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As an important rare earth element (REE) extensively applied to industry, agriculture, and medicine, lanthanum (La) has attracted a host of health concerns. This study aimed to explore the relationship between La exposure and the risk of developing oral cancer through a case-control study with a large sample size. Serum La levels of 430 oral cancer patients and 1,118 healthy controls were detected by inductively coupled plasma mass spectrometry (ICP-MS). The association of La level with the risk of oral cancer was assessed in two ways: (1) as a continuous scale based on restricted cubic splines (RCS); (2) as a priori defined centile categories using multivariate logistic regression model, based on propensity score matching (PSM) and inverse probability of treatment weighting (IPTW). The RCS revealed a non-linear U-shaped relationship between serum La and oral cancer risk. Serum La deficiency or excess was associated with an increased risk of oral cancer. When the La level was analyzed as a categorical variable, a similar U-shaped association was observed. Of note, compared to those with La concentrations of 0.243–0.341 μg/L (reference quantiles, 41st−60th), the risk was increased in those with the lower or higher quantiles (0.132–0.242 μg/L vs. 0.243–0.341 μg/L: OR = 1.80, 95%CI: 1.07–3.02; 0.342–0.497 μg/L vs. 0.243–0.341 μg/L: OR = 2.30, 95%CI: 1.38–3.84). The results were generally consistent with the PSM and IPTW analyses. This preliminary study provides strong evidence that there was a U-shaped relationship between serum La levels and oral cancer risk. Much additional work is warranted to confirm our findings.
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INTRODUCTION

Oral cancer, the most common kind of head and neck tumor, is a collective term for malignant tumors that arise in the lip, tongue, gums, floor of the mouth, jaw, buccal mucosa, oral vestibule, and other sides (1). According to the latest data from the International Agency for Research on Cancer (IARC), oral cancers account for 377,713 new cases and 177,757 cancer-related deaths worldwide in 2020 (2). Tobacco smoking, alcohol consumption, and betel nut chewing are well-established as risk factors for oral cancer (3, 4). Nevertheless, these conventional risk factors do not entirely explain the overall risk of oral cancer, particularly among those who lack all these characteristics. It may signal that other exogenous risk factors need to be identified.

Lanthanum (La) is one of the most common elements of REEs (rare earth elements), and it has been widely utilized in diverse fields for decades, including agriculture, catalysis, pharmacology, and electronics (5, 6). Yearly La production in China is 45,000 tons, making it the second-highest element of REEs production in China (7). Studies have revealed that La enters and accumulates in the body via numerous routes, including skin absorption, respiratory and dietary intake via the oral cavity. A recent study investigated the residual levels of REEs in 14 representative food categories collected from 33 major cities in China and found La being the second most abundant REEs in all food samples (8). Moreover, previous studies revealed that tea, one of the most popular beverages, especially in southern China, contains a certain amount of many rare earth elements including La (9, 10). Long-term ingestion of these foods led to bioaccumulation and continuous exposure to La. Not only that, it has considerable biological activity in biological tissues and organs (11–14). Thus, the public health issue has become increasingly worrisome with the migration and transformation of La in the ecosystem.

Several experimental studies have indicated that La has an anti-cancer effect on several cervical cancer cells, hepatocellular carcinoma cells, and ovarian cancer cells (15–19). Other studies, however, showed that La has carcinogenic potential when its concentration fluctuates in colorectal and hepatic cancer cells (20). Of note, a recent study revealed that soluble La (III) species were found to cause NLRP3 inflammasome activation, which has been proved to be a mechanism for promoting oral cancer (21–23). However, most of those researches were restricted to cell or animal experiments. Hitherto, few studies involved population-based samples (such as blood) to investigate the association between internal La exposure and cancer risk, and even less so, the role of La exposure in oral cancer risk in southeastern China where there is a high production of REEs. Southern China contains large amounts of granite weathering crust, which is enriched in ion-adsorption REEs in lateritic clay deposits and the area accounted for 35% of China's REE production from 1988 to 2009 (24, 25). In this milieu, inhabitants of this region are more likely to experience high and frequent La exposure. Considering the relatively high incidence of oral cancer in this region (26), this study was aimed (1) to detect the serum concentrations of La in a large-sacred sample size with the technology of inductively coupled plasma mass spectrometry (ICP-MS), and (2) to further explore the relationship of La on oral cancer risk using two powerful approaches (propensity score matching (PSM)) and inverse probability of treatment weighting (IPTW) for minimizing the potential confounding effects.



MATERIALS AND METHODS


Study Population

The case-control study was carried out from January 2010 to August 2019 in Fujian Province, China. A total of 430 newly diagnosed cases of oral cancer were enrolled from the First Affiliated Hospital of Fujian Medical University. During the same period, a total of 1,118 healthy controls were recruited from the health examination center of the same hospital.

The following are the inclusion and exclusion criteria of the study: Participants in both case and control groups were (1) aged 20–85 years old; (2) lived in Fujian Province for more than 10 years; and (3) answered questions clearly. All cases were (1) primary oral cancer with post-operative histologically confirmed; (2) had never previously received chemotherapy or radiation therapy. All controls had no history of oncological diseases. If any of the following conditions were met, participants were excluded from the study: (1) with severe systemic infections, severe heart disease, hepatic disease, renal system and hematopoietic system disease, malnutrition of the whole body, or systemic immune diseases; and (2) had taken long-term medications or dietary supplements that would interfere with study outcomes.

This study was conducted in compliance with the Declaration of Helsinki's ethical principles and was authorized by the Fujian Medical University's Institutional Review Board in Fuzhou, China (Approval ID: 2011053).



Data Collection

Relevant information on each subject was gathered through a face-to-face-based structured questionnaire by trained professional investigators. All the participants signed informed consent. The information we collected mainly included: demographic characteristics (age, gender, occupation, education level, BMI, residence, and family history of cancer), lifestyle habits (smoking, alcohol drinking, and tea consumption), and dietary factors (intake frequency of red meat, fish, seafood, vegetables, and fruits). Smokers were classified as those who smoked more than 100 cigarettes throughout their lives (27). Alcohol drinkers were those who had at least one drink per week for at least 6 months (28). Tea drinkers are defined as the people who drink tea one cup per week at least, lasting for over half a year (28). After the survey, the quality of the questionnaires was reviewed and checked to assure the quality of data and its completeness.



Blood Sample Collection and La Elemental Detection

Fasting venous blood samples (about 3–5 mL) were donated from the patients on the second day of hospitalization before any drug treatment or examination. Also, the blood samples of the healthy controls were obtained on the day of their physical examination at the same hospital. All samples were centrifuged at 3,000 rpm for 10 min at 4°C and then were preserved at −80°C until measurement.

The detailed methodology for elemental detection can be found in our previous study (29, 30). Briefly, before detection, two preprocessing steps of microwave digestion and acid discharge are necessary. First, 200 μL of serum was accurately measured and combined with 1 mL of nitric acid (HNO3) and 4 mL of ultrapure water for microwave digestion (PreeKem, China). The surplus acid was then evaporated at 140°C until the solution was almost dry. The digested samples were diluted with 5% nitric acid to a volume of 10 ml. The concentrations of La were then determined by inductively coupled plasma mass spectrometry (ICP-MS, NexION 350X; Perkin-Elmer, USA).

For quality control, human hair powder (GBW07601a, China) the closest human composition standard for serum La, was utilized as internal standard reference material for continuous monitoring of the efficiency and accuracy of ICP-MS analysis. Briefly, each batch included at least two experimental blanks and two quality control samples. Simultaneously, 12.5% of each batch's samples are chosen at random for parallel sample testing, and the relative standard deviation of the parallel sample testing findings does not exceed 10%.



Statistical Analysis

Chi-square or Fisher's exact tests were performed to compare baseline characteristics between oral cancer patients and controls. The serum La level was represented as a median (quartile25–quartile75), and the Wilcoxon rank-sum test was used to examine the difference between cases and controls. The association between La levels and oral cancer was assessed using a continuous scale or restricted cubic spline curves (RCS) based on multivariable logistic regression analysis with adjustment for covariates. To balance the best fit and overfitting in the major splines, five knots were chosen at the fifth, 27.5th, 50th, 72.5th, and 95th percentiles of the La distribution based on the lowest Akaike information criterion value. To avoid possible selection bias and balance demographic differences and other confounding variables, propensity score analyses, including propensity score matching (PSM) and inverse probability of treatment weight (IPTW) analyses, were applied. In PSM, the matching ratio was 1:1 ratio, and the caliper was 0.02 with 288 cases successfully matched with 288 healthy controls. Given that PSM can cause sample loss, we also performed the estimated propensity scores to calculate IPTW. After PSM and IPTW, group differences were assessed using standardized mean differences (SMD), with an SMD value of 0.1 deemed balanced.

Furthermore, associations between seven established La classes and oral cancer in unmatched and matched populations were investigated. The categories of La were defined by the 5th, 20th, 40th, 60th, 80th, and 95th centiles with the reference category (41st−60th centiles) determined by the La level linked with the lowest risk of oral cancer in RCS analysis. Finally, multivariate-non-conditional logistic regression (for overall population) and conditional logistic regressions (for PSM and IPTW populations) were utilized to calculate the odds ratios (ORs) and the 95% confidence intervals (CIs) of the relationship between La classes and the risk of oral cancer. A 2-tailed P-value < 0.05 was considered statistically significant. All analyses were performed using R software version 4.0.5.




RESULTS

The study comprised a total of 1,548 participants, with 430 oral cancer patients and 1,118 healthy controls. The baseline characteristics of the study participants are summarized in Supplementary Table 1. Significant differences were observed between the case and control groups in terms of demographic characteristics, lifestyle factors (smoking, alcohol, and tea-drinking), and dietary habits (intake frequency of red meat, fish, seafood, vegetables, and fruits).

For purposes of aesthetics and visual interpretation, the concentration of La in the violin plot was log2 transformed. As presented in Figure 1, the level of La in oral cancer patients was significantly higher than that of healthy controls [median (quartile25 to quartile75): −1.4064 (−2.6180 to −0.2816) log2 (μg/L) vs. −1.8722 (−2.6395 to −1.3422) log2 (μg/L), or 0.3772 (0.1629–0.8227) μg/L vs. 0.2732 (0.1605–0.3944) μg/L, P < 0.001, data not shown]. Then, the multivariable-adjusted restricted cubic splines revealed a non-linear U-shaped association between serum La and the risk of oral cancer, which indicated that low or high levels of La both increased the risk of oral cancer (Pfornon−linear < 0.001). The lowest risk was observed at 0.28 μg/L level of La (Figure 2).


[image: Figure 1]
FIGURE 1. Distribution of serum La in case and control1 groups, for visualization purposes, we log2 transformed the measured la concentrations. ***P < 0.001 by Wilcoxon rank sum test.
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FIGURE 2. Multivariable-adjusted restricted cubic splines (RCS) according to levels of La on a continuous scale. Solid red lines are multivariable-adjusted odd ratios, with red shading indicating 95% confidence intervals derived from restricted cubic spline regressions with five knots. Reference lines for no association are indicated by the dash lines at an odd ratio of 1.0. The blue regions represent the histogram of the distribution of La. And the solid red dot indicates the concentration of La with the lowest risk of oral cancer. Analyses were adjusted for age, gender, occupation, education level, BMI, residence, family history of cancer, smoking, alcohol and tea drinking, as well as intake frequency of red meat, fish, seafood, vegetables, and fruits.


To minimize the potential confounding factors, we performed 1:1 PSM and IPTW analysis to further confirm our observations. After PSM and IPTW, all the covariates were balanced between case and control groups, with all the standardized differences <10% (Table 1; Figure 3). We then defined five equally distributed categories of La by the 20th, 40th, 60th, and 80th centiles. Furthermore, two additional categories were defined by the 5th and 95th centiles to evaluate the highest and lowest levels of La. The La level associated with the lowest risk of oral cancer in restricted cubic spline analysis served as the reference category for these analyses.


Table 1. Baseline characteristics of case and control groups in PSM and IPTW population.
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FIGURE 3. Comparison of the distribution of matching factors between cases and controls before and after matching. Group differences were assessed using standardized mean differences (SMD), with an SMD value of 0.1 considered balanced.


Of note, a U-shaped dose-response relationship was still observed when La was transformed into a categorical variable (Figure 4). Among the overall study population, compared with individuals with the concentration of La of 0.243–0.341 μg/L (41st−60th centiles), the multivariable-adjusted OR was 1.80 (95%CI 1.07–3.02) for individuals with lower quantiles of La (21st−40th centiles: 0.132–0.242 μg/L) and 2.30 (95%CI 1.38–3.84) for those with higher quantiles of La (61st−80th centiles: 0.243–0.341 μg/L). Similar results were observed when using PSM and IPTW analysis, with a markedly elevated risk at the higher and lower levels (Figure 4).


[image: Figure 4]
FIGURE 4. Odd ratios for oral cancer according to categories of levels of La in the total study population, 1:1 PSM population, and IPTW population. (a) Calculated from multivariable logistic regression models, with adjustment for age, gender, occupation, education level, BMI, residence, family history of cancer, smoking, alcohol and tea drinking, as well as intake frequency of red meat, fish, seafood, vegetables, and fruits. (b,c) Calculated from conditional logistic regression models.




DISCUSSION

To the best of our knowledge, this is the first large-scale retrospective, case-control study to explore the relationship between serum La and oral cancer risk using propensity score-based analysis. Our study suggested that both too low and too high concentrations of La, either as a continuous or as a categorical variable, were associated with an increased risk of oral cancer. These findings provide strong evidence to support a U-shaped non-linear relationship between serum La and oral cancer risk, rather than a simple linear one.

Although there is a relative paucity of research on the role of La in cancer risk and also no direct explanation for our findings, a recent study indicated that the biological effect of La on hepatocellular carcinoma cells HepG2 and colorectal carcinoma cells HT-29 varied with its concentration, with low concentrations (<70 μM) promoting cell proliferation and high concentrations (180 μM) inhibiting cell growth. The same pattern of effect was also observed in the HT-29 cells (20). These findings therefore indirectly support our results of a U-shaped association between La and oral cancer risk. Interestingly, the majority of in vitro cell experiments indicated that La or its derivatives have anticancer properties. Yu et al. (15), found that La ions could suppress cell proliferation and trigger apoptosis in cervical cancer cells by regulating let-7a, miR-34a, and their downstream genes. La citrate complex could inhibit proliferation and promote apoptosis in hepatocellular carcinoma SMMC-7721 cells and cervical cancer Hela cells (16, 17). Several possible explanations may account for this, including causing cell arrest at G0/G1 phase, inhibiting DNA of tumor cell synthesis, and inducing apoptosis through the mitochondrial-mediated apoptotic pathway (31–33). Nevertheless, it was also worth mentioning that excessively high concentrations of La are neurotoxic (34–36). The possible mechanisms mainly include the following: disruption of intracellular calcium homeostasis (37), formation of reactive oxygen species (35) as well as the disruption of physiological functions like the glutamate-glutamine cycle (38) or various signaling pathways such as the PI3K/Akt and NF-κB signaling pathway (12, 36). Soluble La (III) species have the ability to activate NLRP3 inflammasome, and the latter was regarded as a key mediator of inflammation in promoting the development of oral cancer (21–23). These findings provide new insight into the action mechanism of La on cancer. The precise mechanism of the observed linking between high La level and oral cancer risk is difficult to determine at the current stage, which merits further studies.

A synergistic effect of LaCl3 on cisplatin-induced inhibition of ovarian cancer cell proliferation and tumor growth has been found (18, 19). The application of La2O3 nanoparticles can also improve the therapeutic benefits of radiation therapy and chemotherapy with temozolomide in the treatment of glioblastoma (39). All these observations suggested that La complexes might be effective candidate medications in the prevention and treatment of malignant tumors (40, 41). However, the dosage of La complexes appears to be the critical component in switching the biological and anticancer effects on and off (20). In this population-based epidemiological study, we observed that serum La concentration exhibits a non-linear U-shaped association with the risk of OSCC, and the lowest risk was at the concentration of 0.243–0.341 μg/L. Our results provide an intriguing clue that an appropriate range of La concentration (0.243–0.341 μg/L) might be a good emerging approach for the prevention and treatment of oral cancer.

The strength of this study is to utilize two powerful approaches (PSM and IPTW analyses) to significantly reduce potential selection bias and confounding effects and to provide the first epidemiological evidence of a non-linear association between serum La and the risk of oral cancer in the Asian population. However, certain limitations should be mentioned. Firstly, due to the case-control design of this study, the causal direction of the associations cannot be settled, due to the lack of a temporal relationship. Thus, our findings need to be further validated in multi-center, longitudinal population cohorts, whilst in vitro and in vivo research on underlying biological mechanisms is also warranted. Secondly, the current study only used a single measurement of serum La levels instead of repeated measurements, which may not completely reflect La bioaccumulation or long-term La exposure, and replication in diverse samples (such as hair, nails, etc.) and identifying specific forms of La are therefore needed. Third, although our study provides a reference range of serum La concentrations for the lowest risk of oral cancer, identifying the pharmacological effects is challenging at this stage, and much more extensive research will need to be performed.

In summary, the present study suggests, for the first time, a non-linear U-shaped association between serum La levels and oral cancer risk, with both excess and deficient serum La exhibiting unfavorable effects. These observations shed new light on the role of serum La in oral cancer and have important public health implications as environmental La exposure is a growing concern. In parallel, further research is needed to uncover potential mechanisms of La, which will facilitate the use of La in the diagnosis and treatment of oral cancer and provide new techniques to enhance tumor prevention.
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