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Abstract 
Several studies have reported that antioxidants exert both preventive and inhibitory effects against tumors. However, their causal 
effects on small-cell lung cancer (SCLC) remain controversial. Herein, we explored the causal effects of 6 antioxidants on SCLC by 
combining a genome-wide association study database and the Mendelian randomization (MR) approach. We obtained antioxidant 
genetic variance data for 6 exposure factors: carotene, vitamin A (retinol), selenium, zinc, vitamin C, and vitamin E, from the 
genome-wide association study database. The instrumental variables for exposure factors and SCLC outcomes were integrated 
by screening instrumental variables and merging data. Two-sample MR was used to analyze the causal relationship between 
exposure and outcomes. Finally, we examined the heterogeneity and horizontal pleiotropy of the MR analysis by performing 
multiple sensitivity analyses. We found a causal relationship between carotene and SCLC using two-sample MR analysis and 
sensitivity analysis (P = .02; odds ratio = 0.73; 95% confidence interval: 0.55–0.95). In contrast, there was no causal relationship 
between other examined antioxidants and SCLC. We found that diet-derived circulating antioxidants could afford protection 
against SCLC, and carotene is the causal protective factor against SCLC.

Abbreviations: GWAS = genome-wide association study, IVs = instrumental variables, IVW = inverse-variance weighted, MR 
= Mendelian randomization, MR-PRESSO = MR-pleiotropy residual sum and outlier, OR = odds ratio, SCLC = small-cell lung 
cancer, SNPs = single nucleotide polymorphisms.
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1. Introduction
Lung cancer, known to be one of the most common cancers, 
exhibits high morbidity and mortality worldwide and remains 
a serious threat to human health.[1,2] Lung cancer can be 
divided into 2 categories according to its pathological type: 
small-cell lung cancer (SCLC) and non-small-cell lung can-
cer.[3] Although SCLC accounts for only approximately 15% 
of lung cancer cases,[4] it is extremely malignant, highly aggres-
sive,[5] and prone to distant metastasis during early stages.[6] 
Despite the high sensitivity of SCLC to chemotherapy,[7] the 
five-year survival rate of patients is still <10%,[8] owing to its 
capacity for recurrence and metastasis.[9] Identified primary 
risk factors include smoking, environmental pollution, and 
exposure to toxic substances.[10] Clinical strategies for SCLC 
remain limited, and there is an urgent need to explore addi-
tional strategies.

Food has been well-documented to contain several antioxi-
dant substances,[11] which exhibit specific antioxidant activity 
and can delay aging,[12] inhibit the occurrence and development 

of tumor cells,[13] as well as play antiviral, and other important 
roles.[14,15] Epidemiological studies have shown that the pri-
mary mechanism of antioxidants is their ability to combat free 
radicals,[16,17] thereby preventing cell membrane destruction,[18] 
DNA damage and repair disorders,[19] damage to important 
proteins and other biomolecules.[20] Furthermore, antioxidants 
diminish the probability of additional gene mutations, thereby 
hindering the potential for cancer induction. Therefore, 
diet-derived antioxidants should receive attention, especially 
in the field of antitumor therapy. Diet-derived antioxidants 
may reduce the incidence of colon cancer.[21] However, some 
reports indicate that certain dietary nutrients may increase the 
risk of lung cancer. For example, a double-blind, randomized 
controlled trial has implied that β-carotene may increase the 
risk of lung cancer in smokers.[22] Thus, the potential antitu-
mor effects of antioxidants in food sources warrant further 
investigation.

Therefore, to explore alternative strategies for preventing and 
treating SCLC, as well as to avoid confounding bias and bias in 
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the causality of previous studies, we used genetic variation as an 
instrumental variable (IV) to infer the causal effect of the exposure 
factor (diet-derived antioxidants) on the outcome factor (SCLC), 
using two-sample Mendelian randomization (MR) analysis.

2. Material and methods

2.1. Study design

Figure 1 presents a flowchart of the study design and the 
3 basic assumptions underlying the MR analysis. We first 
obtained exposure factors, including genetic mutation data 
for vitamins A, C, E, carotene, zinc, and selenium, and genetic 
variance data for SCLC from the genome-wide association 
study (GWAS) database, as well as instrumental variables 
(IVs) by screening. Next, we analyzed the causal association 
between exposure factors and SCLC using a two-sample MR 
study and validated the credibility of obtained results by per-
forming heterogeneity tests and horizontal multiplicity tests 
for sensitivity analysis.

Single nucleotide polymorphisms for dietary antioxidants 
(vitamin A, vitamin E, vitamin C, carotene, zinc, and selenium) 
were identified as genetic instrumental variables. Assumption 1: 
The genetic variations are strongly associated with exposure; 
Assumption 2: The genetic variations are not associated with 
either known or unknown confounders; Assumption 3: SNPs 
should influence risk of the outcome through the exposure, not 
through other pathways.

2.2. Screening and processing of exposure and outcome 
data

In the present study, we primarily explored the anticancer effects 
of antioxidants by examining genetic phenotypes, mainly of 

dietary origin. Six dietary sources of antioxidants from the GWAS 
database were considered. Next, we screened SNPs that could 
represent the corresponding antioxidants as IVs using the follow-
ing screening criteria: (1) P-value < 5 × 106; (2) linkage disequilib-
rium (LD): r2 < 0:001; (3) LD distance > 10000 kb. In addition, 
we further calculated the strength of the correlation between the 
2, expressed as an F-statistic, considering whether these IVs could 
represent the corresponding exposure factors; an F-value > 10 
was considered a strong correlation between the 2.

Herein, we focused on SCLC, excluding the effects of all 
other tumor types. In total, 16,380,303 SNPs were examined 
from 30 relevant databases, including European participants. In 
addition, we compared the exposure and outcome data, and no 
overlapping samples were detected between the 2.

2.3. Two-sample MR analysis

To ensure the accuracy of MR analysis, we first evaluated the 
IVs, which were examined using PhenoScanner V2 to exclude 
those associated with SCLC. Next, IVs for exposure factors and 
SCLC outcomes were integrated, and the echo sequence was 
eliminated. A two-sample MR analysis was then performed using 
the treated IVs, in which 6 different methods were employed: 
inverse-variance weighted (IVW), weighted median, MR-Egger 
regression, simple mode, weighted mode, and MR-pleiotropy 
residual sum and outlier (MR-PRESSO). Among them, the IVW 
method is a random-effects detection method, combining the 
Wald ratios of each SNP; thus, this method affords the highest 
detection efficacy.[23]

2.4. Sensitivity analyses

Sensitivity analysis mainly includes heterogeneity analysis and 
the horizontal multiplicity test, the main purpose of which is 

Figure 1.  Flow chart of the experimental design of this study.
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to exclude bias and confounding factors in the MR analysis. 
In the present study, sensitivity analyses were performed using 
Cochrane Q test, Egger regression intercept, leave-one-out anal-
ysis, and the MR-PRESSO global test. Cochran Q test, primarily 
used for heterogeneity analysis, detected possible bias in the IVs, 
and P < .05 was considered heterogeneous. Egger regression 
intercepts were mainly used to detect the presence of confound-
ing factors in IVs; horizontal multiplicity detection (P < .05) was 
considered as the presence of horizontal multiplicity. In addi-
tion, the MR-PRESSO global test was used to detect potentially 
anomalous data that caused the data to shift. A P-value of <.05 
was considered as the presence of anomalous data.Data pro-
cessing was performed using the R packages “TwoSampleMR” 
and “MR-PRESSO” (version 4.2.0).

2.5. Ethical considerations

Because the present study is based on published GWAS summary 
statistics rather than individual levels data, ethical approval is 
not required.

3. Results

3.1. Characteristics of IVs

The characteristics of exposure factors and selected IVs are 
listed in Table 1. Data sources for these variables were pre-
dominantly European, including some African Americans or 
Afro-Caribbean. We selected 71 SNPs for food-derived circu-
lating oxidants as IVs. These 71 SNPs were excluded from the 
single SNP containing the palindrome sequence (rs2952225; 
selenium), and 4 SNPs were present in the exposure but did 
not correspond with the outcome, including rs11264455 (car-
otene), rs12119164 (vitamin A), rs61140500 (vitamin C), 
and rs113256314 (vitamin E). In addition, all 71 SNPs were 
screened for any direct association with the outcome. The num-
ber of samples sourced for each exposure factor ranged from 
1209 to 62,991, all presenting F-statistic values ˃10, ranging 
from 12.28 to 60.06.

3.2. MR analysis results and assessment of IVs

Herein, the effect of diet-derived antioxidants on SCLC was 
analyzed mainly using the MR approach, and the results are 
presented in Table 2. Based on the results of the analysis, we 
found that carotene exerted a causal and protective effect on 
SCLC, with a P-value of 0.02 for IVW and an odds ratio (OR) 
of 0.73. The IVs of carotene are listed in Table 3. In addition, 
similar conclusions were reached with MR-PRESSO, with a 
P-value <.01 and an OR of 0.72. Although the P-values of the 
other analytical methods were not statistically significant, their 
ORs were <1, indicating that these methods exhibit the same 
trend (Fig. 2A). Considering the other antioxidants, we failed 
to detect a causal relationship based on the analysis results, and 
IVs of these exposure factors are presented in Tables S1–S5, 

Supplemental Digital Content, http://links.lww.com/MD/L589, 
http://links.lww.com/MD/L590, http://links.lww.com/MD/
L591, http://links.lww.com/MD/L592, http://links.lww.com/
MD/L596; and Fig. S1A–J, Supplemental Digital Content, 
http://links.lww.com/MD/L615.

3.3. Assessment of IVs

We performed heterogeneity analysis and horizontal multiplic-
ity tests separately for selected IVs to ensure good validation 
(Table 4). In terms of the heterogeneity test, for the 6 exposure 
factors, the P-value corresponding to each exposure factor was 
˃.05. For horizontal multiplicity, tests were performed using 
the MR-Egger intercept and MR-PRESSO global test, and the 
P-values for all tests were ˃.05. The results of the above analysis 
indicated the absence of heterogeneity or horizontal pleiotropy 
in the exposure data. Finally, we used the leave-one-out method 
for carotene data analysis. As shown in Figure 2B, we observed 
that each SNP had no significant effect on the overall analysis 
results, and all trends of effects were reflected as protective fac-
tors. Table S1, Supplemental Digital Content, http://links.lww.
com/MD/L589 summarizes the results of the analysis of other 
exposure factors. The results suggest that the trend of effects 
on outcomes was non-significant, with no causal relationship 
currently detectable.

4. Discussion
The MR approach is an analytical method with a high level 
of argumentation in evidence-based medical research,[24] which 
can largely avoid various errors and biases observed in clinical 
control experiments,[25] simultaneously minimizing the influence 
of confounding factors and ensuring the inference of causal 
relationships between exposure factors and outcomes.[26–28] In 
the present study, we obtained large-scale exposure and SCLC 
data from the GWAS database, compensating for the limited 
size of randomized controlled trials and increasing the credibil-
ity of data analysis. Based on the findings of the present study, 
we detected a negative causality of carotenoids in circulating 
antioxidants from dietary sources with SCLC, suggesting a pro-
tective factor for SCLC, whereas no significant causality was 
detected with other exposure factors.

Antioxidants mainly target the inhibition of reactive oxygen 
species and prevent further oxidative and carcinogenic effects 
on the body.[29] The main oncogenic mechanism of reactive oxy-
gen species involves the induction of DNA damage through 
oxidation,[30] which results in the activation of proto-oncogenes 
or inactivation of oncogenes,[31] eventually leading to tumori-
genesis or the induction of tumor apoptosis.[32] Several studies 
have highlighted the advances in cancer prevention using food- 
derived antioxidants. Related studies have shown that vitamin 
C can impact the level of oxidative stress in humans.[33] Further, 
it can have antimutagenic effects on plasmid and genomic 
DNA.[34] In addition, a meta-analysis found a reduced incidence 
of colorectal cancer in patients taking selenium, accompanied 

Table 1 

Characteristics of exposures’ datasets.

Exposures Consortium Sample nSNP nIVs F-statistic 

Carotene Pan-UKB team et al 1209 15533459 9 60.06
Retinol MRC-IEU 62,991 9851867 8 23.08
Selenium MRC-IEU 11,059 9851867 7 12.58
Vitamin C Neale Lab 28,536 10894596 19 15.66
Vitamin E MRC-IEU 13,548 9851867 13 19.78
Zinc MRC-IEU 18,826 9851867 15 40.93

IVs = instrumental variable, nIVs = number of IVs, nSNP = number of SNPs, SNP = single-nucleotide polymorphism.

http://links.lww.com/MD/L589
http://links.lww.com/MD/L590
http://links.lww.com/MD/L591
http://links.lww.com/MD/L591
http://links.lww.com/MD/L592
http://links.lww.com/MD/L596
http://links.lww.com/MD/L596
http://links.lww.com/MD/L615
http://links.lww.com/MD/L589
http://links.lww.com/MD/L589
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by an impact on overall mortality.[35] In a prospective trial 
using carboplatin and paclitaxel in combination with oral anti-
oxidants (including vitamin C, vitamin E, and β-carotene) to 
treat ovarian cancer, the authors found that patients exhibited 
normal CA-125 levels and remission.[36] In addition, some anti-
oxidants modulate the immune processes that influence tumor-
igenesis and progression. For example, curcumin can enhance 
immune surveillance mechanisms by restoring the immune cell 
ratio and inhibiting T cell apoptosis, thereby suppressing cancer 
cell growth.[37,38] Conversely, vitamin C attenuates the inflamma-
tory response and thus plays a regulatory role in tumors exhib-
iting inflammation.[39] However, contradictory results have also 
been documented. For example, a prevention trial noted that 
healthy men taking vitamin E could be at high risk for prostate 
cancer.[40] Therefore, the effect of diet-derived antioxidants on 
tumors remains highly controversial, and there is a lack of data 
from large population samples.

Carotene, an important food source of antioxidants,[41] 
is widely distributed in vegetables and fruits consumed by 
humans. Carotene can improve cognitive function and car-
diovascular health, along with its benefits for eye health.[42,43] 
Given its robust antioxidant properties, carotene can poten-
tially prevent and treat several chronic diseases, including cer-
tain cancers. Several epidemiological studies have examined the 
benefits of carotene in gastric cancer, and experimental studies 
have shown that carotene can reduce the risk of gastric cancer 

and improve its prognosis.[44] Conversely, another meta-analysis 
failed to detect any significant relationship between carotenoid 
supplementation and lung cancer risk.[45] In the present study, 
we arrived at a new conclusion regarding the causal relationship 
between carotene and SCLC and a protective factor, indicating 
the ability of carotene to reduce the risk of developing SCLC.

Herein, the selected MR analysis method could overcome the 
limitations of some clinical control trials and analyze the effect 
of diet-derived antioxidants on SCLC from the perspective of 
a large sample of data; carotene could be a protective fact fig-
ure or against SCLC, whereas other antioxidants, although not 
statistically significant, may afford some potential effects. In 
addition, this exposure factor was associated with the IVs of 
SNPs, which responded to the effect of long-term antioxidant 
exposure on cancer in humans, potentially reducing the risk of 
drug use and damage to subjects themselves when compared 
with clinical control trials assessing short-term intake or oral 
administration of antioxidants. However, this study had some 
limitations. First, human food intake is rich, and antioxidants 
may mediate synergistic effects on tumor production; hence, 
their overall or combined effects need to be further explored. 
Second, given the limitations of the GWAS database, clinical and 
survival data for patients with SCLC are lacking, and classifying 
subgroups based on factors such as age or sex or determining 
their impact on patient prognosis can pose a considerable chal-
lenge. Finally, although no causality was detected for examined 

Table 2 

Two-sample Mendelian randomization estimations showing the effects of diet-derived antioxidants on the risk of small cell lung 
cancer.

Exposures 

Inverse variance weighted Weighted median MR Egger

OR (95%CI) P OR (95%CI) P OR (95%CI) P 

Carotene 0.73 (0.55–0.95) .02 0.74 (0.51–1.06) .10 0.58 (0.13–2.63) .51
Retinol 0.16 (0.01–2.18) .17 0.22 (6.6E–03–7.29) .40 0.01 (2.2E–05–5.61) .21
Selenium 3.6E–22 (9.2E–45–14.9) .06 3.2E–28 (2.6E–57–39.2) .06 9.9E+20 (2.9E–56–3.4E+97) .61
Vitamin C 1.2E+05 (0.28–5.4E+10) .08 1.2E+03 (1.1E–05–1.4E+11) .45 2.3E–03 (1.6E–14–3.4E+08) .65
Vitamin E 2.5E+05 (4.7E–12–1.3E+32) .53 0.33 (1.3E-20–8.5E+22) .89 2.5E + 03 (2.7E–52–2.3E+58) .91
Zinc 1.1E–06 (1.9E–19–5.7E+06) .36 4.8E–04 (2.6E–19–9.1E+11) .67 2.7E+05 (1.3E–31–5.9E+41) .78

Exposures

Simple mode Weighted mode MR-PRESSO

OR (95%CI) P OR (95%CI) P OR (95%CI) P

Carotene 0.76 (0.49–1.16) .24 0.76 (0.50–1.14) .21 0.72 (0.63–0.83) <.01
Retinol 2.45 (8.9E–03–668.09) .76 0.03 (3.3E–04–2.76) .17 0.16 (0.02–1.15) .15
Selenium 9.6E–19 (2.5E–62–2.8E+20) .45 1.8E–20 (1.2E–60–2.8E+20) .37 1.3E–24 (2.8E–42–6.4E–07) .03
Vitamin C 4.6E+05 (4.1E–08–5.1E+18) .41 4.4E+02(2.7E–08–7.3E+12) .62 1.2E+5(0.75–2.0E+10) .07
Vitamin E 0.01 (7.8E–37–1.3E+32) .91 0.05 (2.7E–32–1.1E+29) .94 2.5E+05 (4.7E–12–1.3E+22) .54
Zinc 6.2E-05 (1.4E–32–2.7E+23) .77 2.1E–03 (1.2E–30–3.5E+24) .85 1.1E–06 (2.0E–19–5.7E+07) .37

Table 3 

Harmonized dataset of Mendelian randomization for the effect of carotene on small cell lung cancer.

SNP Effect allele Other allele Chr 

Exposure Outcome

β SE P β SE P 

rs1340825 C T 6 –0.271 0.055 7.88E–07 0.105 0.107 .328
rs17153823 G A 7 0.405 0.083 1.18E–06 –0.224 0.209 .286
rs2841355 T C 1 0.270 0.056 1.53E–06 0.189 0.271 .484
rs35188247 A T 4 0.345 0.075 4.42E–06 –0.106 0.109 .331
rs4976122 T C 5 –0.349 0.073 1.90E–06 0.105 0.161 .513
rs6704825 T C 2 0.262 0.056 3.21E–06 –0.018 0.307 .953
rs72737200 G A 1 –0.349 0.075 3.41E–06 0.207 0.134 .122
rs72890788 A G 1 –0.438 0.091 1.66E–06 0.106 0.127 .402
rs9540648 G A 13 0.264 0.054 1.55E–06 –0.052 0.110 .639

Chr = chromosome.
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antioxidants, except for carotene, this may be related to the 
selected sample, and a greater sample population needs to be 
included to perform a larger analysis.

5. Conclusion
We performed a causal analysis of MR for certain representative 
food sources of antioxidants and SCLC and ultimately found 
that carotene was a protective factor for SCLC. Although other 
antioxidants failed to provide a significant causal relationship, 
further validation is required in future studies.
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