 

36 hours of treatment.44

The cell cycle analysis revealed G0/G1 accumulation in 

A549 cell after zinc treatment in a dose-dependent manner. 

This results confirmed p53 activation in A549 cells. It is well 

known that activated p53 causes G1 arrest by inducing p21,  

followed by cyclin inhibition to induce DNA repair before 

cellular division,46 and the cell cycle analysis showed 

increased S phase and significantly higher apoptotic/necrotic 

cell death (~50%) in p53-deficient NSCLC cells.

The zinc induced-apoptosis and the synergism with 

docetaxel were speculated through ROS generation and p53 

activation here. However, one of the major limitations of 

the present study was the lack of tests that showed the p53 

functions or the p53-related protein alterations, as well as the 

apoptotic protein expressions after the docetaxel and the zinc 

applications. Another important limitation of this study was 

the absence of the counting of intracellular zinc and ROS 

content after the compound exposures.

Conclusion
In conclusion, the exposure to exogenous zinc results in 

remarkable growth inhibition, increased apoptosis in the 

NSCLC cells at 50 μM and 100 μM concentrations and zinc 

supplementation potentially sensitizes the NSCLC cells to 

the docetaxel treatment.
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