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Abstract The one-carbon metabolism (OCM) is consid-

ered key in maintaining DNA integrity and regulating gene

expression, and may be involved in the process of carci-

nogenesis. Several B-vitamins and amino acids have been

implicated in lung cancer risk, via the OCM directly as

well as immune system activation. However it is unclear

whether these factors act independently or through com-

plex mechanisms. The current study applies structural

equations modelling (SEM) to further disentangle the

mechanisms involved in lung carcinogenesis. SEM allows
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simultaneous estimation of linear relations where a variable

can be the outcome in one equation and the predictor in

another, as well as allowing estimation using latent vari-

ables (factors estimated by correlation matrix). A large

number of biomarkers have been analysed from 891 lung

cancer cases and 1,747 controls nested within the European

Prospective Investigation into Cancer and Nutrition (EPIC)

cohort. Four putative mechanisms in the OCM and

immunity were investigated in relation to lung cancer risk:

methionine-homocysteine metabolism, folate cycle, trans-

sulfuration, and mechanisms involved in inflammation and

immune activation, all adjusted for tobacco exposure. The

hypothesized SEM model confirmed a direct and protec-

tive effect for factors representing methionine-homocyste-

ine metabolism (p = 0.020) and immune activation (p =

0.021), and an indirect protective effect of folate cycle

(p = 0.019), after adjustment for tobacco smoking. In

conclusion, our results show that in the investigation of the

involvement of the OCM, the folate cycle and immune

system in lung carcinogenesis, it is important to consider

complex pathways (by applying SEM) rather than the

effects of single vitamins or nutrients (e.g. using traditional

multiple regression). In our study SEM were able to

suggest a greater role of the methionine-homocysteine

metabolism and immune activation over other potential

mechanisms.

Keywords B vitamins � Folate � Methionine � Lung

cancer � Immune markers � Structural equation model

Introduction

Lung cancer continues to be a major public health problem

world-wide. The World Health Organization estimated that

in 2008 1.37 million deaths were due to cancer of the lung,

out of 7.6 million deaths from all cancers [1]. Reducing

tobacco consumption remains the most appropriate harm

reduction strategy [1, 2]. In addition to exposures to car-

cinogenic mixtures such as smoking and air pollution,

low-micronutrient intake has been linked to degenerative

diseases including lung cancer [3, 4].

Amongst the micronutrients that have been investigated,

certain B vitamins and other one-carbon metabolism

(OCM) components have been associated with carcino-

genesis [3, 4]. The OCM describes a network of several

reactions including the folate (vitamin B9) cycle, in which

folate acts as a crucial carrier of methyl groups and involves

several additional water-soluble B vitamins such as B6 and

B12, as well as homocysteine, methionine and serine (see

Figure 1 of Johansson et al. [5]), most of which are derived

from diet. One branch of the metabolism promotes the

synthesis of methionine and S-adenosylmethionine (SAM)
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which is essential for DNA methylation. This is modulated

by the intake of dietary folate, which acts as a carrier of

single-carbon units, essential for both the biosynthesis of

nucleotides such as purines and pyrimidines, as well as in

the process of remethylation of homocysteine to methionine

[6–10]. Folate is metabolised to 5, 10-methylenetetrahy-

drofolate, which is subsequently converted by the enzyme

methylenetetrahydrofolate reductase (MTHFR) to 5-meth-

yltetrahydrofolate, by adding a methyl group to homocys-

teine to produce methionine and SAM [11]. Vitamin B12 is

essential in this conversion [12]. Folate or vitamin B12

deficiency results in decreased SAM which, in turn, leads to

elevated homocysteine levels [8], due to decreased methi-

onine synthesis. Finally, SAM with the enzyme DNA

methyltransferase leads to DNA methylation. During DNA

methylation some methionine is re-used for homocysteine

remethylation [13].

During transsulfuration, vitamin B6 is a cofactor for the

conversion from homocysteine to cystathionine, and sub-

sequently to cysteine [14]. Therefore, homocysteine can be

irreversibly catabolized during transsulfuration. An inverse

relation of B6 and homocysteine has been reported previ-

ously [15–17].

Vitamin B6 acts as a cofactor in more than 100 mech-

anisms in the body [18], including the transsulfuration

pathway [19], and several steps of the kynurenine pathway

of tryptophan metabolism that are related to inflammation

and immune activation [20]. Tryptophan is obtained from

diet and is transformed to kynurenine. The depletion of

tryptophan and increased kynurenine-tryptophan ratio

(KTR) have been reported in viral, bacterial and parasitic

infections [21–24], and also in induced inflammation [25].

Furthermore, increased neopterin has been reported in

patients with activated cellular immune response such as

viral infections, autoimmune disorders, cardiovascular

disease and cancer [26]. Neopterin seems part of the pro-

inflammatory and cytocidal armature of the activated

immune system [27]. Sucher et al. [28] discuss neopterin as

an indicator of systemic immune activation in patients with

malignant disease.

Two primary mechanisms by which OCM has been

proposed to directly influence the process of carcinogenesis

are: (1) DNA methylation via methionine-homocysteine

metabolism, and (2) DNA synthesis and repair via the

folate cycle [6, 8]. The transsulfuration mechanism may

indirectly influence carcinogenesis by its role in homo-

cysteine catabolism.

The addition of a methyl group at the carbon-5’

position of the cytosine ring is termed DNA methyla-

tion, a frequent epigenetic event. It is an important

regulatory mechanism in gene transcription and can

initiate processes which have been implicated in a

variety of tumours [12]. Several genes were reported as

hyper-methylated in human lung cancer [12, 29, 30].

Vineis et al. [31] found a positive relation between

serum folate and methylation levels of genes RASSF1A

and MTHFR in never-smokers. Folate deficiency can

also cause thymidylate stress during DNA synthesis,
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thus resulting in DNA strand breaks and genomic

instability [6, 12].

In a recent case–control study of lung cancer nested

within the European Prospective Investigation into Cancer

and Nutrition (EPIC) study, protective effects were

observed for increasing serum levels of vitamin B6 and

methionine, after adjustments for tobacco smoking and

other potential confounders [8]. In adjusted logistic

regression analysis, these effects were considered inde-

pendently, but it is possible that they interact in a more

complex way in their relation to cancer risk, which is not

straightforwardly captured by standard regression analysis.

In order to further investigate the complex network

through which OCM components and immune activation

might influence lung cancer risk, we have conducted a study

using the EPIC lung cancer data set [8]. We applied struc-

tural equation models (SEM) to measure four latent vari-

ables directly or indirectly related to lung cancer risk. Each

latent variable represented one of the putative mechanisms

of carcinogenesis: the methionine—homocysteine metabo-

lism (DNA methylation), the folate cycle (DNA synthesis),

transsulfuration, and immune activation. The hypothesized

pathways were constructed assuming that groups of specific

biomarkers are inter-related and organised into different

latent factors (i.e. they cannot be measured directly), which

represent the underlying mechanisms mentioned above. As

tobacco exposure (measured as a combination of smoking

status and cotinine levels at recruitment) is the chief risk

factor for lung cancer, we adjusted the direct effect to lung

cancer for this exposure and we also included it as indirect

effect through the factors.

Materials and methods

Study subjects

A nested case–control study on lung cancer has been set up

in the EPIC cohort. The EPIC study is a multi-centre study

in 10 European Countries and 23 centres [32], involving

more than 520,000 participants and with 10 years of fol-

low-up. The lung cancer cases were defined on the basis of

the International Classification of Diseases for Oncology,

Second Edition, and included all invasive cancers coded as

C34. Cases with no available blood sample or date of blood

collection or history of another cancer at the time of blood

donation were excluded. For each case, two controls were

randomly matched considering: country, gender, date of

blood collection and date of birth [8]. Another 39 subjects

were excluded because of missing information from labo-

ratory analyses or because their matched counterpart(s) had

missing information. The final data consisted of 2,638

subjects (891 cases and 1,747 controls: 856 cases with 1:2

matching and 35 with 1:1). The study was approved by

local ethics committees.

Biochemical analyses

Measurements of serum concentrations at recruitment (plasma

in Swedish samples) of serine, glycine, vitamin B6 (PLP),

folate, vitamin B12 (Cobalamin), vitamin B2 (riboflavin), total

homocysteine, methionine, cysteine, cystathionine, neopterin,

kynurenine/tryptophan ratio and cotinine were performed at
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Umeå, Sweden

e-mail: torgny.rasmuson@onkologi.umu.se

680 V. T. Baltar et al.

123



Bevital A/S (www.bevital.no), blinded as to the case–control

status [8].

Model assignment and statistical methods

SEM with latent variables were applied. A latent variable

(referred as factor from here on) is defined as a random

variable which cannot be measured directly. The basic

assumption is that the co-variation observed among the

measured variables (i.e. the B vitamins, methionine etc.) is

due to their relationship with the factors [33]. Therefore, a

factor is estimated on the basis of observed variables [34].

On the basis of the background literature, we con-

structed four factors which were linked to lung cancer

status; the observed biomarkers which make up each factor

are as follows:

Factor 1 Methionine-homocysteine metabolism methionine,

homocysteine, and Vitamin B12;

Factor 2 Folate cycle Vitamin B6, folate, vitamin B2 and

glycine;

Factor 3 Inflammation and Immune activation Vitamin

B6, neopterin and KTR;

Factor 4 Transsulfuration homocysteine, Vitamin B6,

Cystathionine and Cysteine

Due to expected strong influence of folate cycle on

methionine-homocysteine metabolism [13], we hypothe-

sized an indirect effect of factor 2 on lung cancer risk through

factor 1. We also hypothesized Factor 4 (transsulfuration) as

an indirect effect on lung cancer risk through factor 1

(methionine-homocysteine metabolism), since the disrup-

tion of transsulfuration can increase homocysteine levels.

Since smoking status and level of tobacco exposure are

important causes of lung cancer, we adjusted all regressions

for tobacco exposure, using a composite variable combining

smoking status and cotinine levels in five categories:

(a) never smokers and cotinine levels lower than 5 nmol/L;

(b) former smokers and cotinine levels lower than 5 nmol/L;

(c) never/former smokers with cotinine levels between 5 and

85 nmol/L; (d) cotinine level between 85 and 1700 nmol/L;

(e) cotinine levels higher than 1,700 nmol/L [35]. This var-

iable combines smoking status with passive and active

exposure (short-term).

We have started the modeling with the hypothesized

model represented in Fig. 1 (each square represents an

observed variable, whereas each circle represents a factor;

each arrow represents one causal direction). This model

included four factors. Factor 2 (folate cycle) was consid-

ered as a direct and an indirect risk factor of lung cancer

whereas factor 4 (transsulfuration) was considered only as

an indirect risk factor. This first model, however, showed

very low goodness-of-fit (see Table 2). Since among the

four factors, transsulfuration lacks an established a priori

role in lung cancer risk, it was excluded. A second model

was hypothesized with three factors (folate cycle, methio-

nine-homocysteine and Inflammation and Immune activa-

tion) in which factor 2 was considered as a direct and an

indirect risk factor of lung cancer (through factor 1). From

this point several models were simulated considering

inclusion or exclusion of each component for each factor,

maintaining the hypothesized general pathway of the sec-

ond model with and without direct effect of factor 2. We

presented as final model the one with the best goodness-of-

fit (Table 2; Fig. 2).

All analyses were conducted in Mplus version 6, which

is an up-to-date software specializing in SEM, in which it

is possible to model continuous and binary outcomes for

matched samples [36]. For the final binary outcome we

considered the cases and controls in a probit SEM model.

The probit model is used to model dichotomous outcome

variables and the inverse standard normal distribution of

the probability is modelled as a linear combination of the

predictors. To consider the matching design we used the

weighted least square method with mean and variance

adjusted (WLSMV) estimation for SEM model estimation

[36, 37]. This method also has the chief advantage of

making minimal assumptions about the distribution of the

observed variables. All observed variables were previously

standardized (minus sample mean and divided by standard

deviation) and considered with measurement errors repre-

sented by e’s (Fig. 2).

The following standard SEM adequacy fit indices were

used to assess model fit: the comparative fit index

(CFI; [0.90 considered as adequate), the Tucker-Lewis

index (TLI; [0.90 considered as adequate), the root mean

square error of approximation (RMSEA; \0.05 = good,

0.05–0.08 = adequate, 0.08–0.10 = marginal,[0.10 = poor)

and Chi square [38]. The Chi square is an absolute fit

index, TLI is a relative fit index and RMSEA and CFI

complete the analysis as noncentrality-based indices.
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Results

In the current nested case–control study, the mean age

was 58 years for both cases and controls. Amongst con-

trols, 31.9 % were never smokers with cotinine levels

lower than 5 nmol/L, 36.4 % were former smokers with

cotinine levels lower than 5 nmol/L, 9.5 % were never/

former smokers with cotinine levels between 5 and

85 nmol/L, 19.4 % had cotinine levels between 85 and

1700 nmol/L and 2.9 % had cotinine levels higher than

1,700 nmol/L at the time of recruitment, compared to 10,

21.8, 6.73, 42.6 and 18.9 % respectively among the cases.

Summary information [mean and standard deviation (SD)]

for the biomarkers analysed, as well as p for baseline

comparison adjusting for smoking exposure, can be found

in Table 1.

Several models were estimated considering the four factors

and their components, adjusting for age and tobacco exposure.

The first model included four factors in which factor 2 and 4

(folate and transsulfuration respectively) were considered as

Fig. 1 Initial hypothesized

model representing Methionine-

homocysteine metabolism,

folate cycle, transsulfuration

and immune activation

pathways and their effect on

lung cancer risk

Fig. 2 Final hypothesized

model representing Methionine-

homocysteine metabolism,

folate cycle and immune

activation pathways and their

effect on lung cancer risk
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indirect causes of lung cancer through factor 1 (methionine-

homocysteine factor). Factor 2 was also considered as direct

cause (Fig. 1). The first model, however, presented very low

quality of fit (RMSEA = 0.174, CFI = 0.673, and TLI =

0.510). A second model was hypothesized with the exclusion

of factor 4, which improved slightly the goodness-of-fit

(RMSEA = 0.161, CFI = 0.717 and TLI = 0.567). In the

second model we observed an indirect effect of folate cycle,

but its direct effect was not significant (p = 0.267) so it was

then deleted. The final best-fit model is shown in Fig. 2 and the

corresponding results are presented in Table 2. The model

was considered adequate according to the following fit

indexes: CFI of 0.94, TLI of 0.90, and RMSEA of 0.069.

Three factors included in the final model were found,

directly or indirectly, to significantly influence the risk of

developing lung cancer at the significance level of 0.05;

the effect of each putative factor can be found in Table 2.

The standardized weights of each factor component varied

from 0.14 to 0.67, being all significantly different from zero

(p \ 0.001).

Factor 1 (methionine-homocysteine metabolism) was

composed of methionine and vitamin B12 with positive

weights of 0.24 and 0.16 respectively, and homocysteine

was excluded to provide a better fit. This means that higher

levels of this factor represent higher levels of methylation

or homocysteine metabolism. Factor 1 presented a direct

and negative effect on lung cancer probit score, an increase

of one unite in the score representing a change of -0.067

SD in the probit score (p = 0.02).

Factor 2 (folate cycle) is composed of folate, vitamin

B6, vitamin B2 and glycine. Vitamin B6 presents the

highest weight (0.63), followed by vitamin B2 (0.42) and

folate (0.32) respectively. All weights are positives, so the

increases in any of these items provide higher levels in the

score of factor 2. Factor 2 showed a positive effect on

factor 1 (0.93, p \ 0.001) which in turn decreased lung

cancer risk. In the final model we hypothesized that the

effect of factor 2 on lung cancer probit was indirect and

protective (-0.063, p = 0.019).

The first model showed very low goodness-of-fit (see

Table 2), and because among the four factors the trans-

sulfuration is the one with lack of an established a priori

role in lung cancer risk it was excluded.

Finally, factor 3, as expected, showed vitamin B6 as

positively associated and neopterin and KTR as negatively

associated. Factor 3, representing immune activation, also

seemed to be protective (-0.073, p = 0.021). Predictably,

the direct influence of tobacco exposure on lung cancer

risk, independently of the other factors, was the strongest: a

change from the lowest category towards the second cat-

egory of exposure results in an increase of 0.13 SD in the

lung cancer probit score, as shown in Table 2.

The effects of factor 1, factor 2 and factor 3 presented

p values of around 0.02 which would not be significant at

the more restricted significant threshold of 0.01, and in this

case, could be interpreted just as tendencies.

Despite the fact that tobacco exposure had a significant

effect on factor 2 and factor 3, its total indirect effect on lung

Table 1 Summary of serum concentrations of b vitamins and metabolites by lung cancer status (891 cases/1,747 controls)

Variable Mean (SD) p1 p2

Cases (891) Controls (1,747)

Homocysteine (lmol/L) 13.89 (6.79) 13.03 (4.45) \0.001 0.303

Methionine (lmol/L) 28.57 (7.22) 30.44 (7.57) \0.001 \0.001

Folate (nmol/L) 15.05 (9.63) 18.25 (15.75) \0.001 0.001

Vitamin B12 (pmol/L) 380.54 (235.57) 371.12 (215.80) 0.358 0.044

Vitamin B6 (nmol/L) 42.49 (50.74) 52.28 (51.48) \0.001 0.054

Vitamin B2 (nmol/L) 25.36 (36.47) 28.92 (49.01) 0.054 0.458

Serine (lmol/L) 146.65 (36.26) 148.40 (35.36) 0.303 0.390

Glycine (lmol/L) 299.10 (83.92) 300.67 (89.65) 0.820 0.779

Cysteine (lmol/L) 295.45 (34.75) 299.70 (35.85) 0.001 0.145

Cystathionine (lmol/L) 0.23 (0.15) 0.25 (0.34) 0.188 0.426

Neopterine (nmol/L) 18.41 (6.84) 18.36 (7.09) 0.851 0.218

KTR 9 1,000 (10-2 nmol/lmol) 22.63 (7.96) 22.60 (7.61) 0.898 0.058

SD standard deviation, PLP Pyridoxal 50-phosphate, KTR Kynurenine and Tryptophan ratio, p1 conditional logistic regression, p2 conditional

logistic regression controlling for smoking exposure, smoke1 former smoker and cotinine level lower than 5 nmol/L compared to baseline,

smoke2 never/former smoker with cotinine level between 5 and 85 nmol/L compared to baseline, smoke3 cotinine level between 85 and

1,700 nmol/L compared to baseline, smoke4 cotinine level higher than 1,700 nmol/L compared to baseline, baseline never smoker and cotinine

level lower than 5 nmol/L
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Table 2 Results of SEMs for lung cancer probit model

Standardized estimates p Standardized estimates p

Direct effects of factors on lung cancer

Homocysteine metabolism (factor 1) -0.130 0.002 -0.067 0.020

Folate cycle (factor 2) 0.021 0.580

Immune activation (factor 3) 0.079 0.007 -0.073 0.021

Smoke1 0.132 \0.001 0.129 \0.001

Smoke2 0.112 \0.001 0.111 \0.001

Smoke3 0.451 \0.001 0.448 \0.001

Smoke4 0.428 \0.001 0.430 \0.001

Homocysteine metabolism (factor 1)

Homocysteine -0.381 -

Methionine 0.616 \0.001 0.243 -

Vitamin B12 0.207 \0.001 0.155 \0.001

Folate cycle (factor 2) 0.530 \0.001 0.934 \0.001

Transsulfuration (factor 4) 0.759 \0.001

Age -0.37 \0.000 -0.234 0.001

Smoke1 -0.048 0.215 -0.019 0.821

Smoke2 -0.012 0.739 0.170 0.034

Smoke3 0.005 0.906 0.052 0.572

Smoke4 -0.111 0.002 -0.110 0.187

Folate cycle (factor 2)

Folate 0.392 - 0.323 -

Vitamin B6 0.618 \0.001 0.633 \0.001*

Vitamin B2 0.397 \0.001 0.415 \0.001

Glycine 0.105 \0.001 0.230 \0.001

Age 0.10 0.005 0.102 0.001

Smoke1 -0.04 0.288 -0.050 0.112

Smoke2 -0.07 0.109 -0.108 0.020

Smoke3 -0.28 \0.001 -0.282 \.001

Smoke4 -0.23 \0.001 -0.221 \.001

Immune activation (factor 3)

Vitamin B6 -0.140 – 0.136 –

Neopterin 0.672 \0.001 -0.672 \0.001

KTR 0.643 \0.001 -0.643 \0.001

Age 0.32 \0.001 -0.319 \0.001

Smoke1 0.105 \0.001 -0.103 0.004

Smoke2 0.059 0.025 -0.058 0.042

Smoke3 -0.048 0.123 0.048 0.137

Smoke4 -0.024 0.381 0.023 0.396

Transsulfuration (factor 4)

Homocysteine 0.573 –

Vitamin B6 0.018 0.382

Cystathionine 0.386 \0.001

Cysteine 0.723 \0.001

Age \0.001

Smoke1 0.013

Smoke2 \0.001
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cancer through these factors was much lower than its direct

effect. The indirect and significant effect of smoking exposure

was found for cotinine levels between 85 and 1,700 nmol/L

compared to baseline (b = 0.018, p = 0.026), and for coti-

nine levels higher than 1,700 nmol/L compared to baseline

(b = 0.034, p = 0.014) both through factor 2 and factor 1.

The indirect effect of former smoker and cotinine level lower

than 5 nmol/L, compared to baseline, was found to be sig-

nificant at 0.05 level (b = 0.008, p = 0.008; baseline: never

smoker and cotinine level lower than 5 nmol/L); note that this

is the only significant effect which passed the 0.01 threshold.

Discussion

Biomarkers of the one-carbon metabolism (OCM) were

recently found to be associated with lung cancer within the

EPIC study [8]. In this nested case–control study, we applied

SEM to measure four different putative factors (representing

mechanisms) of lung carcinogenesis, taking into account

tobacco exposure using a combination of blood cotinine levels

and smoking status at recruitment. We modelled the risk

through four latent factors representing (a) methionine-

homocysteine metabolism (factor 1), (b) folate cycle (factor

2), (c) immune activation (factor 3) and (d) transsulfuration

(factor 4). Factor 2 was allowed to affect lung cancer indirectly

through factor 1. Since Factor 4 has lack of established a priori

role in lung cancer risk it was excluded from the initial model

and the new hypothesized model presented adequate good-

ness-of-fit.

Factor 1 showed an inverse association with lung cancer

risk; this suggests methionine-homocysteine metabolism

may have a putatively protective effect in lung carcino-

genesis. Despite the fact that we do not have direct

measurements of gene methylation (except in a small

subset [31]), we are assuming that the activity level of

these reactions is correlated to the total methylation

potential of the one-carbon system. Our result is in

agreement with previous studies in which global methyla-

tion protected against cancer [8, 39, 40]. An earlier study

also found that decreased levels of vitamin B12, another

essential co-factor in homocysteine metabolism, corre-

sponded with global DNA hypomethylation in squamous

cell lung cancer tissue samples [41].

The model with only indirect effect (i.e. no direct effect)

of factor 2 on lung cancer risk (through factor 1) was found

to have a good model fit, which corroborates the prevailing

view that folate mediates its effects on carcinogenesis via

its ability to modulate the levels of homocysteine and

methionine [13, 42, 43]. Using the same dataset as the

current article but applying traditional logistic regression,

Johansson et al. [8] also reported an inverse association of

folate with lung cancer risk, but this observation was

confined to former and current smokers.

In a case–control study, Hartman et al. [5] evaluated the

associations between serum vitamins B6, B12, folate and

homocysteine with lung cancer. They found vitamin B6 to

be inversely associated with lung cancer, which has

recently been replicated by Johansson et al. [8] using the

same dataset as in the current study.

While the results of Hartman et al. [5] are difficult to

interpret due to the limited sample size and absence of

never smokers, Johansson et al. [8] observed an association

also in never smokers, and described an independent, and

equally strong, inverse association of methionine with lung

cancer risk. In agreement with our results, Basset et al. [16]

suggested that higher intake of vitamin B2 may protect

against lung cancer. In our results, vitamin B6 exerted a

Table 2 continued

Standardized estimates p Standardized estimates p

Smoke3 0.702

Smoke4 0.371

Indirect effects from factor 2 to lung cancer

Lung cancer \ factor 1 \ factor 2 -0.069 0.002 -0.063 0.019

Lung cancer \ factor 1\ factor 4 -0.098 0.002

Model fit

Chi square test 20,731.2 (126 df, p \ 0.001) 10,581.9 (81 df, p \ 0.001)

RMSEA [90 % Confidence limits] 0.174 [0.171; 0.178] 0.069 [0.065; 0.074]

CFI 0.673 0.940

TLI 0.510 0.902

CFI comparative fit index, TLI tucker-lewis index, RMSEA root mean square error of approximation, KTR kynurenine and tryptophan ratio,

smoke1 former smoker and cotinine level lower than 5 nmol/L compared to baseline, smoke2 never/former smoker with cotinine level between 5

and 85 nmol/L compared to baseline, smoke3 cotinine level between 85 and 1700 nmol/L compared to baseline, smoke4 cotinine level higher

than 1,700 nmol/L compared to baseline, baseline never smoker and cotinine level lower than 5 nmol/L

A structural equation modelling approach 685

123



protective effect on lung cancer risk via the immune acti-

vation (factor 3) as well as indirectly through the folate

cycle (factor 2). Hence it is possible that the effect of

vitamin B6 noted by Hartman et al. [5], Johansson et al. [8]

and here reflects mechanisms independent of the OCM

pathway as suggested by Lee et al. [44].

The protective effect of folate cycle may be counter-

intuitive considering the pharmacological action of some

chemotherapeutic agents (e.g. methotrexate) that are an-

tifolates. Other researchers have proposed that the timing

of administration of folate is key to its effect in the dif-

ferent stages of the tumorigenesis process, albeit not in

lung cancer [14, 15, 17].

There has been a small number of randomised clinical

trials where the effects of folate and certain B-vitamins (B6

and B12) supplementation on cancer risk were investigated,

raising concerns about safety of folic acid fortification. The

studies have been conducted in the US where fortification

was implemented early. However, these studies reported

conflicting results, with some authors citing the differentials

in dosage and baseline levels of folate as possible explana-

tions [39, 40]. The results from the current analysis suggest

that the compounds within the OCM could interact in a more

dynamic manner than previously thought.

We have found an inverse association between lung

cancer risk and factor 3, which represents immune acti-

vation and inflammation. Hence higher levels of neopterin

or KTR produced a higher probit score (higher risk),

whereas the inverse applies to vitamin B6. High levels

of vitamin B6 have been associated with reduction in

inflammation and oxidative stress [41], as well as macro-

phage-related immune response [42, 43].

To our knowledge, this is the first study which has

attempted to evaluate the roles and the relative contributions

of the multiple components of the OCM, revealing indirect

effects, in relation to lung cancer. The study had a prospec-

tive design, in which biomarkers in blood were collected

several years before disease onset. The main advantage

of SEM is the possibility to account for multiple, complex

hypothesized causal pathways, and also of dealing rigorously

with collinearity. In contrast to usual multiple regression

models, which account for the relative contribution of sev-

eral variables to the one observed effect, in which strong

collinearity can be problematic, in SEM the factors are based

on correlations, thus avoiding such limitation.

There are also limitations to the current study: blood

samples were drawn on one occasion only for each par-

ticipant, thus preventing us from investigating time-related

relations among the investigated factors. The biochemical

pathways that we attempted to model are very complex,

and it was not possible to include all biomarkers potentially

involved due to a lack of complete information. We did not

include the effects of polymorphisms related to OCM. We

have chosen to use biomarkers of OCM components (e.g.

B-vitamins) measured in the blood rather than estimations

from food frequency questionnaires. While confounding

from dietary intakes are still possible, this is considered

outweighed by the advantages of the increased accuracy

and biological relevance of using biomarkers measure-

ments. The large number of statistical tests performed in

the final model could inflate type I error and bias the

reported results. However, many of the tests were very

robust (p \ 0.001) and SEM analysis is usually more

robust compared to regression since it considers measure-

ment error [45]. In the structural model three effects pre-

sented p around 0.02, and their interpretations require

careful consideration. These values may present less effi-

ciency and the tendencies of the effects need to be con-

firmed by other investigators and in other populations.

Also, since tobacco exposure is thought to modulate the

levels of B vitamins, homocysteine and certain other OCM

components [13], this would mean that tobacco acts as a

classic confounder in the SEM. Despite our attempt to

adjust for its effect by combining self-reported smoking

status with blood cotinine levels, it is still possible that

residual confounding exists.

Conclusion

In conclusion, our results support the roles of methionine-

homocysteine metabolism which is indicative of the DNA

methylation potential (including indirect effects of folate

cycle), and immune activation in lung cancer risk.

Regarding the involvement of components in the OCM, the

folate cycle and immune system in lung cancer carcino-

genesis, it may be important to consider complex pathways

rather than the activities of single vitamins or nutrients.

Hence the use of structural equation modelling may be key

in dealing with such complex theoretical models where the

degree of collinearity is high. In the model presented in the

current study, tobacco smoking remains the exposure with

the strongest impact on lung cancer risk.
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