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Introduction

Oxidation/reduction imbalance occurs in the milieu of 
chronic inflammation in the tissues and may contribute to the 
pathogenesis of a variety of human cancers (1,2). Oxidative 
stress-induced tumor initiation or progression may result 
from overproduction of reactive oxygen species (ROS) by 
members of the NADPH oxidase (NOX) family (3). 

The family of NOXs is consisted of seven members, that 
is, NOX1–5 and dual oxidases (DUOX)-1 and DUOX-2.  
NOXs are structurally homologues of gp91phox, the 

major membrane-bound component of the respiratory 
burst oxidase (4). In mammals, production of H2O2 is 
predominantly mediated by NOX 4 and DUOX-1 and -2,  
while the remaining four family members (NOX 1–3, and 
NOX 5) produce superoxide (4,5). Each NOX/DUOX  
protein is anchored to the plasma membrane through 
six transmembrane helices,  which bind two heme 
cofactors. A C-terminal FAD-/NADPH-binding domain 
facilitates electron transfer to the heme molecules for 
ROS production. In addition, DUOX-1 and -2 possess 
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extracellular peroxidase-like domains that are responsible 
for their descriptive nomenclature, and their functions 
remain an area of major research interest (6,7). 

Originally, it was thought that NOXs existed only in 
phagocytic cells to protect the host against pathogenic 
organisms. However, over the last 15 years, homologues 
of NOXs have been discovered in a variety of different 
cell and tissue types including cancer cells, and the 
isoform expression is restricted by tissue and subcellular 
context (8). In this content, lung cancer tissue or cell lines 
predominantly express NOX 4 isoform (9,10). In addition, 
NOX 4 is expressed in distal tubular cells of the cortex of the 
kidney and in endothelial cells. NOX 4 expression has also 
been found in other tumors such as ovary and brain tumor 
(11,12). DUOX-1 and -2 are prominent in airway epithelial 
cells, where it plays a critical role in host defense (13).  
However, it has been reported that mRNA of DUOX-1 
and -2 are reduced in lung cancer samples compared with 
adjacent normal lung tissues, which results from site-specific 
methylation of the DUOX promoter (14). 

For optimal function and activity, NOXs associate with 
membrane-bound p22phox and soluble subunit analogues 
of both p47phox and p67phox, as well as the small GTPase 
Rac1 for efficient electron transport across the membrane 
(15,16). Recently, knowledge of the roles of the NOX 
isoforms in cancer development and metastasis is rapidly 
expanding. In this regard, accumulating evidence suggests 
that both NOX 1 and DUOX-2 may contribute to the 
development of colorectal and pancreatic carcinomas in 
patients with inflammatory bowel disease (17,18), and that 
NOX 4 expression is increased in pre-malignant fibrotic 
states which may lead to carcinomas of the lung (19). 

While the mechanism of NOX-mediated carcinogenesis 
remains to be defined, over-expression of functional 
NOX proteins leading to tissue injury and DNA damage 
from ROS explains, which, at least in part, leads to pre-
malignant conditions in many tissues and may contribute to 
both the initiation and the progression of a wide range of 
malignancies including lung cancer. In this context, recent 
studies suggest that NOXs activity or mRNA expression is 
up-regulated in lung cancer, and that ROS production by 
NOX species can strongly influence both tumor growth 
and survival of lung cancer cells (20,21). Furthermore, 
inhibition of NOX activity or mRNA expression resulted in 
suppression of lung cancer cell invasion or migration (22-24).  
On the other hand, studies also fund that DUOX-1 and 
DUOX-2 mRNA expression was significantly decreased 
in lung cancer compared to its adjacent normal tissue (14). 

These publications indicate that NOXs may contribute 
to the development of lung cancer. Therefore, we have 
systematically reviewed publications and performed meta-
analysis to examine association between NOXs expression 
or functional activity and in vitro lung cancer cell invasion 
or in vivo lung cancer nodule formation. 

Methods

Data sources

This systematic review and meta-analysis followed the 
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) criteria (25). Relevant literature was 
searched in the sites of PubMed, Embase and Web of Science 
with the following phrases: “NADPH oxidases” AND “lung 
cancer”, or “NOX” AND “lung cancer”. The search was 
limited to English, and relevant studies were also identified 
by hand-searching the references of included articles. 
Literature search was performed by the following authors: 
Ming Han, Tianhui Zhang, Lei Yang, and Zitong Wang.

Inclusion criteria

Studies were included in the current systematic review and 
meta-analysis if: (I) studies on the relationship between 
NOXs including DUOXs and lung cancer in patients or 
animals; (II) studies on the expression of mRNA or protein 
of NOXs and DUOXs in lung cancer tissues or cells; (III) 
studies on the activity of NOXs and DUOXs in lung cancer 
tissues or cells; (IV) studies with full text articles so that raw 
data could be extracted for the meta-analysis. 

Data extraction

Data extraction was carried out by the following authors: 
Ming Han, Tianhui Zhang, and Lei Yang. Information and 
data were carefully extracted from all included literature 
according to the inclusion criteria as aforementioned. Data 
include study name (the first author name), publication 
date, study design, total number of cases or replication of 
the experiment, isoforms of NOXs that was investigated in 
the study, and inhibitors of NOX used in the study. 

Statistical analysis

The following forms of data were used for the data entry: 
(I) mean, standard deviation (SD), number of cases or 
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specimens; (II) sample size of lung cancer, sample size of 
control, and P value of comparison between the two groups; 
(III) event number in treated with NOX inhibitor(s) or 
siRNA, total number of the treated, event number of the 
non-treated, total number of the non-treated. The strength 
of association between NOX level and effect of NOX 
inhibition on lung cancer was measured by Hedges’s g; level 
of NOX expression or activity in lung cancer tissues or cell 
lines versus normal was measured by Hedges’s g; and the 
contribution of NOX level to lung cancer cell invasion or 
migration ability was measured by rate ratio. A fixed effect 
model was adopted when no heterogeneity was observed 
among the studies. Otherwise, a random effect model was 
applied. The heterogeneity between studies was assessed 
by the Q-test and I2 statistic, and P<0.10 and I2>50% was 
considered as heterogeneous between the studies (26). All 
meta-analysis was performed using the Comprehensive 
Meta-analysis software (Version 3, NJ, USA).

Results

Study features

The process of selecting literature was outlined as in 

Figure 1. After careful reading “abstract” of publications, 
total 77 full-text articles were retrieved. The retrieved 
full-text articles were then independently assessed by two 
investigators (MH, TZ). Ten articles were finally included 
in the systematic review, as shown in Table 1, including 
studies of the level of NOXs including DUOX1/2 activity 
or expression in human lung cancer tissue compared to 
normal tissue (n=4) (9,14,27,28), studies on the association 
of NOX level and occurrence of metastatic lung cancer 
(n=3) (9,29,30), and studies on correlation of NOX level 
and lung cancer cell invasion or migration ability (n=4) 
(10,22-24). Among the 10 articles, 4 articles were from 
USA, 4 from China, one from Italy and one from Finland. 
While six studies were performed using human lung tissue 
of cancer and its adjacent normal lung tissue and two were 
conducted in animals, none of these studies were clinical 
trials or performed in lung cancer patients. Publication 
bias was examined by plotting a funnel plot (Figure S1) that 
distributed nearly in symmetry, indicating publication bias 
not existed in the current study. 

Results of overall analysis and subgroup analysis

When overall effect size of NOX/DUOX level and its effect 
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Figure 1 Flow diagram of literature search and eligible publication selection. 
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on lung cancer cell function in seven studies were pooled 
into the meta-analysis, random effect model was used in that 
there was heterogeneity among the studies (I2=86, P<0.01). 
As shown in Figure 2, there was statistically significant 
effect of NOX/DUOX level or activity on lung cancer cell 
invasion or migration, effect size (Hedges’s g) =1.216, 95% 
confidence interval (95% CI): 0.089–2.343, and P=0.034. 

Next, effect size of NOX expression or activity and 
NOX inhibitor on lung cancer cell invasion or migration 
was assessed in subgroups. Again, a random effect model 
was adopted in assessing the effect size of NOX/DUOX 
expression or activity in lung cancer tissue or cells due to 
the high heterogeneity (I2=87.9, P<0.01). Effect size of lung 

cancer on NOX activity (2 studies) or mRNA expression 
level (DUOX-1, DUOX-2 or NOX 4) was not statistically 
significant (Hedges’s g =0.610, P=0.384, Figure 3).  
Effect size of NOX inhibition by molecular strategy 
(siRNA) or pharmacological inhibitors on primary lung 
cancer cell or cell line invasion, however, was statistically 
significant in favor of NOX inhibition (Hedges’s g =2.422, 
P<0.001, Figure 4). Furthermore, a fixed effect model was 
used in assessing the effect of NOX inhibition, which was 
conducted in three studies with seven different conditions, 
in that no heterogeneity was observed in this subgroup 
(I2=22.03, P=0.261). 

Last, effect size of NOX level in cancer cells (two 

Table 1 Features of the studies included in the systemic review

Study design First author Year Country NOX isoforms Specimens Data entry format

Level of NOX expression or activity Morre J 1997 USA NOX activity Human lung tissue Mean/SD/N

Ilonen I 2009 Finland NOX activity Human lung tissue N/P value

Luxen S 2008 USA DUOX1/2 mRNA Human lung tissue N/P value

Zhang CX* 2014 China NOX4 protein Human lung tissue N/P value

Metastatic lung cancer incidence Kelkka T 2013 Italy NOX2 Knockout Mice Rate/N

Zhang B 2013 China NOX4 siRNA Mice Rate/N

Zhang CX* 2014 China NOX4 overExp Mice Rate/N

NOX level and cancer invasion Boudreau HE 2014 USA NOX4 induction Cancer cell line Mean/SD/N

Vaid M 2014 USA NOX inhibitor, DPI A549 cells N/P value

Liu XY 2015 China DPI, NOX1-siRNA Primary NSCLC N/P value

Yan S 2015 China NOX inhibitor, DPI Primary NSCLC Mean/SD/N

A549 cells N/P value

95D cells N/P value

*, Zhang CX did both experiments. NOX, NADPH oxidase; SD, standard deviation; DPI, diphenyleneiodonium, NOX inhibitor.

Figure 2 Forest plot for overall studies. A random effect model was used due to significant heterogeneity of publications (I2=86.3, P<0.01). 
Effect size was assessed by Hedges’s g and 95% CI, and the effect of NOX expression was in favors lung cancer (Hedges’s g =1.216, 
P=0.034). CI, confidence interval; NOX, NADPH oxidase.

Hedges’s g and 95% CI

Control	 Lung cancer

–0.80 –0.40 0.00 4.00 8.00

Study name Statistics for each study

Hedes’s g Lower limit Upper limit Z value P value

Morre J, NOX activity 0.844 –0.211 1.899 1.569 0.117

IIonen I, NOX activity 1.355 0.555 2.156 3.318 0.001

Luxen S, DUOX1 –0.911 –1.759 –0.064 –2.107 0.035

Luxen S, DUOX2 –0.934 –1.784 –0.084 –2.153 0.031

Boudreau HE, NOX4 mRNA 7.077 2.873 11.280 3.300 0.001

Vaid M, A549 migration 2.880 1.193 4.567 3.345 0.001

Yan S, Primary lnasion 1.187 0.040 2.335 2.208 0.043

Liu XY, Primary invasion 2.782 0.962 4.601 2.997 0.003

1.216 0.089 2.343 2.115 0.034
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Figure 4 Forest plot for NOX inhibition by pharmacologic inhibitors or RNAi. A fixed effect model was used in that no heterogeneity of 
publications was observed (I2=22.03, P=0.261). Effect size was assessed by Hedges’s g and 95% CI, and the effect of NOX inhibition on 
cancer cell invasion and migration was statistically significant (Hedges’s g =2.422, P<0.001). NOX, NADPH oxidase; CI, confidence interval.

Figure 3 Forest plot for NOX activity or mRNA expression. A random effect model was used due to significant heterogeneity of 
publications (I2=87.9, P<0.01). Effect size was assessed by Hedges’s g and 95% CI, and the effect of NOX mRNA expression or NOX 
activity was slightly in favor of lung cancer, but it was not statistically significant (Hedges’s g =0.610, P=0.384). NOX, NADPH oxidase; CI, 
confidence interval.

studies) or animals (one study) on in vivo tumor formation 
or metastasis to the lung was evaluated. Animals lack of 
NOX 2 (29) had fewer number of Lewis lung carcinoma 
(LLC) compared to wild animals; and suppression of NOX 
4 in cancer cell lines resulted in fewer number of tumor 
formation or metastasis in the animals when the cancer 
cells were injected into the animals (9,30). The effect size of 
NOX inhibition on lung cancer formation was statistically 
significant by a random effect model (rate ratio =0.366 with 
95% CI: 0.196–0.684, P=0.002, Figure 5) with significant 
heterogeneity (I2=99, P<0.001). 

Discussion

Lung cancer is a worldwide health problem with leading 
cause of death due to its high incidence. More than 80% 
of lung cancers are non-small cell lung cancer (NSCLC). 
While genetic, epigenetic and environmental factors 
contribute to the tumorigenesis, chronic inflammation and 
NOX-derived ROS are also believed to play an important 

pathogenic role for several pre-malignant or malignant 
disease processes including lung cancer development. 
Therefore, in the current systematic review and meta-
analysis, a potential role of NOX isoforms including 
DUOX in tumorigenesis of lung cancer was explored. 
To accomplish this, literature was searched in electronic 
databases including Embase, PubMed, and Web Science, 
using the following terms: “NADPH oxidases” and “Lung 
cancer”; “NOXs” and “Lung cancer”. Total 77 full-text 
publications were retrieved, and ten studies were included 
in the current review after careful screening. Overall meta-
analysis of NOX/DUOX level in lung cancer tissue or 
cells and its effect on lung cancer cell invasion revealed 
that the pooled effect size of NOX/DUOX on lung cancer 
cell invasion and migration was statistically significant. In 
addition, the pooled effect size of NOX/DUOX inhibition 
by a pharmacologic inhibitor or siRNA on cancer cell 
invasion or migration was also statistically significant. These 
findings suggest that NOX/DUOX may be associated with 
tumorigenesis of lung cancer and could be a therapeutic 

Hedges’s g and 95% CI

Control	 Lung cancer

–0.80 –0.40 0.00 4.00 8.00

Study name Statistics for each study

Hedges’s g Lower limit Upper limit Z value P value

Morre J, NOX activity 0.844 –0.211 1.899 1.569 0.117

IIonen I, NOX activity 1.355 0.555 2.156 3.318 0.001

Luxen S, DUOX1 –0.911 –1.759 –0.064 –2.107 0.035

Luxen S, DUOX2 –0.934 –1.784 –0.084 –2.153 0.031

Boudreau HE, NOX4 mRNA 7.077 2.873 11.280 3.300 0.001

0.610 –0.763 1.982 0.870 0.384

Hedges’s g and 95% CI

NOX inhibition              Control

–0.80 –0.40 0.00 4.00 8.00

Study name Statistics for each study
Hedges’s g Standard error Z value P value

Yan S, A549 invasion –1.715 0.688 –2.493 0.013
Yan S, 95D invasion –1.572 0.671 –2.343 0.019
Yan S, A549 metastasis –2.208 0.698 –3.164 0.002
Liu XY, Primary invasion –2.782 0.928 –2.997 0.003
Liu XY, Primary invasion, siRNA –3.664 1.103 –3.321 0.001
Yan S, Primary inasion –4.257 1.019 –4.176 0.000
Vaid M, A549 CSE migration –2.880 0.861 –3.345 0.001

–2.422 0.306 –7.916 0.000
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target of lung cancer. 
In vitro culture model system has been used to study the 

role of NOX- or DUOX-dependent ROS production in 
tumor cell growth, adhesion and invasion (22,24,31). In this 
context, it has been reported that over 100 human tumor 
cell lines express all the NOX isoforms and related genes 
(31,32). Specifically, NOX 1 expression at high levels was 
observed in H226 non-small cell lung cancer; NOX 2 was 
predominantly expressed in hematopoietic malignancies; 
robust NOX 4 expression was found in lung cancer, 
melanoma and ovarian cancer cell lines; NOX 5 expression 
was observed in melanoma and non-small cell lung cancer 
cells; and DUOX-1 and -2 levels were low across all the 
cell lines examined including lung cancer cells (2,14). 
Interestingly, however, NOX accessory proteins p22phox 
and Rac1 were widely distributed at a high level in most of 
the human tumor cells (2). These findings strongly suggest 
that the NOX enzymes are distributed in a highly tissue-
specific fashion in human tumor cell lines, and the studies 
included in the current systematic review and meta-analysis 
indicated that NOX 4 is predominantly expressed in the 
lung cancer tissue or cell line (9,22,24,30), and thus, NOX 4 
may be a therapeutic target for lung cancer. 

The current systematic review was designed to analyze 
the potential connection of NOX/DUOX and lung 
cancer incidence as well as effect of NOX inhibition on 
lung cancer cell invasion and migration. The mechanism 
of NOX leading to lung cancer development, however, 
was not designed to be reviewed in the current systematic 
review, which was one of the limitations of the current study. 
Nevertheless, there is an accumulating body of evidence 
indicating that NOX-dependent ROS production contributes 
to the oxidation of DNA bases (primarily guanine) as 
well as DNA strand breaks in tumor cells, by which 
mechanism, it causes DNA base oxidation, the most common 
causes of somatic mutation in human solid tumors (33).  

In addition, NOX/DUOX activation appears to play an 
important role in producing DNA damage, enhancing 
proliferation and modifying the invasiveness of human 
tumor cells, at least when examined in vitro cell culture. 
Moreover, interaction of NOX and antioxidant may regulate 
tumor microenvironment. In this regard, imbalance of 
NOX4 and NFE2-related factor 2 (Nrf2) may contribute to 
the tumor cell migration and myofibroblast differentiation, 
and by which mechanism, NOX2 may augment tumor cell 
metastasis (34,35).

The role of the NOX family in tumor biology, including 
studies enrolled into the current review, has primarily been 
examined using in vitro cell culture systems. Although studies 
on NOX isoforms using human tumor cell lines has provided 
some initial models for the study of NOX biology and 
expanded our understanding of the role of NOX proteins 
in human tumor biology, compared to the in vivo tumor 
tissues, significantly lower or reduced expression of individual 
members of the NOX family in the tumor cell lines has been 
noticed. In this regard, Wu et al found that a single passage 
of BxPC3 human pancreatic cancer cells in vivo in murine 
xenograft models, without exogenous cytokine exposure,  
up-regulated DUOX2 expression more than 20 fold, to the 
same level of expression in cell culture systems that having 
been treated with cytokines for 24 hours (36). They also 
found that normal pancreas had no DUOX membrane 
staining, while DUOX expression were demonstrable in 
34 of 48 patients with chronic pancreatitis, both in the 
membrane and the cytoplasm of pancreatic duct cells. 
Furthermore, increased DUOX expression was often closely 
associated with areas of inflammatory cell infiltrates (36).  
Thus, the discordance between DUOX expression 
determined by IHC in human tumors and that in vitro 
cell culture systems of tumor cell lines may be associated 
with the milieu of chronic inflammation in that the 
culture media are often devoid of biologically active heat-

Figure 5 Forest plot for in vivo lung cancer nodule formation and metastasis. A random effect model was used due to significant heterogeneity 
of publications (I2=99.7, P<0.01). Effect size was assessed by rate ratio and 95% CI, and the effect of NOX inhibition resulted in significant 
suppression of in vivo lung cancer nodule formation and metastasis (rate ratio =0.366, P=0.002). CI, confidence interval; NOX, NADPH oxidase.

Rate ratio and 95% CI

0.01 0.1 1 10 100

Study name Statistics for each study

Rate ratio Lower limit Upper limit Z value P value

Kelkka T, 2013 0.352 0.318 0.390 –19.982 0.000

Zhang B, 2013 0.238 0.224 0.253 –45.796 0.000

Zhang CX, 2014 0.582 0.561 0.604 –28.441 0.000

0.366 0.196 0.684 –3.151 0.002

NOX suppression            Control
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labile cytokines and growth factors (37). Unfortunately, 
this discrepancy may have diminished their utility for 
understanding whether, and to what degree, the expression 
of NOX isoforms is associated with human tumors in the 
clinic. Therefore, it is crucial to study expression of NOX 
family using in vivo or ex vivo tumor tissues instead of in 
vitro culture of tumor cell lines. 

In view of the apparent contribution to tumor growth by 
NOX isoforms both in vitro and in vivo, recent efforts have 
been directed towards the development of NOX inhibitors 
that might be applied for cancer prevention or treatment 
(10,22-24). Although isoform-specific NOX inhibitors have 
been difficult to define, it is clear that NOX inhibition by 
pan-pharmacologic inhibitors or RNAi strategy appears to 
decrease tumor growth, tumor invasion and metastasis of 
lung cancer cells as demonstrated by the current systematic 
review. While it may be reasonable to develop therapeutic 
agents with a broader degree of NOX inhibitor because of the 
expression of several NOX isoforms in human tumors, NOX 
4 specific inhibitor may potentially be appropriate to develop 
in against lung cancer and its oxidative microenvironment 
in that NOX 4 is predominantly expressed in lung cells, and 
that pooled effect of NOX 4 suppression on lung cancer 
cell invasion or migration in the current systematic review 
demonstrated that a significant blockade of lung cancer cell 
invasion and migration was achieved. 

There were several limitations of the current study. First, 
limited number of publications was available for the selected 
topic, and thus, both animal and clinical studies were pooled 
together to conduct the meta-analysis. Second, publications 
were heterogeneous, and publication bias may exist. Third, the 
mechanism of NOX leading to lung cancer development was 
not designed to be reviewed in the current systematic review.

Taken together, NOX/DUOX expression plays a critical 
role in the development of an oxidative microenvironment 
where in NOX provides pro-oncogenic survival signals for 
tumor cell proliferation and invasion through production 
of reactive oxygen species (ROS). The current systematic 
review demonstrates that up-regulation of NOX homologues 
that generate ROS appears to be associated with lung 
cancer. Inhibition of NOX isoforms, predominantly NOX 4,  
by pharmacologic inhibitors or RNAi strategy result in 
significant suppression of lung cancer cell invasion or 
metastasis. Thus, we anticipate that the NOXs, especially 
NOX4, might be a target for prevention and treatment of 
lung cancer. Efforts to suppress NOXs, especially NOX 4, 
up-regulation or to interfere with NOXs function in tumor 
microenvironment may become an important approach to 

prevent oxidative-stress-related carcinogenesis or metastasis 
of lung cancer. 
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Figure S1 Funnel plot of the ten publications enrolled in the 
current study.
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