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Editorial on the Research Topic 


Environmental exposures and thyroid health


A variety of environmental exposures have been suggested to explain, at least in part, the increasing trends of both thyroid cancer and thyroid disease over recent decades. Thyroid cancer incidence has increased on average 3.6% per year (95% confidence interval (CI): 3.2%- 3.9%) between 1974 and 2013 in the United States (US). (1) This increase has primarily been due to an increase in papillary thyroid cancer diagnoses, which increased on average by 4.4% per year (95% CI: 4.0%- 4.7%). (1) From 2013, average subcentimeter thyroid cancer incidence rates started to decline by -3.7% per year (95% CI: -8.7%- 1.7%), while the average incidence of thyroid cancers measuring more than one centimeter increased at +2.0% per year (95% CI: 1.1%- 2.9%). (2) These increasing papillary thyroid cancer incidence rates have also been reported in other countries suggesting a worldwide phenomenon. (3)

In addition to carcinoma, studies have also shown increasing trends in autoimmune thyroid diseases. A study published in 1972 reported an increasing trend in Hashimoto’s thyroiditis, also known as chronic lymphocytic thyroiditis or autoimmune thyroiditis, from 6.5 per 100,000 persons in 1935-1944 to 69.0 per 100,000 persons in 1965-1967 in Minnesota (US). (4) Retrospective review of medical records in an Italian region showed that Hashimoto’s thyroiditis became 10 times more common between 1990 and 2005. (5) An increasing annual frequency of Hashimoto’s thyroiditis was found at a Sicilian cytological unit (Italy) between 1988 and 2007. (6) These global increasing trends in thyroid cancer and thyroid disease, which cannot be solely explained by increased access, use and quality of diagnostic tools, indicate that modifiable risk factors including exposure to environmental exposures may play a causative role (7). (8, 9) The articles published in this research topic highlight the variety of risk factors and exposures associated with thyroid health.


Medical conditions as endogenous risk factors

Diabetes is the most commonly diagnosed endocrine disorder. (9) Although diabetes and thyroid dysfunction are closely linked conditions, diabetes has not been consistently linked to thyroid cancer. A pooled analysis of five prospective US studies (n= 674,491) showed no association between a self-reported history of diabetes and thyroid cancer risk (HR: 1.08 (95% C: 0.83- 1.40)). (10) However, the recent meta-analysis by Dong et al showed that patients with diabetes had a 1.3-fold increased risk of thyroid cancer (95% CI: 1.22- 1.44) compared to non-diabetes patients; this positive association was found for both males (RR: 1.26 (95% CI: 1.12- 1.41)) and females (RR: 1.36 (95% CI: 1.22- 1.52)). Dong et al. performed a subgroup analysis by type of diabetes and found a 1.34-fold increased risk of thyroid cancer in the population with type 2 diabetes (95% CI: 1.17- 1.53). This systematic review and meta-analysis including 20 cohort studies and more than 300,000 individuals provides evidence that the risk of thyroid cancer was increased in approximately 30% of patients with diabetes.

As previously described, the incidence of both thyroid cancer and Hashimoto’s thyroiditis has increased steadily over past decades. Although these increases may be caused by access, use and quality of diagnostic tools, chronically unresolved inflammation, as present in Hashimoto’s thyroiditis, has been associated with increased risk of malignant disease. In fact, chronic infection or chronic inflammatory states are thought to be a causal factor in approximately 20% of all human cancers. (11) Xu et al. performed a systematic literature review and meta-analysis to understand the impact of Hashimoto’s thyroiditis on the progression of papillary thyroid cancer. The meta-analysis included 39 original research articles and showed that Hashimoto’s thyroiditis is a risk factor for thyroid cancer (pooled odds ratio (OR): 1.71 (95% CI: 1.57- 1.80)). On the contrary, prevalence of extrathyroidal extension (pooled OR: 0.79 (95% CI: 0.72- 0.86)), central lymph node metastasis (pooled OR: 0.80 (95% CI: 0.74- 0.87)), distant metastasis (pooled OR: 0.52 (95%: 0.31- 0.87)), BRAF V600E mutations (pooled OR: 0.47 (95% CI: 0.43- 0.52)), and recurrence (pooled OR: 0.32 (95% CI: 0.18- 0.58)) were significantly lower in patients with both Hashimoto’s thyroiditis and thyroid cancer, suggesting that Hashimoto’s thyroiditis is a protective factor against PTC progression. Xu et al. thus demonstrated that Hashimoto’s thyroiditis seems to be a “double-edged sword” in thyroid cancer.

Iodine deficiency can have major thyroid-related health consequences including goiter, hypothyroidism, impaired mental function, and delayed physical development. Iodine deficiency before or just after birth has been associated with fetal and infant mortality, congenital anomalies and endemic cretinism. (12) Cretinism is caused by severe iodine deficiency in utero and is characterized by gross intellectual disability and varying degrees of short stature, deaf-mutism, and spasticity. (12) Li et al. performed a cross-sectional study including 31 neurological cretins and 85 controls to reassess thyroid status following iodine supplementation after birth. A significantly higher prevalence of subclinical hypothyroidism (P= 0.029) and thyroid nodules (P< 0.0001) was found in the cretin group compared to the control group, which highlights the irreversible impact of iodine deficiency in utero on the thyroid gland.



Endocrine disrupting chemicals

Exposure to endocrine disrupting chemicals (EDCs) as a potential modifiable risk factor for thyroid dysfunction and thyroid cancer is of growing interest to researchers. Although exposure to endocrine disrupting chemicals (EDCs) has been associated with changes in thyroid function, the potential carcinogenic effect of EDCs on the thyroid gland remains to be evaluated, as study results are inconsistent. (13)

Iodide uptake mediated by the sodium-iodide symporter (NIS) is identified as the first limiting step involved in the production of thyroid hormones. Perchlorate, nitrate, and thiocyanate competitively inhibit the NIS-mediated iodine uptake, thus modifying iodide uptake and affecting thyroid hormone synthesis. The review by Serrano-Nascimento et al. focusses on these anions, concluding that the impact of exposure to NIS-inhibitors is still inconclusive and controversial and further evaluation is needed.

Ayhan et al. examined the association between in utero exposure to chlordecone, an organochlorine insecticide with endocrine disruptive properties, and thyroid function in 124 boys and 161 girls at the age of 7 years. While they found that prenatal exposure to this EDC was associated with elevated levels of thyroid stimulating hormone (TSH) in the third quartile of cord-blood chlordecone concentrations for girls compared to the lowest quartile (βadjusted: 0.22 (95% CI: 0.01; 0.44)), it was not associated with significant changes in free triiodothyronine (fT3) and free thyroxine (fT4) in girls and boys.

Tang et al. investigated the effect of early life exposure to triclosan, an antimicrobial chemical with potential endocrine disruptive properties, on thyroid hormone levels and histopathological changes of thyroid follicles. Zebrafish were exposed to triclosan at 0 (control), 3, 30, 100, 300, and 900 ng/mL. Increasing triclosan from 3 to 300 ng/mL reduced total triiodothyronine (TT3), fT3 and fT4 levels and induced histopathological changes within thyroid tissues.

To examine the toxic and endocrine disruptive effects of glyphosate-based herbicides in experimental models, Dal’ Bó et al. investigated the effects of Roundup®, a glyphosate containing herbicide, on normal and papillary thyroid carcinoma cell lines. Exposure to Roundup® at acceptable occupational exposure levels (160µg/L) caused the death of 43% to 50% of the human thyroid-derived cell lines in 24 hours and 33% in 48 hours. Dal’ Bó et al. concluded that Roundup® exposure presents a non-monotonic dual dose-response curve with significant cell death after low dose exposure with important proliferative effects.

Sousa-Vidal et al. assessed the effects of intrauterine exposure to di(2-ethylhexyl) phthalate (DHEP), a widely used EDC in the production of malleable plastics, on the hypothalamus-pituitary-thyroid (HPT) axis in offspring rats in adulthood. A decrease in serum TSH and T4 levels was found in female rats exposed to DHEP in utero, while an increase in serum TSH levels was found in exposed male rats. These results confirm the impact of intrauterine DHEP exposure on the HPT axis and the potential increased susceptibility to develop thyroid dysfunction.

In conclusion, this research topic provides a broad overview of the complex and extensive interplay of endogenous and exogenous exposures potentially involved in thyroid dysfunction and thyroid cancer. It summarizes the recent achievements in disentangling the potential roles of these exposures, thereby providing a basis for future studies to better explore and understand reasons for the increasing trend in the incidence of thyroid cancer and thyroid disease. In turn, this may allow for the development of preventative strategies, personalized management, and exposure health policies to improve thyroid health.
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Background

Chlordecone is an endocrine-disrupting chemical with well recognized estrogenic and progestagenic properties. This organochlorine insecticide was extensively used in the French West Indies from 1973 to 1993 to control the banana root borer. Due to its poor degradation in the environment, permanently polluted soil is responsible for the current contamination of the food chain and human beings. We aimed to examine the relationship of in utero exposure to chlordecone and thyroid (thyroid stimulating hormone [TSH], free tri-iodothyronine [FT3], free thyroxine [FT4]), metabolic (insulin growth-factor 1, leptin, adiponectin), and sex-steroid (dehydroepiandrosterone [DHEA], total testosterone [TT], dihydrotestosterone [DHT], estradiol [E2]) hormone levels in children at the age of seven years who participated in TIMOUN, an ongoing birth cohort in Guadeloupe.



Methods

Chlordecone concentrations were measured in cord-blood at delivery. Thyroid, metabolic, and sex-steroid hormone levels were determined in the blood of children at seven years of age. Associations between in utero chlordecone exposure and hormone levels at seven years of age were assessed by multiple linear or logistic regression, controlling for confounding factors.



Results

Among the study population (210 boys and 228 girls), chlordecone and hormone measurements were available for 124 boys and 161 girls. We found the third quartile of in utero chlordecone exposure relative to the lowest quartile to be associated with elevated TSH levels in girls and elevated DHEA, TT, and DHT levels in both sexes. Complementary non-linear analysis (spline regression) confirmed a significant non-linear trend for TSH in girls and DHEA and DHT in boys.



Conclusion

In utero chlordecone exposure was associated with elevated levels of selected thyroid (TSH) and sex-steroid (DHEA, TT, and DHT) hormones at seven years in a non-monotonic dose response (inverted U) relationship. The implications for future health and reproductive function in puberty and adulthood should be determined.





Keywords: chlordecone, endocrine disruptors, in utero exposure, hormones, children



Introduction

Chlordecone is a persistent organochlorine insecticide that was extensively used in Guadeloupe and Martinique (French West Indies, FWI) from 1973 to 1993 to fight against the banana root borer (1). This pesticide undergoes no significant biotic or abiotic degradation in the environment (2). Although chlordecone has not been used since 1993, it persists in the soil of current and former banana fields where it has been spread. Simulation studies have shown that it would take up to 7 centuries for soils to be cleaned up through leaching (3). Chlordecone in soil is slowly drained by rainfall towards superficial water, ground water, and marine coastal waters and contaminates the terrestrial and aquatic ecosystems, including crops, livestock, and fishing products (4, 5). Most local animal and vegetable production and consumption is not influenced by the limited seasons that occur in the FWI, as in many tropical Caribbean areas. Therefore, human exposure to chlordecone in the FWI arises from the continuous consumption of contaminated foodstuffs. The analysis of blood samples has shown that a large proportion of the French West Indies population, both infants and adults, are contaminated by chlordecone (1, 6–8). Chlordecone crosses the human placental barrier, thus exposing the fetus during its development (9, 10).

Epidemiological studies conducted in the FWI have reported that chlordecone exposure is associated with an increased risk of prostate cancer in adult men, preterm birth in pregnant women, and altered growth, cognitive, motor or visual development in toddlers and children (7, 9–14).

Several biological mechanisms have been suggested to explain the unwanted effects of chlordecone on health. Chlordecone has the capacity to inhibit brain ATPases, as well as that to interact with multiple neurotransmitters (noradrenaline, dopamine, GABA, etc.) (15). Moreover, estrogenic and progestagenic-like properties have been clearly established both in vivo and in vitro (16–21). Chlordecone binds to estrogen receptors α (ERα) and β (ERβ), acting as an agonist of ERα and an antagonist of ERβ (22, 23). In addition to its interaction with nuclear ERs, chlordecone may activate alternative estrogen signaling pathways or other enzymes and receptors involved in steroid homeostasis (24–27). These data all support chlordecone an endocrine disruptor.

Endocrine-disrupting chemicals (EDCs) are exogenous agents that interfere with the synthesis, secretion, transport, metabolism, binding action, and/or elimination of natural blood hormones (28). Hormonal homeostasis is essential for a large variety of physiological processes, including growth, development, reproduction, energy balance, metabolism, and the regulation of body weight, among others (29). By interfering with hormonal homeostasis, EDCs may affect such physiological processes and lead to deleterious effects on many endocrine systems, with negative outcomes (30). Among the key characteristics of EDCs are those of being able to alter hormone synthesis, transport, metabolism, and clearance (31). Such alterations can result in changes in circulating hormone levels, which, in turn, can lead to negative health outcomes.

Few studies have investigated the relationship between chlordecone exposure and circulating hormone levels. No association was found among healthy adult Guadeloupian men between chlordecone exposure and circulating levels of dehydro-epiandrosterone (DHEA), DHEA-sulphate, androstenedione, androstenediol, total testosterone (TT), free and bioavailable testosterone, dihydrotestosterone (DHT), estrone, E1-sulphate, or estradiol (E2) (32). In the TIMOUN Mother-Child Cohort Study in Guadeloupe, in utero exposure to chlordecone has been shown to be associated with increased thyroid stimulating hormone (TSH) levels at three months of age, but only for boys, without modification of free tri-iodothyronine (FT3) or free thyroxine (FT4) levels (33).

The in utero period of development is a recognized temporal window of vulnerability during which EDCs may exert their effects, resulting in a large spectrum of disorders, some of which are sexually dimorphic, later in life (30). Here, we investigated the relationship between prenatal (in utero) exposure to chlordecone and the circulating levels of thyroidal (TSH, FT3, FT4), metabolic (Insulin growth-factor 1 [IGF-1], adiponectin, leptin), and sex-steroid (DHEA, TT, E2) hormones in children at seven years of age who participated in the follow-up of the TIMOUN Mother-Child cohort study.



Materials and Methods


Participants

This study was conducted in Guadeloupe (French West Indies), a Caribbean archipelago. The TIMOUN Mother-Child Cohort was established to investigate the consequences of prenatal (maternal or in utero) exposure to chlordecone on pregnancy and child development. From November 2004 to December 2007, 1,068 pregnant women from the general population were enrolled during their third-trimester prenatal visit at public health centers (University Hospital of Pointe-à-Pitre, General Hospital of Basse-Terre, and antenatal care units) (6). Questionnaires were administered at inclusion to assess their social, demographic, occupational, medical, and family characteristics, as well as lifestyle habits. At delivery, data concerning maternal diseases during pregnancy, delivery, and the health status and anthropometric characteristics of the newborn at birth were collected by the medical staff and maternal and cord blood samples were obtained. Follow-up visits of the children were conducted afterwards at various ages (3, 7, and 18 months) to evaluate the development of the children (9, 10, 33). When the children were seven years of age (May 2011 to October 2015), 1,033 mothers initially included in the cohort were contacted for a follow-up interview and a medical examination of their child. Among them, 589 (57% of the initial cohort) were interviewed and had their child examined at the University Hospital of Guadeloupe. During the medical examination of the children, face-to-face interviews were conducted with their mothers to collect information about the socio-economic context in which the child was growing and the health of the child, including medication intake. A blood sample was also collected from the children at the end of the examination. We excluded five children from the present study because of major congenital anomalies or severe diseases that could affect hormone levels. We then retained those for whom at least one blood hormone concentration was successfully measured at seven years of age, leaving 438 children (210 boys and 228 girls). Among them, a cord-blood chlordecone measurement was available for 285 (124 boys and 161 girls). No children were treated with hormonal or anti-hormonal medications.

The study was approved by the relevant ethical committee for studies involving human subjects (Comité de Protection des Personnes Sud-Ouest et Outremer III (n° 2011-AOOSSI-40). Each parent provided written informed consent.



Blood Collection

Blood samples at birth (umbilical cord blood) and at seven years of age were collected in EDTA tubes and, after centrifugation, plasma samples were conserved in polypropylene Nunc® tubes at -30°C. They were transferred on dry ice by airmail to the Center for Analytical Research and Technology (CART) at Liège University in Belgium for organochlorine analysis and to the steroid mass spectrometry platform of the Mondor Institute for Biomedical Research, Créteil, France, for hormone analysis.



Organochlorine Analyses

Blood samples were analyzed for chlordecone, p,p´−dichlorodiphenyldichloroethylene (DDE, the major and most persistent metabolite of dichlorodiphenyltrichloroethane, DDT), and the non-dioxin-like polychlorinated biphenyl congener 153 (PCB-153) by high-resolution gas chromatography with Ni63 electron capture detection. Detailed information about the sampling, analysis, and quality assurance and control have been provided elsewhere (11, 34). Among PCBs, we selected PCB-153 because it correlates very well with the total PCB concentration in plasma (35). The analytical limit of detection (LD) was 0.06 μg/L for chlordecone in cord blood, 0.05 µg/L for DDE and PCB-153 in cord blood, and 0.02 μg/L for chlordecone in the children’s blood.



Hormone Analyses

TSH, FT3, and FT4 were measured by immuno-radiometric assay (IM 3712 TSH Irma Kit, IM 1579 FT3, IM 1363 FT4, Beckman Coulter). Results were expressed as concentrations (milli-international units per liter for TSH and picomoles per milliliter for FT3 and FT4). The intra- and inter-assay coefficients of variation (CVs) were ≤3.7 and ≤8.6 for TSH, ≤6.4 and ≤5.5 for FT3, and ≤10.29 and ≤7.58% for FT4, respectively.

Insulin growth-factor 1 (IGF-1) was measured by radio-immunoassay assay (IGF1-RIACT, Cisbio Bioassays, Codolet, France) and concentrations are expressed in ng per milliliter. The intra-assay CV was ≤3.8 and the inter-assay CV ≤8.2%. Leptin was measured by enzyme-linked immuno-sorbent assay (BioVendor Human Leptin ELISA, Brno, Czech Republic) and concentrations are expressed in ng per milliliter. The intra-assay CV was ≤7.6 and the inter-assay CV ≤6.7%. Total adiponectin was measured by enzyme-linked immunosorbent assay (ALPCO, Salem, NH, USA) and concentrations are expressed in µg per milliliter. The intra-assay CV was ≤5.7 and the inter-assay CV ≤6.4%.

DHEA, TT, DHT, and E2 were assayed simultaneously by gas chromatography-mass spectrometry, as previously described (36). Briefly, deuterated steroid internal standards (CDN Isotopes, Inc., Point- Claire, Quebec, Canada) were added to all plasma samples, which were then extracted with 1-chlorobutane. The organic extracts were purified on conditioned high-purity silica LC-Si SPE columns (Varian, Les Ulis, France). All steroids were derivatized with pentafluorobenzoyl chloride (77253-1ml, Sigma-Aldrich, Steinheim, Germany). The final extracts were reconstituted in isooctane and then transferred to conical vials for injection into the GC system (GC-2010 Plus, Shimadzu, Japan), equipped with a 50% phenylmethylpolysiloxane VF-17MS capillary column (20 m x0.15 mm, internal diameter, 0.15 mm film thickness; Agilent Technologies, Les Ulis, France). A TQ8050 (Shimadzu, Japan) triple quadrupole mass spectrometer equipped with a chemical ionization source and operating in Q3 single-ion monitoring mode was used for detection. Concentrations were reported for DHEA in nmol per liter and for DHT, TT, and E2 in pmol per liter. The intra- and inter-assay CVs were ≤3.5 and ≤4.7 for DHEA, ≤2.2 and ≤2.1 for TT, ≤3.0 and ≤3.1 for DHT, and ≤3.5 and ≤4.1% for E2, respectively.



Lipid Analysis

Total cord plasma cholesterol and triglyceride concentrations were determined enzymatically (DiaSys Diagnostic Systems GmbH; Holzheim, Germany) and the total lipid concentration calculated as previously described (37).



Data and Statistical Analysis

All analyses were stratified by sex because of gender differences in hormone production and potential sexual dimorphism related to the effect of chlordecone. Continuous variables are described as means, medians, inter-quartile ranges, and percentiles. Mean ranks between unpaired groups were compared using the Mann Whitney test in descriptive bivariate analyses.

Cord-blood chlordecone concentrations were considered to be categorical (quartiles, based on their distribution in the population study) or continuous variables after log10 transformation. Chlordecone values below the LOD were imputed by a maximum likelihood estimation method (38).

Associations between in utero chlordecone exposure and hormones with ≥90% detectable values (TSH, FT3, FT4, DHEA, IGF-1, and adiponectin for both sexes, and leptin for girls) were analyzed by multiple linear regression, allowing calculation of the β regression coefficient and its 95% confidence interval (95%CI). Hormones were included in the model after the imputation of values < LOD (38) and a log10 transformation, as they were log-normally distributed. Hormones with 14.3 to 72.6% detectable values (DHT, TT, and E2 for both sexes, and leptin for boys; see Table 3) were dichotomized according to their LOD (< LOD vs ≥ LOD) and potential associations with in utero chlordecone exposure analyzed using multiple logistic regression models, allowing estimation of the odds ratio (OR) and its 95%CI.

The following maternal covariates were considered to be potential confounding factors: age at delivery (years), geographic origin (Caribbean vs European), body mass index (BMI, kg/m2), weight gain during pregnancy (insufficient, normal, excessive, or very excessive, according to the guidelines of the Institute of Medicine (39), education (< 12 years schooling vs ≥ 12 years schooling), smoking during pregnancy (never vs ever), and alcohol consumption during pregnancy (never vs ever). We also considered the following child covariates: exact age at examination (years), z-score height, z-score BMI, preterm birth (yes, no), small for gestational age (tenth percentile (40); yes, no), breastfeeding (yes, no), time of day when blood was drawn, and total cord-plasma lipid concentration (g/L). The characteristics of the samples were taken into account, as hemolysis was present in some (ranked by visual inspection as none or light, moderate, or strong) and could have affected the hormonal analysis. These covariates, including hemolysis, were included in all statistical models and then selected by applying a backward stepwise elimination procedure at P < 0.2. Missing values for each covariate were coded as an indicator variable to indicate missing. The Hosmer-Lemeshow goodness-of-fit test was used for the final logistic models.

We also implemented general additive models (GAM), including restricted cubic splines, to fit a potential non-linear association between in utero chlordecone exposure and hormone levels (41). Analyses were carried out using Stata 15.1 (College Station, Texas, USA) for linear and logistic regression modeling and SAS (SAS Institute Inc., North Carolina, USA) for GAM modeling. All tests were two-tailed, and P values <0.05 were considered statistically significant.




Results

The mothers’ and children’s characteristics according to the sex of the child are presented in Table 1. Children included in the study had an average age of 7.7 years for boys and 7.6 years for girls. The geographical origin of the family was predominantly the Caribbean islands (~97%). The mothers’ mean age at delivery was 32 years and very few reported alcohol consumption (~3%) or smoking (~2%) during pregnancy. Thirteen percent of the children were born preterm.


Table 1 | General characteristics of the study population according to sex.



The distributions of organochlorine contaminants in cord blood and the blood of the children at seven years of age are presented in Table 2. The detection frequency and median concentration of chlordecone in cord blood was 79% and 0.25 µg/L for boys, and 76.4% and 0.21 µg/L for girls. At seven years of age, chlordecone was detected in 73.8% (median concentration = 0.06 µg/L) of the blood samples of boys and 71.1% (0.05 µg/L) of those of girls. DDE and PCB-153 were also detected in 79.5% (median concentration = 0.22 µg/L) and 56.7 (0.07 µg/L) of the cord blood samples of boys and 84.9% (0.31 µg/L) and 52.2% (0.06 µg/L) of those of girls, respectively. We observed no differences according to sex, regardless of the contaminants considered (Table 2). Spearman’s rank correlation values (rho) between cord chlordecone and DDE or PCB-153 levels were 0.16 (P = 0.002) and -0.01 (P = 0.83), respectively. Cord-blood and child chlordecone concentrations were poorly correlated (rho = 0.09, P = 0.14).


Table 2 | Detection and concentrations (µg/l) of organochlorine contaminants in cord and child blood samples.



The distribution of hormone concentrations in the blood of the children at seven years of age is presented in Table 3. The detection frequency was 100% for TSH, FT4, FT3, IGF-1, and adiponectin for both sexes. The detection frequency for DHEA was 94.1% for boys and 99.1% for girls, whereas it was 91.7% for leptin for girls. The detection frequency was between 14.3 and 72.6% for the other hormones (DHT, TT, and E2 for both sexes, and leptin for boys). Girls showed significantly higher plasma levels of FT3, DHEA, TT, DHT, E2, IGF-1, and leptin than boys, whereas TSH, FT4, and adiponectin did not differ according to sex (Table 3). TSH, FT3 and FT4 levels were within normal range expected at the age of seven years (42). For the other hormones, available information is scarce and there are no well-established reference values in large populations of children at the age of seven years.


Table 3 | Detection and concentrations of hormones in child blood samples according to sex.



The results of crude and adjusted linear or logistic regression analyses for in utero chlordecone exposure are presented in Tables 4 to 6 for thyroid, metabolic, and sex-steroid hormones, respectively.


Table 4 | Associations between in utero (cord blood) chlordecone exposure and thyroid hormone concentrations at seven years of age in children of the TIMOUN cohort.



Multiple linear regression analysis showed TSH levels to be significantly higher in the third quartile of cord-blood chlordecone concentrations for girls than those in the lowest quartile (adjusted model, β = 0.22, 95%CI = 0.01-0.44; Table 4). Non-linear modelling using restricted cubic splines of the associations between cord-blood chlordecone concentrations (as continuous variables) and TSH levels in girls showed a significant non-linear trend (adjusted model, P = 0.04) (Figure 1). We obtained comparable results following additional adjustments for cord blood DDE or child blood chlordecone concentrations in the multivariable models (β = 0.18, 95%CI = -0.03-0.39, and β = 0.23, 95%CI = 0.01-0.45 for the third quartile relative to the lowest for cord-blood DDE and child blood chlordecone, respectively) (Supplemental Table S1). By contrast, we observed no association between in utero chlordecone exposure (as continuous values or categorized by quartiles) and FT4 or FT3 levels for either sex, regardless of the adjustment model (Table 4 and Supplemental Table S1).




Figure 1 | Exposure-response associations (adjusted generalized additive models, restricted cubic splines). Horizontal axis: log10 (cord blood chlordecone concentration, µg/L). Vertical axis: difference in log10 TSH (mIU/L), log10 DHEA (nmol/L), Ln (OR) TT (above vs below the detection limit), and Ln (OR) DHT (above vs below the detection limit) estimated for various levels of exposure compared to the minimal exposure observed. Black points at the bottom of the graph represent the observed values of chlordecone concentrations.



There were no significant associations between cord-blood chlordecone concentration (as continuous or categorized variable) and any metabolic hormones, whatever the adjustment model (Table 5 and Supplemental Table S2).


Table 5 | Associations between in utero (cord blood) chlordecone exposure and metabolic hormone concentrations at seven years of age in children of the TIMOUN cohort.



In terms of sex-steroid hormones, we found significantly higher levels in the third quartile of cord blood chlordecone concentration than in the lowest quartile for DHEA (adjusted model, β = 0.54, 95%CI = 0.08-1.01, for boys; β = 0.36, 95%CI = 0.02-0.71, for girls), TT (adjusted model, OR = 3.22, 95%CI = 1.08-9.6, for boys; OR = 3.28, 95%CI = 1.32-8.17, for girls), and DHT (adjusted model, OR = 3.70, 95%CI = 1.29-10.6, for boys; OR = 3.20, 95%CI = 1.01-10.2, for girls) (Table 6). Supplementary adjustments for cord blood DDE or child blood chlordecone concentrations had a minimal impact on the estimates (Supplemental Table S3). By contrast, we observed no associations concerning E2, regardless of the adjustment model (Table 6 and Supplemental Table S3). Non-linear modelling of the associations between cord blood chlordecone exposure as a continuous variable and sex-steroid hormone levels showed a significant non-linear trend for DHEA (P = 0.004) and DHT (P = 0.003) and a non-significant non-linear trend for TT (P = 0.09) for boys only in adjusted models (Figure 1).


Table 6 | Associations between in utero (cord blood) chlordecone exposure and steroid hormone concentrations at seven years of age in children of the TIMOUN cohort.





Discussion

In the TIMOUN Mother-Child Cohort Study, we examined the association between prenatal (in utero) chlordecone exposure and thyroid, metabolic, and sex-steroid hormone levels in children at seven years of age. This age is a critical period during the process of child development, as it occurs at the end of the period of adiposity rebound (between five and seven years) (43) and before the onset of puberty, corresponding to the pre-pubertal surge from the adrenal gland (adrenarche) (44).

Blood chlordecone levels were lower in children at seven years of age than those observed at birth. Cord blood levels resulted from the in-utero transfer from mothers to their babies during the period of inclusion of pregnant women (2004–2007). Chlordecone levels in children at seven years of age (2011–2015) are the sum of what remains of the body burden at birth, in addition to continuous postnatal exposure. Considering the half-life of chlordecone in blood (5 to 6 months) (2), most of the in utero contribution had disappeared at seven years of age. Since 2005, the health authorities have been implementing preventive measures to reduce chlordecone exposure of the population. This has resulted in a reduction in chlordecone exposure, as estimated by blood measurements in the general population (8).

We found a non-monotonic (inverted-U) association between in utero exposure to chlordecone, assessed by concentrations in cord blood, and TSH levels for girls and DHEA, TT, and DHT levels for both boys and girls. Only the third quartile of in utero exposure was associated with significantly increased hormone levels. Supplementary adjustments for in utero DDE or postnatal chlordecone exposure did not change the results. Complementary non-linear analysis (spline regression) confirmed a significant non-linear trend for TSH levels in girls and for DHEA and DHT levels in boys, as well as a statistically non-significant trend for TT levels in boys.


Thyroid Hormones

In the TIMOUN Mother-Child Cohort Study, we previously reported that cord-blood chlordecone concentrations were monotonously associated with increased TSH levels at three months of age in boys only, without modification of FT4 or FT3 levels (33). At seven years, we no longer observed such a profile in boys. However, we observed this profile in girls but with a non-monotonic dose-response pattern. In our population study, 7 (4.4%) of the 159 girls showed a slight increase in TSH levels to between 4.5 and 6.6 mIU/L, with strictly normal free thyroid hormone levels. The clinical importance of such a slight increase in plasma TSH levels (below 10 mIU/L) and the precise upper limit of the normal range for plasma TSH levels is still debated (45, 46). Although we cannot predict the clinical significance of our observations, the natural history of slight TSH elevations in healthy children who were not being drug treated show spontaneous normalization of TSH values (47). The biological mechanisms by which chlordecone could affect the thyroid axis are still unknown. A series of in vivo studies reported thyroid disruption in embryo and adult rare minnows exposed to chlordecone (48). However, complementary in vitro and in silico experiments showed only weak potency for the interaction of chlordecone with thyroid-related proteins (including thyroid receptors α and β) and suggested that thyroid alterations could be attributed to its interactions with ERs (48). Thus, the observed thyroid alterations in fish may have resulted from the well-recognized estrogenic activity of chlordecone. Whether a similar biological mechanism by which chlordecone could affect the thyroid axis in humans, and possibly differentially according to sex, is yet to be established.



Metabolic Hormones

We did not observe any association between in utero chlordecone exposure and metabolic hormone levels for either sex in our study population. To date, no experimental or toxicological studies have addressed the question of possible relationships between chlordecone exposure or its effects and metabolic hormones. During the follow-up of the TIMOUN Mother-Child Cohort at the age of seven years, we found no clear evidence supporting an adipogenic effect of in utero chlordecone exposure. Despite significantly higher adiposity in the third quartile of in utero chlordecone exposure (particularly in boys), we were unable to formally establish a significant non-linear trend (Costet N, Lafontaine A, Rouget F, Michineau L, Monfort C, Thomé JP, Kadhel P, Multigner L, Cordier S; unpublished data). Given the present results concerning metabolic hormones, it appears unlikely that these hormones mediate changes in adiposity, if any, in response to chlordecone exposure.



Sex Steroid Hormones

We observed increased levels of DHEA, TT, and DHT in children at seven years of age, but not E2, for the same third quartile of cord-blood chlordecone exposure relative to the lowest quartile. These hormones are located in the successive classical pathways of sex steroid production that include androstenedione and androstenediol, two alternative intermediate steps between DHEA and TT that we did not measure in the present study (29). Such relationships suggest that the increase in TT and DHT levels may result from an initial increase in the level of the substrate DHEA, consistent with the law of mass action, although increased enzyme activity in these pathways (3-β-hydroxy steroid dehydrogenase, 17-β- hydroxy steroid dehydrogenase, 5-α reductase) cannot be excluded. However, E2 levels were not modified, regardless of the level of in utero chlordecone exposure. Chlordecone is a recognized inhibitor of aromatase, the enzyme that converts TT to E2 (26). Thus, we cannot exclude the possibility that chlordecone-mediated inhibition of aromatase prevents increased E2 levels, despite an excess of TT as substrate. Finally, the origin of the increased levels of DHEA may be from any step upstream of cholesterol involving liver cytochrome P450 enzymes. Interestingly, experimental studies in rodents have shown that chlordecone induces cytochromes P450 enzymes (49) and may impair cholesterol homeostasis and tissue distribution (27, 50).



Non-Monotonic Dose-Response

The non-monotonic dose-response (NMDR) we observed between in utero chlordecone exposure and certain hormones (inverted U-shaped curve) is characterized by associations at intermediate exposure concentrations and no association at lower and higher exposure concentrations. Such a relationship is not entirely unexpected, as it is recognized that certain EDCs may exhibit such patterns in experimental studies (51, 52). NMDRs can arise from numerous molecular mechanisms, such as opposing effects induced by multiple receptors differing in their affinity, receptor desensitization, negative feedback with increasing dose, or dose-dependent modulation of metabolism (53). In the TIMOUN Mother-Child Cohort Study, we previously observed a similar NMDR between in utero chlordecone exposure and birth weight in overweight and obese mothers (13).



Strengths and Limits

The main strengths of this study lie in its prospective design, its being a population-based cohort study, and the exposure and outcome measurements. Prenatal (in utero) chlordecone exposure was determined using cord-blood samples, providing a representative measure of fetal exposure during the entire pregnancy, because the half-life of chlordecone in blood is approximately six months (54) and mothers were continuously exposed via the dietary intake of contaminated foods (6). Co-exposure to other EDCs was also considered, such as that to DDE and PCB-153, as well as childhood chlordecone exposure. We simultaneously measured a large number of hormones using standardized methods and gas chromatography–mass spectrometry for sex-steroid hormones, a method considered to be the gold standard for steroid hormone assays (55). Nevertheless, associations we observed in the present study, including the U-shaped relationships, should be interpreted with caution and we cannot exclude that it may result from a chance finding resulting from residual confounding or multiple comparisons.




Conclusion

This study shows that prenatal (in utero) exposure to chlordecone is associated with increased levels of TSH in girls and increased levels of DHEA, TT, and DHT in boys and girls in a non-monotonic dose-response relationship at seven years of age. Additional studies are necessary to explore the biological mechanisms involved in these associations and, in parallel, to identify whether such changes are predictive of a subsequent occurrence of disease.
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Objectives

Diagnosis of thyroid disease among individuals dwelling at high altitude remains a challenge. Reference intervals (RIs) for thyroid-associated hormones among Tibetans living at various high altitudes were established to improve diagnosis.



Methods

One thousand two hundred eighty-one subjects were randomly recruited from Nyingchi, Shigatse/Lhasa, and Ali of Tibet. Thyroid-stimulating hormone (TSH), free triiodothyronine (FT3), and free thyroxine (FT4) were measured by the Cobas e601 electrochemiluminescence analyzer. We used multiple linear regression and variance component analysis to assess the effect of sex, age, and altitude on hormones. RIs were established by refineR algorithm and compared with those provided by the manufacturer.



Results

Serum TSH was significantly lower in males than in females, while FT3 and FT4 were higher in males. Both FT3 and FT4 decreased with increasing age. FT3 increased with altitude, while TSH and FT4 were less influenced by altitude. The RI for TSH was 0.764–5.784 μIU/ml, while for FT4, the RIs were 12.36–19.38 pmol/L in females and 14.84–20.18 pmol/L in males. The RIs for FT3 at Nyingchi, Shigatse/Lhasa, and Ali in females were 4.09–4.98, 4.31–5.45, and 4.82–5.58 pmol/L, while in males, the values were 4.82–5.41, 4.88–5.95, and 5.26–6.06 pmol/L, respectively. The obtained RIs for TSH and FT4 were generally higher, while that for FT3 was narrower than the RIs provided by Cobas.



Conclusions

Specific RIs were established for thyroid-associated hormones among Tibetans, which were significantly different from those provided by the manufacturer.





Keywords: high altitude, reference interval, refineR algorithm, thyrotropin, thyroid hormones



Introduction

Thyroid disease is a prevalent health problem which may lead to potentially devastating healthy consequences (1). In China, the weighted prevalence of overt hyperthyroidism, overt hypothyroidism, subclinical hyperthyroidism, and subclinical hypothyroidism are known to be 0.78%, 1.02%, 0.44%, and 12.93%, respectively (2). Delayed diagnosis of thyroid disease can lead to adverse effects such as heart failure, atrial fibrillation, and mortality from other cardiovascular diseases, and redundant treatment due to misdiagnosis may also increase disease burden of patients or trigger adverse drug reactions (1, 3, 4). It was estimated that the rate of overdiagnosis of subclinical hypothyroidism was up to 16% due to physiological elevation of thyroid-stimulating hormone (TSH) (5, 6). Therefore, accurate and timely diagnosis is essential. The diagnosis of thyroid disease is predominantly based on laboratory measurements, of which the accuracy is mainly related to the applicability of reference interval (RIs). For some special groups such as the elderly (7), pregnant women (8), minority, and so on, general RIs may be not applicable. Similarity, habitants in the Tibet Plateau with an average altitude of more than 4,000 m may have their hypothalamic–pituitary–thyroid (HPT) axis altered for adaptation to severe cold, hypobaric hypoxia, sleep disorder, and other unfavorable conditions. This long-term adaptation may lead to thyroid-related hormone levels in Tibetans different from those in the plain (9–11). Even if the effects of sex, age (12–14), region, sampling time (15), and pregnancy status (16) on thyroid-related hormones are well discussed, however, only few articles (10, 11, 17) have assessed the influence of altitude on thyroid-associated hormones, let alone establishing altitude-specific RIs.

Currently, direct and indirect methods are the two sampling techniques applied to establish RIs. The direct method is the accepted standard method using a priori or posteriori sampling approach to provide a high internal validity and a minimal bias. However, the process is always costly and time-consuming and has poor feasibility (18). Since it is very difficult to define the apparently healthy individuals for specific groups such as the elderly, pregnant women, and people living in a special environment, the application of the direct method is restricted (18). Conversely, the indirect method with the simple and low-cost performance in a real-world environment utilizes the data mining technique to estimate the healthy distribution from the mixed distribution (19, 20). Thus, it can be used for the establishment of RIs when healthy individuals cannot be defined and obtained using direct sampling. The refineR algorithm has been previously proposed for the problem of “data mining” RIs (21). An open-source R code for the establishment of RIs using refineR algorithm has been developed by Ammer (21) and its effectiveness has been also proved. The core of the algorithm is still parameter combination and optimal search. Compared with the forward approach proposed by other indirect algorithms, the refineR algorithm adopts an inverse modeling approach to separate the healthy distribution of observed test results and identifies the optimal model for RI establishment. In short, using indirect methods such as refineR algorithm to establish RIs might be more preferable in Tibetan population, as the chronic exposure to high altitude may induce changes of thyroid-associated hormones for environmental adaptation (10, 11).

To help make more accurate clinical decisions on thyroid-related diseases, we used the variance component model to explore the effects of age, sex, and altitude on thyroid-associated hormones in Tibetan population. Furthermore, we established sex- and altitude-specific RIs for thyroid-related hormones in Tibetans based on the refineR algorithm and evaluated the application.



Method and Material


Subjects

From September 2016 to August 2018, we used a standard questionnaire to recruit participants at Ali (altitude I: 4,298–4,352 m), Shigatse/Lhasa (altitude II: 3,670–3,835 m), and Nyingchi (altitude III: about 2,900 m) of Tibet Autonomous Region in China. One thousand two hundred eighty-one indigenous Tibetan subjects were randomly enrolled in our study by the following criteria:

	Subjects self-report that they are currently in good health and have no major organ system disease,

	age ≥19 years,

	the subjects were Tibetan,

	subjects with no hospitalization in the past 6 months and no illness in the past 4 weeks, and

	subjects were required to have lived in Tibet for >1 year.





Ethical Approval

This study has been approved by the Ethics Committee of the People’s Hospital of Tibet Autonomous Region (Approval No.ME-TBHP-2017-021) and the Ethics Committee of Peking Union Medical College Hospital (Approval No. S-K530). All the subjects had signed the informed consent form.



Sample Collection

All subjects were requested to maintain on a normal diet and to avert night shifts or strenuous exercise 24 h before tests. After sitting for 10 to 15 min, fasting venous blood samples of subjects were drawn into red-capped procoagulant-containing Vacuette 5-mL tubes with gel (Greiner Bio-One, Kremsm€unster, Austria) by well-trained nurses and centrifuged at 3,000rpm for 10 min.



Analytical Performance of Analytes

The levels of thyroid-related hormones including TSH, FT3, and FT4 were measured using the Cobas e601 electrochemiluminescence analyzer (Roche, Basel, Switzerland) with corresponding reagents, calibrators, and quality controls supplied by the manufacturer.



Quality Control

In this study, sample quality was strictly controlled, and all sample collection, processing, and testing personnel were uniformly trained. Serum samples were centrifuged, packaged and frozen within 30 min after sampling, and transported to the Department of Laboratory Medicine of Peking Union Medical College Hospital for unified measurement through a cold chain transportation system with strict temperature control. For all test items, two levels of quality control were implemented before and after each batch test. Samples can be tested only after the quality control is qualified. In addition, the Department of Clinical Laboratory of Peking Union Medical College Hospital is accredited by both ISO15189 and CAP. All the above test items were evaluated by the National Health and Health Commission, and the results were all qualified.



Data Cleaning and Statistical Analysis

Data cleaning and statistical analysis were performed using R programming language (V.4.0.5) and MedCalc Statistical software 18.116.6 (Mariakerke, Belgium). Shapiro–Wilk tests and frequency distribution histograms were used to describe the distributions of the items. If the variables satisfy a normal distribution, data were described as mean ± standard deviations and the Tukey method was used to identify outliers, whereas data rejecting the normality hypothesis were described as medians with quartiles. The Box–Cox method was applied to improve the normality of data before using the Tukey method to identify the outliers. Furthermore, when establishing reference intervals, the Box–Cox was performed again. The standardized regression coefficients of sex, altitude, and age were calculated by multiple linear regression. The variance component model was used to calculate the variation of thyroid-related hormones in gender, age, and altitude, that is, standard deviation or coefficient of variation. The residual standard deviation in the variance component model represents individual variation of thyroid-related hormones. Furthermore, standard deviation ratio (SDR) was expressed as (SDsex, SDaltitude, SDage)/SDresidual and was employed to judge whether the RI of thyroid-related hormones needs to be divided into several partitioning by sex, age, or altitude, and 0.4 is often used as a judgment threshold for thyroid-related hormones.

The refineR algorithm (21) was implemented using refineR package (version 1.0.0) for the aim of establishing RIs for thyroid-associated hormones. Two-sided P <0.05 was considered statistically significant.




Results


Baseline Information of Participants Enrolled in the Study

In total, 1,281 participants were enrolled in our study (Nyingchi: n = 363; Shigatse/Lhasa: n = 473; Ali: n = 445). Females accounted for 65.8%, 55.0%, and 51.9% of the recruits at altitudes III, II, and I, respectively. The median age of the Tibetan population at altitudes III, II, and I was 42, 42, and 34 years, respectively. The results of TPO-Ab and TG-Ab measured by Cobas are shown in Table 1.


Table 1 | Baseline information of individuals enrolled in this study.





Effect of Sex, Altitude, and Age on Thyroid-Associated Hormones

Source variations of each thyroid-related hormone were analyzed as shown in Tables 2, 3. Sex has apparently effects on TSH, FT4, and FT3, showing that females have higher TSH levels but lower FT4 and FT3 levels than males. As shown in Figure 1, both FT3 and FT4 decreased with increasing age. Tibetans aged over 50 years have significant higher levels of TSH than those aged between 19 and 29 years (P < 0.001). FT3 increased with altitude (P < 0.001), while TSH and FT4 were less influenced by altitude. The results of multiple linear regression in Table 2 and the variance component analysis in Table 3 indicated that sex- and altitude-specific RIs for FT3 should be considered when the SDR ≥0.4. The RIs for FT4 should be partitioned by sex with SDRsex of 0.4.


Table 2 | Effect of sex, altitude, and age on thyroid-associated hormones.




Table 3 | Results of variance component model for thyroid-associated hormones.






Figure 1 | Distribution of thyroid-related hormones in Tibetan population by sex, age, and altitude. (A–C) Distribution of TSH, FT3, and FT4 in Tibetan population by sex, age, and altitude.





RIs of Thyroid-Associated Hormones for the Population at High Altitude

The optimal parametrical models for RI establishment calculated by the refineR algorithm are shown in Figure 2 and Appendix 1. The specific results are shown in Table 4. RIs for FT3 were divided by sex and altitude, while RIs for FT4 were divided by sex. The RIs for FT3 and FT4 were overall higher in males than in females. RIs for FT3 elevated with increasing altitude as the RIs at altitudes III, II, and I were 4.09–4.98, 4.31–5.45, and 4.82–5.58 pmol/L in females and 4.82–5.41, 4.88–5.95, and 5.26–6.06 pmol/L in males. The total RIs for TSH, FT3, and FT4 were 0.764–5.784 μIU/ml, 4.01–6.23 pmol/L, and 12.19–20.70 pmol/L, respectively. Compared with the RIs provided by the manufacturer, the lower and upper limits of the obtained RIs for TSH and FT4 were higher, and the RI for FT3 was narrower.




Figure 2 | Optimal parametrical models calculated by refineR algorithm for TSH.




Table 4 | Reference interval of thyroid-associated hormones.






Discussion

The current study utilized the refineR algorithm to formulate sex- and/or altitude-specific TSH, FT4 and FT3 RIs for indigenous Tibetans living at high altitude. Sex, age, and altitude had no effect on TSH levels in Tibetans and the RI for TSH was 0.764–5.784 μIU/ml. The level of FT3 was influenced by both sex and altitude, with the upper and lower limits of the RIs being higher for males than females and both increasing with altitude. The limits of TSH as well as FT4 were found to be significantly higher in our study as compared with those provided by the manufacturer. A narrower RI range for FT3 was also found. Therefore, to avoid misdiagnosis or underdiagnosis of thyroid disease, it is recommended to apply the appropriate specific RI for the Tibetan population.

Thyroid-related hormones are closely related to the metabolism of the body, short-term stress, or long-term adaptation. Due to the particularity of the living environment, Tibetan people may have hormone levels inconsistent with those in the plain areas. The present study found little effects of altitude on serum TSH among Tibetans, which is consistent with the results of an observation study (11). Relatively short half-life of TSH (17 to 93 min) (15), pulsatile secretion manners (15, 22) and feedback regulation of the HPT axis may roughly explain the phenomenon, although the exact mechanism is unclear. In euthyroid people, synthetic TSH is released in a manner combining a basal (non-pulsatile) and a pulsatile form and can be promptly cleared after action on the thyroid gland. The frequency, mass, and duration of a pulsatile can be rapidly adjusted to maintain the dynamic stability of TSH under the control of the HPT axis in response to environmental changes like hypobaric hypoxia, cold, and other harsh conditions on the plateau (10, 23). Meanwhile, the levels of thyroid-associated hormones were apparently elevated at higher altitude, with FT3 rising more obviously. Our results roughly concurred with previous studies which reported significant increases in thyroid-associated hormones for people following short-term or prolonged exposure to high-altitude environments (11, 17, 24, 25). Elevated thyroid-associated hormones in high-altitude environments facilitate the resistance of the body to the harsh environment of high altitude and seem to be independent on pituitary gland secretion of TSH (24, 26). Furthermore, altitude-dependent FT3 rise may also be relevant to physiological changes caused by the relative lack of iodine, as studies have shown that Tibetan regions have lower urinary iodine levels and a higher risk of iodine deficiency compared with mainland China (27, 28). Mouse models also showed that iodine deficiency could induce changes in deiodinase activity in the thyroid or peripheral tissues to affect the conversion of T4 to T3 (29), and make monocarboxylate transporter 8, one of the most important T3 relevant transporters, upregulated in the thyroid gland to transport more T3 into blood circulation (30).

Gender and age are important factors to be considered in the establishment of RIs for thyroid-related hormones. However, there is still a great controversy about whether the RIs should be partitioned by age (7, 12, 14, 31). In our study, the impact of age on RIs for TSH, FT3, and FT4 in Tibetans was modest. Although it was clear from the results that TSH levels were significant higher in the group aged over 50 years than in the group aged between 19 and 29 years, the RI could not be partitioned by age in our study and the RI for TSH was 0.764–5.784 μIU/ml. Zhai et al., using the same instrument as we did, reported that the RIs for TSH in Chinese plain population <65 and ≥65 years were 0.76–6.57 and 0.75–8.86 mIU/L, respectively (14). Difference in the upper limits may be explained by the age composition of the population living at different altitudes in China, as in the case of the three regions of Tibet, where the proportion of people aged >65 years was only approximately 5% (32). Obvious discrepancies were observed for TSH, FT3, and FT4 levels between males and females, although the effect of sex on TSH level was not as remarkable as those on FT3 or FT4, which was consistent with previous studies (14, 27, 33, 34). Thus, sex-specific RIs for FT4 and FT3, but not for TSH, were proposed in our study and results showed that both the upper and lower limits of RIs for FT3 and FT4 were higher in males than in females, which can be interpreted by the potential effect of sex hormones on the HPT axis (10, 35).

At the end of this study, we compared the RIs calculated by the refineR algorithm with those proposed by the manufacturer. Higher upper and lower reference limits were found in Tibetans for TSH and FT4 (TSH: 0.764–5.784 vs. 0.270–4.220 μIU/ml, FT4: 12.19–20.70 vs. 12.00–20.00 pmol/L), as well as a narrower range for FT3 (4.01–6.23 vs. 3.10–6.80 pmol/L). These discrepancies suggested that the direct use of the RIs of the manufacturer may lead to underdiagnosis of hyperthyroidism or overdiagnosis of subclinical hypothyroidism. The study highlights the importance of establishing appropriated RIs in high-altitude laboratories by an indirect method like the refineR algorithm. However, it is important that 90% CI of RIs show that the widths of CI of FT3 and FT4 are suitable. However, the 90% CI of the upper limit of reference interval for TSH is relatively wide, possibly due to the large variation of the TSH for populations at high altitude.

Our research has both advantages and disadvantages. Firstly, it is the first multicenter cross-sectional study to set up RIs for thyroid-related hormones in Tibetan population dwelling at the plateau, and the refineR algorithm was creatively used under this situation. Secondly, a detailed questionnaire was used to assist in screening subjects from Nyingchi, Shigatse, Lhasa, and Ali. Unequivocally, there are limitations in the current study, such as the lack of thyroid ultrasonography results and the utilization of only a single testing system. However, the refineR algorithm can help identify healthy individuals from a distribution mixed with a small proportion of pathological individuals and then obtain RIs according to the optimal parameter models. Considering that conventional definitions of apparent health, such as normal blood pressure and BMIs in the normal range, may not be applicable to high-altitude dwellers, the method in our study may be a preference to establish RIs. In addition, the RIs established for thyroid-related hormones may be only applicable to the Roche platform, as non-negligible discrepancy among assay methodologies has been revealed (13). Overall, we have currently established RIs for Tibetans living at high altitude for generations, and further studies should use real-world data to compare the prevalence of thyroid disease in populations dwelling at different altitudes for generations.



Conclusion

Altitude- and/or sex-specific RIs for thyroid-related hormones were established in Chinese people living at high-altitude areas based on the refineR algorithm. Significant differences have been found while comparing the obtained RIs with the RIs provided by the manufacturer. Therefore, establishment of specific RIs according to regional characteristics of Tibet should be recommended to avoid underdiagnosis or misdiagnosis of thyroid disease.
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Background

The prevalence of thyroid carcinoma (TC) and Hashimoto’s thyroiditis (HT) has been increasing dramatically over the past decades. We investigated the relationship between HT and TC.



Methods

We followed the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines for carrying out and reporting this meta-analysis. The literature from January 1, 2010 to December 31, 2020, regardless of region and publication type, was searched comprehensively in PubMed, Embase, Web of Science, and Cochrane Library databases. After careful selection and data extraction, the pooled odds ratio of various clinical characteristics in 39 studies were calculated. Publication bias was analyzed using funnel plots.



Results

Meta-analysis of 39 original research articles showed HT to be a risk factor of TC (pooled odds ratio = 1.71; 95% confidence interval, 1.57–1.80; p < 0.00001) and papillary thyroid carcinoma (1.67, 1.51–1.85, <0.00001). Patients with papillary thyroid carcinoma (PTC) combined with HT were more likely to have multifocal carcinomas. The prevalence of an extrathyroidal extension, metastasis, BRAFV600E mutation, and recurrence was significantly lower in patients with PTC combined with HT.



Conclusions

HT is a “double-edged sword” in TC patients. HT increases the risk of TC and PTC but is a protective factor against PTC progression.





Keywords: Hashimoto’s thyroiditis (HT), thyroid carcinoma (TC), meta-analysis, papillary thyroid carcinoma, BRAFV600E mutation



1 Introduction

Thyroid carcinoma (TC) is the most common malignant disease of the endocrine system (1, 2). The overall survival from TC is high, and the prognosis is good, especially for papillary thyroid carcinoma (PTC). However, in recent decades, TC incidence has been increasing dramatically (3). The incidence of autoimmune thyroid diseases, especially Hashimoto’s thyroiditis (HT), has also increased in recent decades (4). About one-third of PTC patients also have HT, and the number of people with PTC combined with HT is increasing (5, 6). The underlying reason for this increased incidence may be improved diagnostic tools (e.g., fine-needle aspiration, high-resolution ultrasound, and detection of thyroid gland-specific antibodies). About 20%–30% of HT patients will eventually experience hypothyroidism, and an increased serum level of thyroid-stimulating hormone (TSH) may promote TC occurrence (5, 6). In addition, exposure to adverse environmental factors can make people more vulnerable to thyroiditis (7, 8).

In 1893, Rudolf Virchow was the first to propose a link between chronic inflammation and cancer development. In the next century, his hypothesis was confirmed in several human diseases (9, 10). The most convincing evidence for his hypothesis was (i) the link between chronic inflammatory diseases of the intestine (Crohn’s disease and ulcerative proctocolitis) and colon adenocarcinoma, (ii) chronic infection with the hepatitis B virus or hepatitis C virus and liver cancer, and (iii) chronic gastritis and gastric cancer caused by Helicobacter pylori infection. Similarly, it has been postulated that having HT (as the most common type of thyroiditis) also carries an increased risk of TC. Many scholars have investigated this hypothesis, but most studies have been influenced by selection biases and imprecise indicators (11). Hence, studies have reached controversial (or even contrary) conclusions. Some studies have shown that HT may be a tumor-promoting factor (12). Other studies have reported HT to not have a relationship with the higher incidence of TC (13). HT has different influences on PTC in several aspects: certain clinical manifestations, sex, lymph-node metastasis, BRAFV600E mutation, and recurrence (14–18). These factors affect the aggressiveness, treatment effect, and prognosis of PTC directly. Analyses of original studies and meta-analysis that had controversial conclusions revealed that biases usually arose because the (i) diagnostic criteria for HT were not uniform (B-ultrasound, antibodies, or pathology), (ii) the number of original research was limited, and (iii) the definition of the indicators used was not clear, such as lymph-node metastasis (metastasis of central lymph nodes or metastasis of lateral lymph nodes, or both).

Taking into account the limitations of such studies, an updated systematic review and meta-analysis is necessary. To better understand the impact of HT on PTC progression, we undertook a meta-analysis through a comprehensive search of the literature.



2 Methods


2.1 Registration

We registered (CRD42021265538) a systematic review entitled “The relationship between Hashimoto’s thyroiditis and thyroid carcinoma: a meta-analysis” in PROSPERO. We have been updating information in that systematic review.



2.2 Search Strategy

We followed the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines for carrying out and reporting this meta-analysis (19). The MOOSE checklist is shown in Supplementary Table S1. The literature from January 1, 2010 to December 31, 2020, regardless of region and publication type, was searched comprehensively in PubMed, Embase, Web of Science, and Cochrane Library databases. We used the following medical subject headings (MeSH) terms: “Thyroid neoplasms” and “Hashimoto disease”. We combined the MeSH terms and entry words when constructing searches. In addition, we also use the related article function to expand the search scope. If multiple original studies involving the same population were published, we selected the latest and most comprehensive research. Exported citations were managed, and duplicate data were deleted, using EndNote™ (https://endnote.com/).



2.3 Inclusion and Exclusion Criteria

The inclusion criteria were the following: (i) the study type must be prospective, retrospective, randomized controlled trial, or case–control; (ii) the research focus was HT and thyroid nodules, TC, or PTC; (iii) patients must be adults (≥18 years); and (iv) HT, TC, or PTC was diagnosed by pathology.

The exclusion criteria were the following: (i) the study design was not a prospective, retrospective, or randomized controlled trial; (ii) those that were editorials, letters, comments, case reports, or laboratory-animal research; and (iii) data were incomplete, and extracting the data needed in the meta-analysis was not possible.

According to these criteria, two researchers (JX and LM) conducted a preliminary screening by reading the title and abstract of the article. For the articles remaining after the preliminary screening, JX and LM read the full text and followed the inclusion and exclusion criteria strictly for final screening of the article. This screening process was carried out independently by JX and LM. Disputes in the screening process were resolved through negotiation or help of a third author (KD).



2.4 Extraction and Quality Assessment of Data

JX and LM used identical standardized data-extraction tables. The latter included the characteristics of the original research (author, publication year, region, and research type) and clinical characteristics of thyroid nodules or TC related to HT (main results were the malignancy prevalence of thyroid nodules and lymph-node metastasis in PTC; secondary results were multifocality, extrathyroidal expansion, BRAFV600E mutation, recurrence, and distant metastasis). Disputes between JX and LM were resolved by KD. If the target data of the original study could not be obtained, then the corresponding author of the original study was contacted.

We used the Newcastle–Ottawa Scale (NOS) score to assess the quality of included studies (20). The NOS focuses on the choice of study subjects (four items), comparability between groups (two items) and measurement of results (three items, applicable to cohort studies), or exposure degree (three items, applicable to case–control studies). The NOS score of each study varied from 0 to 9 points (1 point for each item, 9 points in total). An original study with a NOS score ≥6 points was considered to be of “high quality.”



2.5 Statistical Analyses

The meta-analysis of all data was carried out using Revman 5.4 with Cochrane Training (https://training.cochrane.org/). The odds ratio (OR) and 95% confidence interval (95%CI) of each study were calculated. The χ2 test and I2 test were employed to evaluate heterogeneity. For the χ2 test, p < 0.10 was considered to denote significant heterogeneity. For the I2 test, heterogeneity types were divided into “none” (0%–25%), “mild” (25%–50%), “moderate” (50%–75%), and “severe” (75%–100%). If I2 > 50%, the random-effects model was chosen for the meta-analysis; otherwise, the fixed-effects model (FEM) was chosen. We drew funnel plots and observed their symmetry to identify publication bias, but this was mainly for meta-analysis containing ≥10 studies. If the number of included studies was too small, evaluation of the symmetry of the funnel chart was not possible. For sensitivity analysis, we observed changes in the overall results by eliminating individual studies one-by-one and utilizing different effect models.




3 Results


3.1 Literature Search

We identified 2,644 records in the last decade by searching PubMed, Embase, Web of Science, and Cochrane Library databases. A total of 527 studies were excluded because they contained duplicate data. A total of 1,948 studies were removed after screening of the title and abstract. JX and LM screened the full text of the remaining 169 studies independently. A total of 101 studies were excluded because they did not conform to the inclusion criteria, and an additional 29 studies were excluded because data could not be extracted. Finally, 39 studies were included for further analyses (14–16, 21–56). Figure 1 is a flowchart of how studies were chosen.




Figure 1 | Flow diagram of systemic review procedure.





3.2 Characteristics and Methodological Quality of Included Studies

The characteristics and methodological quality of included studies are described in detail in Table 1. The included studies were retrospective except for the studies by Cortes and colleagues (38) and Carvalho and collaborators (14). According to the NOS score, studies were of high quality except for the study by Kim and colleagues (26), which received a NOS score of 5 points.


Table 1 | The clinical characteristics of included studies.



In the included studies, most scholars focused on HT and its relationship to PTC. However, a few studies simultaneously analyzed multiple pathological types of TC (PTC, follicular, medullary, and undifferentiated).



3.3 HT as a Risk Factor of TC and PTC

We wished to control for a confounding bias. Hence, we assessed if HT plays a part in multiple pathological types of TC (PTC, follicular, medullary, and undifferentiated) and whether HT is a risk factor in PTC patients (Figure 2).




Figure 2 | HT as a risk factor of TC and PTC: (A) forest plot of HT and TC and (B) forest plot of HT and PTC.



In 2,497 HT patients, 1,109 were finally diagnosed with TC regardless of the pathological type (Figure 2A). In 17,847 patients without HT, 5,742 were diagnosed with TC. The pooled OR was 1.71 (95%CI, 1.57–1.80; p < 0.00001, I2 = 40%, FEM), which provided evidence that HT is a risk factor for TC.

Six studies focused on the relationship between HT and PTC (Figure 2B). In 1,889 HT patients, 822 were diagnosed with PTC. In 15,491 patients without HT, 4,935 were diagnosed with PTC. The pooled OR was 1.67 (95%CI 1.51–1.85; p < 0.00001, I2 = 18%, FEM).



3.4 HT and Multiple Clinical Characteristics in PTC Patients


3.4.1 Multifocality and Extrathyroidal Extension

Nineteen studies reported the multifocality of PTC patients with or without HT. In PTC patients with HT, 2,018 of 5,793 patients had multifocal carcinomas. In PTC patients without HT, 4,443 of 14,880 patients had multifocal carcinomas (Figure 3A). The pooled OR was 1.17 (95%CI, 1.09–1.25; p < 0.00001, I2 = 0%, FEM). The funnel plot did not show an obvious publication bias (Figure 3B).




Figure 3 | HT and multifocality of PTC patients: (A) forest plot and (B) funnel plot. HT and extrathyroidal extension of PTC patients: (C) forest plot and (D) funnel plot.



Ten studies reported the extrathyroidal extension of PTC patients with or without HT. In PTC patients with HT, 1,618 of 3,497 patients had an extrathyroidal extension. In PTC patients without HT, 4,495 of 9,433 patients had an extrathyroidal extension (Figure 3C). The pooled OR was 0.79 (95%CI, 0.72–0.86; p < 0.00001, I2 = 38%, FEM). The funnel plot did not show an obvious publication bias (Figure 3D).



3.4.2 Lymph-Node Metastasis and Distant Metastasis

Eleven studies reported metastasis of the central lymph nodes of PTC patients with or without HT. In PTC patients with HT, 1,784 of 3,847 patients had metastasis of the central lymph nodes. In PTC patients without HT, 4,835 of 9,685 patients had metastasis of the central lymph nodes (Figure 4A). The pooled OR was 0.80 (95%CI, 0.74–0.87; p < 0.00001, I2 = 37%, FEM). The funnel plot did not show an obvious publication bias (Figure 4B).




Figure 4 | HT and central LN metastasis: (A) forest plot, (B) funnel plot; (C) Forest plot of HT and lateral LN metastasis; (D) forest plot of HT and distant metastasis.



Five studies reported metastasis of lateral lymph nodes of PTC patients with or without HT. In PTC patients with HT, 116 of 898 patients had metastasis of lateral lymph nodes. In PTC patients without HT, 412 of 3,189 patients had metastasis of lateral lymph nodes (Figure 4C). The pooled OR was 0.77 (95%CI, 0.59–0.99; p = 0.04, I2 = 26%, FEM).

Five studies reported distant metastasis in PTC patients with or without HT. In PTC patients with HT, 19 of 778 patients had distant metastasis. In PTC patients without HT, 70 of 1,555 patients had distant metastasis (Figure 4D). The pooled OR was 0.52 (95%CI, 0.31–0.87; p = 0.01, I2 = 0%, FEM).



3.4.3 BRAFV600E Mutation and Recurrence

Eight studies reported the BRAFV600E mutation in PTC patients with or without HT. In PTC patients with HT, 2,327 of 3,348 patients had the BRAFV600E mutation. In PTC patients without HT, 6,839 of 8,309 patients had the BRAFV600E (Figure 5A). The pooled OR was 0.47 (95%CI, 0.43–0.52; p < 0.00001, I2 = 0%, FEM).




Figure 5 | (A) Forest plot of HT and BRAFV600E mutation; (B) forest plot of HT and recurrence.



Five studies reported the recurrence of PTC in patients with or without HT. In PTC patients with HT, 13 of 724 patients had tumor recurrence. In PTC patients without HT, 304 of 3,337 patients suffered tumor recurrence (Figure 5B). The pooled OR was 0.32 (95%CI, 0.18–0.58; p = 0.0002, I2 = 0%, FEM).




3.5 Sensitivity Analysis

Removal of the data of each study did not influence the pooled OR of the whole analysis. Transformation of the FEM or random-effects model did not influence the results. Hence, our analysis was reliable.




4 Discussion

The relationship between HT and TC was discussed first by Dailey in 1955 (57). Whether HT plays a part in the development and progression of TC has been controversial since then. We revealed a complicated relationship between HT and TC (especially PTC). HT appears to be a “double-edged sword” in TC. It is a potential risk factor in TC (especially PTC) patients. However, PTC patients with HT usually carry a better prognosis because they have a lower risk of extrathyroidal extension, BRAFV600E mutation, metastasis, or recurrence.

The relationship between autoimmune thyroid disease and TC has been controversial for decades. Giagurta and colleagues compared the prevalence of autoimmune thyroiditis between people with PTC and individuals with benign thyroid nodules over the past 16 years. They found that patients with thyroid nodules and autoimmune thyroiditis were not more likely to have malignant thyroid nodules than individuals without autoimmune thyroiditis (48). Del Rio and colleagues conducted a prospective cohort study of 9,851 patients who underwent assessment of thyroid nodules between 1995 and 2017 (13). They showed that, for people with HT, the risk of malignant thyroid nodules was increased significantly. Our meta-analysis showed that the risk of TC or PTC in thyroid nodules for people with HT was increased. Therefore, we concluded that HT is a risk factor of TC or PTC.

Three possible pathogenic mechanisms can explain the results of our meta-analysis. First, the inflammatory response creates a favorable environment for malignant transformation. The damage wrought by cytokines and growth factors to stromal cells leads to changes in stromal reactivity, which, in turn, can lead to the malignant transformation of epithelial cells (58). In addition, the infiltration of immune cells to the thyroid gland may promote abnormal repair of DNA, thereby inducing PTC (59). Second, TSH is not only an endogenous stimulator of thyroid-hormone production, it is also a growth factor for thyroid cells (60). An increased level of TSH in most HT patients stimulates follicular epithelial hyperplasia, which promotes PTC. Third, expression of some oncogenes, such as RET/PTC gene rearrangement (61) and p63 mutation (62), may be involved in the transformation from HT to PTC. In contrast, the BRAFV600E mutation, which is usually mutually exclusive with RET/PTC gene rearrangement (63), is more common in PTC without HT, a finding that is consistent with our meta-analysis.

Usually, TC (especially PTC) is considered to be less aggressive and to carry a better prognosis than that of a malignant tumor. However, the complicated extrathyroidal extension and various types of metastasis can be fatal in some circumstances. PTC shows a high tendency to spread to regional lymph nodes. The central region is the main region of lymph-node involvement in 20%–90% of PTC patients (64). Lymph-node metastasis is the main risk factor for PTC recurrence and is highly correlated with progression-free survival and overall survival in PTC patients (65, 66). Our meta-analysis showed PTC patients with HT to have a lower prevalence of lymph-node metastasis, distant metastasis, and recurrence. This conclusion is not consistent with the conclusions reached by Mao et al. (67) or Sun and colleagues (68). One reason for the different results could be a confounding bias (e.g., they did not distinguish lymph nodes from different areas).

According to our meta-analysis, PTC patients with HT had more favorable clinical characteristics and a better prognosis than PTC patients not suffering from HT. The latter is more common in young women. Thus, patients with HT are prone to be anxious and to undergo ultrasound of the thyroid gland frequently, so discovery of a malignant thyroid nodule at an early stage is likely. Multifocal carcinomas are independent risk factors for the TC prognosis. HT patients are more likely to have multifocal carcinomas, which leads to more aggressive and radical surgery, so their recurrence risk is lower than that of PTC patients without HT. Marotta and colleagues showed lymphocyte infiltration in HT patients to be a protective factor against PTC progression (16). Zhang et al. suggested that the BRAFV600E mutation can help to predict the prognosis of PTC (69). The BRAFV600E mutation is a marker of more aggressive behavior of PTC. In addition, the BRAFV600E mutation is less common in PTC patients with HT than in PTC patients without HT. The results of our meta-analysis and the studies stated above suggest that HT is a protective factor against PTC progression, but the mechanism of action merits further study.

Our meta-analysis explored the relationship between PTC and HT from occurrence to progression, but had two main limitations. First, the included studies were mainly retrospective: more prospective studies and real-world studies are needed to draw more accurate conclusions. Second, the included studies involved mainly Asian patients. More prospective cohort studies involving multiple ethnicities are needed to further clarify the relationship between HT and PTC.



5 Conclusions

HT is a double-edged sword in TC patients. HT increases the risk of TC and PTC but is a protective factor against PTC progression.
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Background

Thyroidectomy for massive goiters is challenging because of the increased risk of tracheomalacia, combined sternotomy, postoperative morbidity, and mortality, whereas studies investigating the clinicopathologic characteristics, postoperative morbidities, and surgical outcomes of massive goiters are limited.



Methods

Patients with goiters undergoing thyroid surgery between 2009 and 2019 were retrospectively reviewed. A total of 227 patients were enrolled and divided into massive goiter group and large goiter group according to the weight of the goiter. Clinicopathologic characteristics, postoperative morbidities, and surgical outcomes were compared between the two groups.



Results

Seventy-four patients (32.6%) had a goiter weighing more than 250 g and 153 patients (67.4%) were categorized in the large goiter group. Compared to large goiter patients, massive goiter patients had higher rates of retrosternal extension (82.4% vs. 30.7%), combined sternotomy (12.2% vs. 1.3%), intensive care unit admission (25.7% vs. 7.2%), transient hypoparathyroidism (41.9% vs. 25.5%), and transient recurrent laryngeal nerve palsy (10.8% vs. 3.3%) as well as prolonged length of hospital stay (P < 0.05).



Conclusions

Massive goiter patients were at increased risk of combined sternotomy, intensive care unit admission, postoperative morbidities as well as prolonged length of hospital stay after thyroidectomy compared to large goiter patients, but most of them can be treated through a cervical approach with a favorable outcome.





Keywords: multinodular goiter, thyroidectomy, retrosternal extension, massive goiter, sternotomy



Introduction

Multinodular goiter (MNG) is a common thyroid disorder, which is estimated to affect about 1.5 billion people worldwide (1, 2). Iodine deficiency is considered to be the most common cause of goiter in iodine-deficient areas, and the incidence of nodular goiter has declined with the popularization and implementation of iodized salt intake in the last decades (3, 4). However, the prevalence of nodular goiter, in iodine repletion countries, is reported in a range from 13% to 45% (5). Most nodular goiters are generally asymptomatic and slow growing, while surgical intervention should be considered for patients with compressive symptoms, disfigurement, or suspected malignancy. The severity of compressive symptoms depends on the size and location of the goiter, which may worsen owing to the rapid growth or hemorrhage. In a recent study (6), shortness of breath was noted in 40% of patients with large cervical goiter (>100 g) and 52% with substernal goiter.

Surgical intervention is the most effective treatment for massive goiters that offers a definitive effect on alleviation of compressive symptoms. However, patients with massive goiters pose airway and surgical challenges due to the airway deformity and distorted neck anatomy. In addition, retrosternal extension, with a reported incidence of 12%~46%, is another challenge to surgeons because of the risk of an extra-thoracic approach (7, 8). Therefore, it is important to conduct a detailed preoperative evaluation as well as peri-operative management in patients with massive goiters. Although there have been many studies focusing on large goiters (>100 g), there are few studies targeting massive goiters.

The aim of this study was to investigate the clinicopathologic characteristics, postoperative morbidities, and surgical outcomes of patients with massive goiters.



Materials and Methods


Study Design

We conducted a retrospective study of patients who underwent thyroidectomy as treatment for goiter in West China Hospital, Sichuan University from September 2009 to December 2019. Clinical and pathological data were retrieved from electronic medical record system from the Computer Information Resource Center of West China Hospital. Demographic and clinicopathologic variables, including age, gender, compressive symptoms, retrosternal extension, surgical procedures, postoperative morbidities, length of hospital stay, concurrent thyroid malignancy, and surgical outcomes, were analyzed and compared between the large goiter group and the massive goiter group. Patients with incomplete record, in absence of preoperative CT record, or in absence of goiter weight record as well as an ectopic goiter were excluded. This study was designed according to the STROBE criteria and was approved by the Institutional Review Board of West China Hospital, Sichuan University.



Peri-Operative Management

All patients underwent a preoperative thyroid function test including thyroid stimulating hormone, free triiodothyronine, free thyroxine, thyroglobulin, and antibodies against thyroperoxidase and thyroglobulin as well as serum parathyroid hormone (PTH). Patients with hyperthyroidism in the study were treated with methimazole (10-30 mg/day; Merck KGaA, Darmstadt, Germany) to achieve a euthyroid state prior to surgery. Both ultrasonography (US) and cervicothoracic CT scan were performed in all patients to assess the size, location, and adjacent structures of the goiter. A fiberoptic laryngoscopy was performed preoperatively to assess vocal cord mobility. Post-operative laryngoscopy was selectively performed in patients with voice change. Fine-needle aspiration cytology (FNAC) was selectively performed in patients with suspected malignancy based on preoperative US findings. Moreover, an esophageal or tracheal endoscopy was performed in patients with suspected malignancy or significant symptoms of dysphagia and dyspnea.

Serum calcium and PTH levels were routinely assessed for all patients on the first day after surgery. Intravenous and oral calcium supplementations with 1,25-dihydroxyvitamin D3 (1.8~2.4 g/day; Caltrate, Wyeth, New Jersey, USA) were prescribed if the patient exhibited symptoms of hypocalcemia. The dosage of these medications was gradually tapered off with the normalization of serum calcium and PTH levels.



Definitions

Although there is no uniform definition of a large goiter, several studies defined a large goiter as the gross weight of more than 100 g (6, 7). Therefore, a large goiter was also defined as a goiter with a gross weight > 100 g, and a massive goiter was defined as a goiter with a gross weight >250 g in the present study. Similarly, a substernal goiter was defined as a goiter extending below the plane of the thoracic inlet on computed tomography (CT) scan in the supine position.

Hypoparathyroidism was defined as a serum PTH level lower than 1.6 pmol/L with a concurrent serum calcium level <2.0 mmol/L. Permanent hypoparathyroidism was defined as postoperative hypocalcemia for more than 6 months. Vocal cord palsy was diagnosed if vocal cord immobility was confirmed by laryngoscopy. Permanent recurrent laryngeal nerve (RLN) palsy was defined as persistent vocal cord palsy for more than 12 months postoperatively.



Statistical Analysis

Normally or nonnormally distributed continuous variables were described as mean ± standard deviation (SD) or median, respectively. Comparisons between two groups were conducted using Pearson’s chi-square test or Fisher’s exact test for categorical variables, whereas continuous variables were compared using Student’s t-test or Mann-Whitney U test. Statistically significant was accepted when P < 0.05. All statistical analyses were performed using SPSS Statistics software version 21.0 (IBM Inc., Chicago, IL, USA).




Results


Patient Characteristics

From September 2009 to December 2019, a total of 452 thyroidectomies were performed for nodular goiters in our department. Finally, a total of 227 patients who met the criteria were included (Figure 1). Patient demographics and characteristics are summarized in Table 1. There were 171 females and 56 males, with a median age of 58 years (range, 17-87 years). The most common compressive symptom was dyspnea (44.9%), followed by dysphagia (21.6%). Of these, 159 patients (70.0%) had a normal thyroid function, while 21 patients (9.3%) exhibited hyperthyroidism and 47 (20.7%) exhibited hypothyroidism. Total thyroidectomy or near total thyroidectomy was performed in 93 patients (41.0%), lobectomy in 62 patients (27.3%), Dunhill’s operation in 29 patients (12.8%), and 43 patients (18.9%) underwent completion thyroidectomy. In addition, concurrent central lymph node dissection (level VI) was performed in 21 patients (9.3%).




Figure 1 | Flow chart of patients’ inclusion.




Table 1 | Demographic and clinical characteristics of patients.



Retrosternal extension was observed in 108 patients (47.6%). Based on careful review of CT images, the inferior limit of goiter extended over the aortic arch in 9 patients (4.0%) and to the tracheal bifurcation in 2 patients (0.8%). Malignancy was identified in 23 patients (10.1%) and the type of malignancies included papillary microcarcinoma (n = 13), papillary carcinoma (n = 8), and follicular papillary carcinoma (n = 2). Among them, 16 cases were diagnosed by FNAC, while other 7 cases with negative FNAC results were confirmed by intraoperative frozen section examination or by paraffin pathological diagnosis.

The mean ± SD weight of goiter was 284.2 ± 54.6 g. One hundred and fifty-three patients (67.4%) were categorized in the large goiter group and 74 patients (32.6%) had a goiter weight >250 g. As shown in Table 2, massive goiter patients were more frequently from rural areas (P = 0.032) with a longer duration course of goiter (P < 0.001) compared to large goiter patients. The rates of compressive symptoms (P < 0.05) and retrosternal extension (P < 0.001) were significantly higher in the massive goiter group. Moreover, patients with massive goiters more frequently had a previous thyroidectomy (P < 0.001) with significantly higher rates of hypothyroidism (P = 0.002), combined sternotomy (P < 0.001), and prolonged length of hospital stay (P < 0.001).


Table 2 | Age and gender demographics of the double Sinopharm Vaccinated cohort in this study.





Primary Outcomes

Postoperative outcomes are shown in Table 3. One case of permanent hypoparathyroidism was recorded in the massive goiter group. There was a higher incidence of transient hypoparathyroidism in the massive goiter group compared to the large goiter group (41.9% vs. 25.5%, P = 0.012). Moreover, there was an increased risk of transient RLN palsy in the massive group (P = 0.032). No statistical differences were observed in permanent RLN palsy and permanent hypoparathyroidism between the two groups. Additionally, massive goiter patients had a significantly higher rate of intensive care unit (ICU) admission (P < 0.001). None of the patients in both groups required tracheostomy, while 5 massive goiter patients (6.7%) required prolonged intubation to prevent tracheomalacia, all of which were successfully extubated a few days later. Despite the higher rate of concurrent malignancy in the massive group, neither the patients in the large group nor in the massive group suffered recurrent disease with a mean follow-up time of 6.7 months (range, 3–18 months) and 14.2 months (range, 9–24 months), respectively.


Table 3 | Comparison of postoperative complications between large goiters and massive goiters.






Discussion

Goiter is defined as an enlargement of the thyroid gland that usually presents as a swelling in the front of the neck, which can be further classified as endemic or non-endemic, diffuse or nodular, and toxic or nontoxic (9). Most goiters are asymptomatic and do not require surgical intervention, while surgery is recommended in patients with compressive symptoms, suspected malignancy, drug-resistant hyperthyroidism, or retrosternal extension (10–12). Patients with large goiters frequently present with shortness of breath, dysphagia, and voice change; however, the most common symptom is nonspecific. In our study, the most common symptom was dyspnea, and patients in the massive goiter group had a much higher rate of compressive symptoms (for example, dyspnea, dysphagia, and hoarseness). Compressive symptoms may be directly related to goiter size, while goiter size is correlated with growth time: the longer the growth time, the larger the size. Consistent with the data of Agarwal et al. (13), we found that the duration course of goiter in the massive goiter group was longer than that in the large goiter group. These results, in a word, justify that a massive goiter potentially results from an untreated goiter with further progression for a long time.

Goiter can affect the thyroid gland diffusely or only involve one lobe. Although performing total thyroidectomy or lobectomy remains controversial, lobectomy may be an appropriate procedure for goiters which are isolated to one lobe. However, in a prospective study with a mean follow-up time of 14.5 years, Beatriz et al. (14) found that about 15% of patients (394/2,675) with MNG required completion thyroidectomy for recurrence. In this study, 43 patients (18.9%) underwent completion thyroidectomy; however, we could not conclude that the patients had recurrence of MNG because it is difficult to evaluate whether residual goiter remained after the initial surgery. Moreover, whether nodular disease involves the contralateral lobe is difficult to assess. Interestingly, we found that a higher proportion of patients with massive goiter had a previous thyroidectomy. In general, the residual thyroid tissue after lobectomy can secrete sufficient thyroid hormone to maintain daily metabolism, while thyroxine will be insufficient if the remnant of thyroid tissue is small or involved in diseases, such as Hashimoto thyroiditis or nodular goiter. Low-level of thyroid hormone stimulates the synthesis and secretion of TSH; the latter one plays an important role in the development of nodular thyroid hyperplasia (15, 16). As shown in the present study, the patients with massive goiter were found to have a higher rate of hypothyroidism, which suggests that close surveillance of thyroid function and appropriate supplementation of thyroxine may play an important role in preventing goiter progression.

Retrosternal extension, namely substernal goiter, is frequently associated with a large goiter. Although numerous definitions have been proposed and compared, there is no consensus on the definition of substernal goiter. In the literature, the reported incidence of substernal goiter varies from 12% to 46% due to the use of different criteria (7, 8). In the present study, 108 patients (47.6%) were confirmed with retrosternal extension, and all of them located in the anterior mediastinum. Moreover, we identified that the rate of retrosternal extension in the massive group was higher than that in the large group, which is consistent with a previous report (12). Most substernal goiters can be managed through a cervical approach; sternotomy should be taken into consideration if the extension is beyond the level of the aortic arch, in combination with malignancy, or in the presence of a posterior mediastinal goiter, ectopic goiter, or recurrent goiter (17–19). Only 11 patients (4.8%) in the study required a combined sternotomy, and all the patients who underwent a combined sternotomy had a goiter extending below the level of the aortic arch. Similar to the report by Sancho et al. (20), in which a goiter weight of over 250 g is an independent predictor of an increased need for additional sternotomy, suggesting that a much higher rate of sternotomy would be performed in patients with massive goiters. Cervical and thoracic CT scans play a valuable role in evaluating the depth and extent of substernal goiter and its relationship with surrounding structures, which is helpful in planning the surgical strategy and anesthesia intubation.

Total thyroidectomy for massive goiter is challenging, which is associated with a significantly higher risk of RLN and parathyroid damage (21, 22). Our data showed that the rate of RLN injury was 11.2%, which was comparable between the two groups. Lin et al. (23) reported that the incidence of right-sided RLN injury was more common than that of left-sided RLN injury. However, no such difference was noted between right-sided and left-sided RLN injuries in this study. In our experience, adequate exposure is crucial in ensuring safe thyroidectomy and preventing the potential risk of RLN injury. Recently, continuous intraoperative nerve monitoring has been reported as a useful and effective modality in identifying and preserving the integrity of the nerve, which effectively lower the incidence of postoperative vocal cord palsy (24). Postoperative hypoparathyroidism is not uncommon in large goiters due to an increased risk of inadvertent dissection or devascularization of parathyroid glands. The incidence of transient hypoparathyroidism was significantly higher in the massive goiter group, whereas the rate of permanent hypoparathyroidism was similar between the two groups. This may have resulted from the reason that patients undergoing lobectomy, Dunhill’s procedure, and completion thyroidectomy were also enrolled in the present study.

The incidence of malignancy in MNG has been reported to vary from 4% to 17% (25). In our study, the overall incidence of malignancy was 10.1% (23/227), and it was 18.9% (14/74) in the massive goiter group, which was significantly higher than that in the large goiter group. Whether there is an increased risk of malignancy in large goiter remains controversial; however, malignancy implies an increased risk of RLN and parathyroid injury due to the necessity of lymph node dissection. Although the relationship between goiter size and malignancy has not been clearly determined, it has been reported that malignancy was significantly higher in intrathoracic goiter (26, 27). On the basis of the study, a detailed preoperative US evaluation with FNAC is indispensable for massive goiters, even though the diagnostic accuracy of malignancy was relatively low in our study (69.6%). This can be attributed to the limitations of sonographic detection of surrounding structures, the deep location of the tumor, and/or tumor size <1.0 cm. In our experience, intraoperative frozen section examination provides a supplementary modality for the diagnosis of malignant nodules.

Some limitations should be noted in our study. First, retrospective analysis in general is subject to informational biases: data accuracy is closely dependent on the registration/codification process. Second, the present study was conducted in a single institution with a limited sample size. Finally, the rate of retrosternal extension was not accurately assessed and compared because there is no uniform definition of a retrosternal goiter. However, in our opinion, we prefer to define a substernal goiter that extending below the plane of the thoracic inlet on the basis of that researchers in different facilities and circumstances can easily and uniformly use this anatomic definition.



Conclusions

Massive goiter (>250 g) patients were at higher risk of combined sternotomy, ICU admission, postoperative morbidities as well as prolonged length of hospital stay after thyroidectomy compared to large goiter patients. Although massive goiters were associated with an increased rate of retrosternal extension, most of them can be removed through a cervical approach. The overall surgical outcomes for massive goiters may potential less favorable than for large goiters, whereas most massive goiters can be safely excised with minimal morbidity with an experienced surgeon and a dedicated planning.
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Triclosan (TCS) is an antimicrobial chemical widely used in personal care products. Most of the TCS component is discharged and enters the aquatic ecosystem after usage. TCS has a similar structure as thyroid hormones that are synthesized by thyroid follicular epithelial cells, thus TCS has a potential endocrine disrupting effect. It is still not clear how the different levels of the environmental TCS would affect early development in vivo. This study examines the effects of TCS on thyroid hormone secretion and the early development of zebrafish. The fertilized zebrafish eggs were exposed to TCS at 0 (control), 3, 30, 100, 300, and 900 ng/mL, and the hatching rate and the larvae mortality were inspected within the first 14 days. The total triiodothyronine (TT3), total thyroxine (TT4), free triiodothyronine (FT3), and free thyroxine (FT4) were measured at 7, 14, and 120 days post-fertilization (dpf). The histopathological examinations of thyroid follicles were conducted at 120 dpf. TCS exposure at 30-300 ng/mL reduced the hatching rate of larvae to 34.5% to 28.2 % in the first 48 hours and 93.8 .7 % to 86.8 % at 72 h. Extremely high TCS exposure (900 ng/mL) strongly inhibited the hatching rate, and all the larvae died within 1 day. Exposure to TCS from 3 to 300 ng/mL reduced the thyroid hormones production. The mean TT3 and FT3 levels of zebrafish decreased in 300 ng/mL TCS at 14 dpf (300 ng/mL TCS vs. control : TT3 , 0.19 ± 0.08 vs. 0.39 ± 0.06; FT3, 19.21 ± 3.13 vs. 28.53 ± 1.98 pg/mg), and the FT4 decreased at 120 dpf ( 0.09 ± 0.04 vs. 0.20 ± 0.14 pg/mg). At 120 dpf , in the 300 ng/mL TCS exposure group, the nuclear area and the height of thyroid follicular epithelial cells became greater, and the follicle cell layer got thicker. This happened along with follicle hyperplasia, nuclear hypertrophy, and angiogenesis in the thyroid. Our study demonstrated that early life exposure to high TCS levels reduces the rate and speed of embryos hatching, and induces the histopathological change of thyroid follicle, and decreases the TT3, FT3, and FT4 production in zebrafish.
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Introduction

Thyroid hormones are synthesized and secreted by the thyroid follicular epithelial cells, and are critical for fetal growth and neuro-development in early life (1, 2). The thyroid gland is sensitive to environmental endocrine disruptor chemicals (EDCs) during early life (3). Triclosan (TCS) is a widely used antimicrobial agent in personal care products with a similar molecular structure as the thyroid hormone, thus it is a potential EDC. TCS has been widely used in personal care products, such as soaps, toothpastes, shampoos, and cosmetics for more than 40 years (4, 5). Most of TCS is discharged into residential drains after usage, and contaminates the aquatic ecosystem (6, 7). TCS can be detected in rivers, lakes (8), and drinking water (9). The highest TCS concentrations can reach up to 5370 ng/L in effluent water of wastewater treatment plants (10) and 1023 ng/L in rivers (11). TCS is bio-accumulated in fish and other aquatic species (12–14), and can also be detected in human urine, blood, fetal cord blood, and breast milk (15–17), suggesting there is a wide exposure to TCS of the general population in different regions of the world. For example, TCS has been detected in pregnant women with the median urinary concentration ranging from 0.4 μg/L to 26.5 μg/L (18–22).

Concerns have been raised on the potential risk for TCS to perturb thyroid endocrine functioning, in part, due to the structural similarities of TCS and thyroid hormones (23). Several animal studies had examined the potential thyroid-disrupting effect of TCS in rodents (24, 25). Most of the rodent studies found that TCS exposure decreased the serum total thyroxine (T4) and triiodothyronine (T3) levels (26, 27) at the doses ranging from 1 to 300 mg/kg/d. Considering TCS is a persistent and ubiquitous pollutant in the aquatic environment, the thyroid disturbing effect of TCS at different aquatic relevant concentrations needs to be studied. But few studies have directly evaluated the effect of TCS early exposure in fish (28, 29). Moreover, the histopathologic examination is considered the gold standard for evaluating the pathological changes in tissues and organs (30), but few studies have explored the impact of TCS exposure on thyroid follicular pathological changes in fish.

Zebrafish has been a good model for studies of thyroid function, since the development of its thyroid system is comparable to human (31). None has examined the effect of early exposure to TCS from the embryo stage at the environment-related level or the bio-sample concentrations, on the thyroid gland and the related hormone levels. In this study, by using a zebrafish model, we examined the impacts of early exposure to TCS at environmentally relevant concentrations on the histopathology of thyroid follicles and the thyroid hormones levels.



Materials and Methods


TCS

TCS (Irgasan, 5-chloro-2-(2, 4-dichlorophenoxy) phenol, ≥ 97.0 % purity (HPLC), CAS no. 3380-34-5) and dimethyl sulfoxide (DMSO, 99 % purity) were purchased from Sigma-Aldrich (St. Louis, MO).



Zebrafish Maintenance and TCS Exposure

Zebrafish strains of AB wild-type line were used in the study. The male and female zebrafish at 5-months-old were acclimated in tanks containing dechlorinated tap water for 4 weeks before mating under a photoperiod of 14:10 h light/dark cycle. The fish were fed with brine shrimp twice per day.

Fertilized eggs were collected within 30 min after natural mating and unfertilized eggs were discarded. Fertilized eggs were randomly assigned to 0 (0.01 % DMSO as solvent control), 3, 30, 100, 300, and 900 ng/mL TCS (600 eggs per group) and raised up to 7 and 14 days at 28.0 ± 0.5°C under 14:10 h light/dark photoperiod cycle (32). These TCS concentrations were set based on the environmental exposure levels of both humans and wildlife (17, 33). There was 0.01% DMSO used as a solvent to enhance TCS solubility (34), as the control group . The zebrafish embryos were tolerant to low concentrations (0.01 %) of DMSO (35).

There were 200 fertilized eggs with a density of one embryo per 2 mL medium put into a culture dish until 72 h post-fertilization (hpf). The larvae were transferred into glass tanks with a density of one larva per 60 mL medium until 14 days post-fertilization (dpf) (36). After 14 dpf, the zebrafish were transferred into larger glass tanks with a density of one fish per 200 mL medium (36). Half of the medium was changed twice per day to ensure TCS concentration stable. The number of larvae hatched were inspected and recorded twice per day in the first 3 dpf (i.e., 72 hpf). The larvae were fed with paramecium twice per day until 14 dpf. Starting from 15 dpf, larvae were fed brine shrimp. The pH of raising water was maintained at 7.5 ± 0.5, conductivity was maintained at 550 ± 50 μS, temperature was maintained at 28 ± 0.5°C , and the dissolved oxygen of the raising water was monitored (32).



Hatching Rate and Mortality

The hatching rate was calculated as the number of larvae hatched during the first 3 days divided by the total number of fertilized eggs. The death of larvae was inspected and recorded twice per day for first 14 days, and the dead larvae were removed from dishes/tanks. The mortality was calculated as the number of dead larvae divided by the total number of hatched larvae.



Thyroid Hormone Measurements

At 7, 14, and 120 dpf, the zebrafish were euthanized by immersing in ice-cold water for 40 min (37, 38), and thyroid hormones (THs) were measured by ELISA (enzyme-linked immunosorbent assay) kits. Specifically, at 7 dpf, 50 larvae were homogenated and put together for one measurement. Three replicates (50 larvae each replicate) were conducted. At 14 dpf, 100 larvae were gathered for each replicate for THs measurements. For the zebrafish at 120 dpf, the heads were removed for thyroid histological analysis, and the rest of fish body was used for thyroid hormones measurement.

The free triiodothyronine (FT3), free thyroxine (FT4), total triiodothyronine (TT3), and total thyroxine (TT4) levels were measured by ELISA (Labor Diagnostika Nord commercial kit, Nordhorn, Germany) (39). The larvae samples (at 7 and 14 dpf) and the body of the fish (with head, viscera, and gut removed, at 120 dpf) were sonicated in cold 0.01 M phosphate buffer saline (PBS) at w/v of 1mg/5μL (w: wet weight of samples, v: volume of 0.01 M PBS, mg/μL), put on intermittent sonic oscillation for 5 min, vortexed vigorously for 10 min, then centrifuged at 12,000 × g at 4°C for 5 min. The supernatant was collected to measure thyroid hormones and total protein concentration. Total protein concentration was measured with the Pierce© BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Rockford, IL) to normalize thyroid hormone concentration (40). The limit of detection (LOD) was 0.1 ng/mL for TT3, 8 nmol/L for TT4, 0.3 pg/mL for FT3, and 1 pg/mL for FT4. Values below the limit of detection were replaced with values equal to the LOD divided to 2.



Hematoxylin and Eosin (H&E) Staining of Thyroid Gland and Histological Analysis

The histological analysis of the thyroid gland was conducted in zebrafish at 120 dpf. The heads of zebrafish were fixed in 10% neutral formalin (Zhongshan Beijing Biotechnology Co., Ltd., Beijing, China) for at least 12 h, and transferred to 70% ethanol, all at room temperature. Each zebrafish head was placed in processing cassettes, dehydrated through a serial alcohol gradient, and embedded in the wax blocks.

Serial transverse cross-sections were cut using a microtome 5 μm and dewaxed in xylene, rehydrated through decreasing concentrations of ethanol, and washed in PBS. The sections were then stained with hematoxylin for 4−5 min and with eosin for 1−2 min (Zhongshan Beijing Biotechnology Co., Ltd.). Thyroid follicles were located according to their being dispersed among the afferent branchial arterioles (for example, ventral aorta) in the subpharyngeal region (41). Stained thyroid follicle sections were photographed under light microscopy (BX53−p; Olympus Corporation, Tokyo, Japan).



The Nuclear Size and Height of Follicular Epithelial Cells

Photographs of each follicle were taken at the largest follicle diameter (determined by observing serial sections) with an Olympus digital camera (BX53−p; Olympus Corporation). The height of follicular epithelial cells and the long and short diameters of their cell nuclei were quantitatively analyzed. The nuclear size was calculated as the long diameter × short diameter × π/4 (41). At least 3-5 histological tissue sections per one fish sample and three different follicles (or three separate areas) per one section were selected for measuring in cases where the follicular structure was unclear or absent. The nuclear size was calculated in at least 50 thyroid follicular cell nuclei per fish at a magnification of ×1000. The height of a follicular epithelial cell was calculated by the mean of five measures along the follicle perimeter at equal intervals, and 40-80 follicular epithelial cells were measured for each fish (42). Image Pro−Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD) was used to analyze the photos.



Statistical Analysis

The ANOVA F-test was used to compare the differences in thyroid hormone levels, the height of thyroid follicle epithelial cells and nuclear size, and chi square test was used to compare the difference in hatching rate and mortality of larvae among TCS exposure groups. We used linear regression models to evaluate the associations of TCS exposures with thyroid hormones and thyroid follicle histopathological changes. The level of significance was two-sided P value < 0.05. All analyses were performed using the SAS 9.3 software (SAS Institute, Inc., Cary, NC).




Results


TCS Exposure and Hatching Rate of Larva

All the hatched larvae presented a well-developed head, body, and tail within 72 h. At 48 hpf, the hatching rate was 42% in the control group, and 47.8 % in 3 ng/ml TCS exposure group . But with the increase of TCS exposure concentrations , the hatching rate significantly dropped from 34.5 % to 4.3 % in 30 - 900 ng/mL TCS exposure (P < 0.01. Table 1). At 72 hpf, the hatching rate was 95.8 % in the control group, while the hatching rates in 3-300 ng/mL TCS exposure groups slightly reduced as TCS dose increased, but the differences were not statistically significant compared to the control. However, 900 ng/mL of TCS exposure strongly inhibited the hatching rate: only 4.3 % of fertilized eggs hatched at 48 hpf, and 18.3 % at 72 hpf (Table 1).


Table 1 | The association of TCS exposure concentration and the hatching rate of zebrafish embryos within 48 and 72 h.





TCS Exposure and Mortality of Zebrafish Larvae

All the larvae died shortly after hatching in 900 ng/mL TCS exposure group, and the mortality reached 100 % at 3 dpf. But in the TCS exposure 3 to 300 ng/mL groups, the mortalities of larvae were comparable to the control group at 7 dpf and 14 dpf, respectively (Table 2).


Table 2 | The influence of TCS exposure on the larvae mortality in 14 days post fertilization.





TCS Exposure and Thyroid Hormone Levels in Larvae and Zebrafish

We further measured the thyroid hormone levels in larvae after exposure to different concentrations of TCS at different time points. At 7 dpf, the TT3 and FT3 levels were comparable as control in 0 to 300 ng/mL TCS exposure groups; while the TT4 and FT4 levels were reduced with TCS exposure doses from 0 to 300 ng/mL, but the difference was not statistically significant (Supplementary Table S1).

At 14 dpf, the TT3 and FT3 levels in larvae were significantly lower in all the TCS exposure groups when compared to the control group. TT3 levels were on average 0.20 to 0.21 ng/mg lower in 3-300 ng/mL TCS exposure groups than that of the control group (all P < 0.05, Table 3), and the FT3 levels were 9.49, 10.74, and 9.32 pg/mg lower in TCS 30, 100, and 300 ng/mL groups, respectively (P < 0.01 , Table 3). The FT4 level tended to decrease with the increase of TCS exposure doses (P trend < 0.05, Table 3); while TT4 levels had no statistically significant changes in 0-300 ng/mL TCS exposure groups (Table 3).


Table 3 | The influence of TCS exposure on the thyroid hormone level of zebrafish larvae at 14 days post fertilization.



At 120 dpf, the FT4 levels were 0.14, 0.12, and 0.11 pg/mg lower in 30, 100, and 300 ng/mL TCS groups when compared to the control group, respectively (Figure 1 and Supplementary Table S2, all P < 0.01). The TT3, TT4, and FT3 levels were comparable among the five TCS exposure groups. After adjusted for sex, the FT4 levels were still lower in TCS 30, 100, and 300 ng/mL groups than that in the control group (all P < 0.01, Supplementary Table S3).




Figure 1 | The thyroid hormone levels [(A): total triiodothyronine, (B): total thyroxine, (C): free triiodothyronine, (D): free thyroxine] in zebrafish exposed to TCS for 120 days after fertilizing. Thyroid hormone concentrations in fish at 120 dpf were measured for each exposure group, with each sample homogenized from every single fish at 120 dpf. P trend for FT4 = 0.01. *P < 0.05, **P < 0.01.





TCS Exposure and Thyroid Histopathological Change in Zebrafish

We further examined the histological change of the thyroid gland in 120 dpf zebrafish. Ventral aorta was used to locate the dispersed thyroid follicles. In 3-300 ng/mL TCS exposure groups, the thyroid follicular epithelial cells became hyperplasia (increased number of follicular cell) and hypertrophy (enlarged follicular cell size and nuclear size), shown as increased nuclear area and cell height of thyroid follicle epithelial cells (Figures 2 and 3, Supplementary Table S4). At the same time, fish had oval thyroid follicles composed of a uniform monolayer of cuboidal thyrocytes and lumen filled with pink-stained colloid in most of the follicles in the control group (Figures 3A, F). But after exposure to TCS for 120 days, colloid depletion of follicles and angiogenesis (the development of new blood vessels from an existing vasculature) were observed (Figures 3B–E at 400×; G, H, I, and J at 1000×). TCS exposure induced follicle hyperplasia (Figures 3C–E), and nuclear hypertrophy ( Figures 3G–J), and the thickening of the layer of follicle epithelial cell in those follicles (Figures 3C–E). In the zebrafish exposed to high TCS levels at 100 ng/mL and 300 ng/mL, the thyroid follicle cells had obvious morphological alterations, for example, the follicle cells became significantly larger and follicular interstitial hyperplasia (Figures 3C–E, G).




Figure 2 | The association between TCS exposure concentrations and nuclear area (A) and the height (B) of thyroid follicle cells. P trend < 0.0001 both for nuclear size and epithelial height of the thyroid. ** P< 0.01 in the TCS exposure group vs. the control group.






Figure 3 | The morphological changes of thyroid follicles in different TCS concentration groups. (A) In the control group, the zebrafish follicle squamous to cuboidal follicular epithelium, with colloid in follicle at 400× and 1000× (F). (B–E) Follicle hyperplasia with decreased colloid in the lumen and angiogenesis in TCS 3, 30, 100, and 300 ng/mL exposure at 400×. (G–J) Hypertrophy and hyperplasia of follicle cells in TCS 3, 30, 100, and 300 ng/mL exposure at 1000×. (va = ventral aorta; c = colloid; f = thyroid follicle; ag = angiogenesis; white arrows = hypertrophy).






Discussion

In this study, we examined the disrupting effects of early exposure to TCS on the thyroid hormones in larvae and adult zebrafish, and the pathological changes of thyroid follicles. We found that the hatching rate of zebrafish embryos reduced whin 48 hpf with high TCS exposure, while the hatching rate became similar as the control when exposing to TCS at 0 - 300 ng/mL. TCS exposure did not change the mortality of larvae at 0 - 300 ng/mL, either. But in the extremely high TCS exposure (900 ng/mL), both the hatching rate and the survival of larvae were severely reduced. As to the effects of TCS on thyroid hormones, the levels of TT3 and FT3 were lower in larvae at 14 dpf in 30, 100, and 300 ng/mL TCS exposure, and the FT4 level was lower at 120 dpf in 30, 100, and 300 ng/mL TCS exposure. Moreover, with increasing concentration of TCS exposure, the epithelial height and nuclear size (area) of thyroid follicular cell turned larger in the thyroid gland of adult zebrafish at 120 dpf.

Zebrafish is an ideal animal model for study of chemical pollutants in water and thyroid hormone-disruption, partly due to its high (71 %) genetic similarity to humans (43). We set 2, 3, 7, and 14 days for larvae phase TCS exposure, 120 days (long-time) for adult phase TCS exposure (36). In this study, TCS exposure duration time was chosen according to the physiological development characteristics of zebrafish. The thyroid hormone level of zebrafish became stable after 7 dpf (44), and zebrafish reach sexual maturity at 120 dpf (45). Series of comparable TCS concentrations with natural and human exposure concentration were set in this study. Similar to our results, a previous study also found that significantly delayed hatchability of fertilized eggs and increased mortality of larvae in TCS 500 ng/mL exposure for 6 days (33). The influence of EDCs on zebrafish’s thyroid histopathology has been explored in many other related EDCs, such as perchlorate (46), arsenate (47), fluoride (48), and microcystin-LR (49). To date, there was only one study focused on the TCS exposure to adult zebrafish and thyroid histopathology (29). Consistent with our results, it reported that the thyroid follicle epithelium was changed in the sub-chronic (21 days) TCS treated fish (29). The reduction or increase in height of thyroid follicle cells are both the evidence of pathological diagnosis in thyroid dysfunction.

In previous studies, Schnitzler et al. (28) found that 20, 50, and 100 ng/mL TCS exposure to embryos decreased T4 and T3 levels at 9 days post-hatching (dph) and 12 dph, and increased T4 levels at 15 dph in Cyprinodon variegatus. Pinto et al. (29) assessed the effect and possible mechanism of TCS on adult zebrafish. They found that TCS exposure to adult zebrafish (about 100 μg/g per day for 21 days via diet) induced a reduction in circulating thyroid hormones, hyperplasia of follicles and the thyrocyte height. In our experiments, the TT4 and FT4 levels tended to be decreased with higher TCS exposure after 7 days, although they were not significant. The obvious thyroid disrupting effect by TCS shown at 14 dpf, and the FT4 decreased significantly with the increasing TCS exposure concentration both at 14 and 120 dpf. The impact of TCS exposure on thyroid hormone levels (TT3 and FT3) at 14 dpf provides the causal support for the findings in the human population (17). In the fish models, only three studies have examined the influence of TCS exposure on thyroid disruption (28, 29). Similar to our results, one study found that TCS exposure delayed the hatching of 6-13 h in medaka fish (28). A recent study found that the offspring of zebrafish exposed to TCS decreased the survival rate and delayed maturation (50), which might be partially explained by decreased thyroid hormone resulting from TCS exposure (50). The adverse effect of long-term exposure to TCS on thyroid hormone levels might be due to the cumulative effect of TCS on the development of zebrafish thyroid glands.

Most of the TT4 and a few of the TT3 are synthesized by thyroid follicular cells directly and then are transported to blood and be functioned in tissues  (51). FT3 is the most active free form which comes from FT4 deiodination. FT3 and FT4, TT3 and TT4 can be transformed into each other and maintain dynamic balance in the blood (51). TT4 and TT3 are usually used as an indicator of the reserve capacity of the thyroid gland. In this study, under the high TCS exposure levels, TT3 and FT3, rather than TT4 or FT4, decreased statistically significantly in larvae at 14 dpf. Continuous exposing to 120 dpf, only the FT4 level decreased significantly. More studies about the mechanism still need to be explored.

In our study, since the larvae all died by day 3 after they were hatched, thyroid hormone levels were not measured in the 900 ng/mL TCS exposure group. We used the whole body of larvae fish at 7 and 14 dpf and the body without head, viscera, and gut of adult fish at 120 dpf to measure the thyroid hormone levels as most previous studies. In zebrafish, thyroid hormone is expressed in both hepatic and muscle (52). If adult zebrafish were used as models, plasma or body are generally used as biological samples (53). Thyroid hormone levels in muscle can reflect the growth and development of the body (52), and in our study, the thyroid hormone concentration in the muscle was found related to the TCS exposure level and therefore presumably affects the body growth of the zebrafish.

In this study, we selected the TCS exposure (3, 30, 100, 300, and 900 ng/mL) based on the environmental TCS levels, including wildlife and general population TCS exposure levels in a natural environment. The 3-100 ng/mL TCS is the range of urinary TCS concentrations in pregnant women (17), and 3-30 ng/mL is the TCS range in waste water (10). TCS was found in ranges from 5370 ng/L to 86,161 ng/L in wastewater treatment plants (10), and 1.85 ng/L to 9650 ng/L in rivers and surface water worldwide (9–11, 54, 55). The median urinary TCS concentration is 2.52 ng/mL (17, 19), while the highest urinary TCS concentrations in pregnant women was close to 100 ng/mL (17). It is about 25% of the lethal concentration (LC50) for zebrafish (33). In zebrafish, LC50 values of TCS were 420 μg/L (95% CI, 380 - 450 ng/mL) for embryos at 96 hpf, and 340 μg/L for adult zebrafish within 96 h (33).

The toxic effects of TCS were well recognized on bacterial resistance, reproductive toxicity, and cytotoxicity in aquatic organisms (56–58), but the results on thyroid hormone disruption were inconsistent (59, 60). Most of the animal studies mainly focused on rodents (24, 61). In the adult rat, TCS treatment reduced the levels of blood TT4 and FT4, but no change was found in the levels of blood thyroid stimulating hormone (TSH) (25, 62–64). Another study found that maternal TCS (300 mg/kg/day) exposure during pregnancy decreased approximately 30% of TT4 in dams at the postpartum day 22 in mice (64). Previous studies found that TCS exposure decreased thyroid hormone levels and inhibited metamorphosis (59, 65), or neither changed the thyroid hormone level nor altered the metamorphosis in Xenopus laevis (60).

We speculate that TCS may inhibit thyroid hormones secretion by acting as a disruptor of the hypothalamic-pituitary-thyroid (HPT) axis or due to the increasing thyroid hormones clearance. Some mechanisms have been studied but the data were controversial. TCS exposure may promote (29) or inhibit (66) the sodium-iodide symporter (NIS)-mediated iodide uptake in animals’ thyroid, then increase or decrease the thyroid hormone levels. TCS decreased the thyroid hormones in the circulation of zebrafish but induced TSH gene transcription by a negative feedback regulation (29). TCS was reported to inhibit the activity of thyroid peroxidase (TPO) and thyroid hormone synthesis at concentrations of 50 ng/mL in rat (66) , and increased T4 metabolism and decreased T4 bioavailability by increasing the hepatic enzymes activity of glucuronyltransferase and pentoxyresorufin-O-deethylase (PROD) in the liver (67–69), or by activating the nuclear receptor, pregnane X receptor (PXR) (24, 61). It was also found that TCS caused hypothyroidism in rats through p38/TRHr-dependent pathway (57). Therefore, the mechanism about TCS inhibiting the thyroid hormones is still unclear and needs further investigation.

The result in larvae of this study is consistent with our previous study in humans, in which we observed an inverse association between maternal urinary TCS and cord blood FT3 level in Chinese newborns (17). It is established that thyroid hormone is critical for intrauterine neurodevelopment, due to the regulation of migration, proliferation, and differentiation of fetal neuronal cells, as well as synaptogenesis and myelination (1, 2). The nervous system is highly thyroid hormone sensitive in prenatal life, especially in the early weeks of embryonic development (70).

Our study found that zebrafish exposed with TCS for 120 days (from embryo to adult phase) caused thyroid histopathology changes in 3, 30, 100, and 300 ng/mL TCS exposure, and disturbed the thyroid hormone level (FT4) in 30, 100, and 300 ng/mL TCS exposure. This is the first study to explore the thyroid disturbed effect by long-term TCS exposure starting from the early life in zebrafish. It has been reported that the formation, growth, and differentiation of thyroid follicles in zebrafish appear to be independent of TSH (71), although the TSH receptor is responsible for thyroid gland differentiation in zebrafish (72). Future study with measurements on TSH level can lead to exploring the potential disruptive effect of TCS on the feedback mechanism of HPT axis. Considering an environmental TCS exposure, we set various TCS concentrations in water from very low to high levels in our experiment but did not measure the direct TCS concentration in the fish.

We found that exposure to TCS delayed the hatching of zebrafish embryos, decreased the thyroid hormone (FT3 and TT3) levels in the zebrafish larvae and the FT4 level in adult zebrafish (even adjusted for age). Moreover, TCS exposure affected the structure of thyroid follicles by increasing nuclear area and epithelial cell height of zebrafish thyroid follicles. Considering the reduced level of thyroid hormones which are crucial for neurodevelopment (73), our study raises the concern that early TCS exposure (from conception) may profoundly influence child neurobehavioral development at such a highly sensitive window.
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Backgroud

Endemic cretinism is the most severe manifestation among the iodine deficiency-related disorders. The clinical status of the cretins may be modified subsequently by the duration and severity of the disease. We aimed to reassess the clinical status and thyroid function of 31 surviving “neurological cretins” after 42 years of iodine supplementation in a historically severely iodine deficiency area of China.



Methods

It was a cross-sectional study in design and we investigated all 31 surviving neurological cretins and 85 controls. A detailed neurological examination was conducted on each patients. All the participants were given a questionnaire and underwent B-mode ultrasonography of the thyroid. The serum levels of thyroid hormones, thyroid antibodies, serum iodine concentration (SIC) and urine iodine concentration (UIC) were measured.



Results

The neurological cretins had shorter stature than that of the control. Neurological damage is still present in patients with cretinism. The prevalence of subclinical hypothyroidism and thyroid nodule in the cretins was significantly higher (χ2 = 4.766, P=0.029 and χ2 = 17.077, P<0.0001, respectively) compared with the control. After adjusting for confounding factors, endemic neurocretinism was found to be an independent risk factor for subclinical hypothyroidism (OR=4.412; 95% CI: 1.358–14.334; P=0.014) and thyroid nodule (OR=6.433; 95% CI: 2.323–17.816; P<0.0001).



Conclusions

Iodine supplementation after birth does not reverse the neurological damage that results from maternal/foetal hypothyroidism in utero and is subsequently manifested as neurological cretinism. There is a cross-sectional association between endemic neurocretinism and subclinical hypothyroidism and thyroid nodule.





Keywords: endemic neurological cretin, iodine-deficient area, subclinical hypothyroidism, nodules, neurological signs, thyroid function



Introduction

Iodine is an essential micronutrient for thyroid hormone synthesis (1). Thyroid hormone is particularly critical for normal fetal and infant neurodevelopment, therefore, adequate maternal iodine nutrition is essential during pregnancy (2), and severe iodine deficiency during pregnancy may result in fetal hypothyroidism as well as serious neurologic and cognitive defificits in children (3).

Endemic cretinism is the most severe manifestation among the iodine deficiency-related disorders (4). As early as 1908, two types of cretins are distinguished by McCarrison (5): neurological cretins are characterized by profound neurologic dysfunction, deaf-mutism, cerebral diplegia but clinical euthyroidism. Neurological abnormalities occurred in utero due to both maternal and fetal hypothyroxinemia caused by severe iodine deficiency. Postnatally, the persistence of hypothyroidism entails the development of myxedematous cretinism (6). Consequently, myxedematous cretins are traditionally characterized by stunted growth and signs and symptoms of hypothyroidism (7). Later studies have demonstrated that this overlap is greater than previously thought (8–10). In 1993, Boyages & Halpern (6) have proposed that both neurological cretins and myxedematous cretins are associated with severe iodine deficiency, with a time-dependent effect. For example, whatever the cause of thyroid destruction in myxedematous cretins, it appears not operative at birth but becomes an important factor with increasing age. Considering that the clinical status of the myxedematous cretins were subsequently modified by the duration length and severity of hypothyroidism (11, 12), we were curious that whether the neurological cretins also have thyroid function or clinical status changes with increasing age.

Therefore, we investigated all 31 surviving cretins in a historically severe iodine deficiency area, Jixian Village, Heilongjiang Province, China. Our institute had conducted a survey in this village in 1979, finding that the goitre rate was estimated to be 74% and the prevelence of cretinism was as high as 11.04% (145 people in 1313) (13, 14). Now, 42 years have passed, we surveyed this village again, the aim of our study is to evaluate the thyroid function and clinical signs of the endemic cretins after salt iodine supplementing with increasing age.



Materials and Methods


Survey Areas

Our study was performed in a district named Jixian Village located in the Huachuan County, Heilongjiang Province, which lies on the west side of Sanjiang Plain in the northeast of the People’s Republic of China. In this sparsely populated region with low terrain, inhabitants mainly rely on subsistence agriculture for their livelihood.



Survey Subjects

This was a cross-sectional study in design and we have evaluated all the surviving cretins (n=31) who have been diagnosed as neurological cretins with marked intellectual disability in 1979 by expert physicians according to the diagnosis criteria of cretinism. All the 31 cretins have been living in Jixian Village since they were born. According to the inclusion and exclusion criteria, we surveyed 85 adults as the control group, who were from the same village as the cretins, with similar diet and socioeconomic status. The inclusion criteria were as follows: age ranges from 43 to 79 (the same age range as the cretins); and resided locally since they were born. The exclusion criteria were as follows: pregnant or lactating women; those with no blood or urine samples for determination or with missing information on key sociodemographic and lifestyle characteristics; Individuals taking medications (amiodarone etal.) that interfere with thyroid function; participants with family history of cretinism.

The project was approved by the Ethics Review Committee of Harbin Medical University (No. hrbmuecdc20201201). Participants in the control group signed informed consent before data collection and the families or guardians of the cretins also consented to participate in the study voluntarily.



Survey Methods

Detailed neurologic examination of each cretin patient was performed by two expert physicians.


Intelligence Testing

Subjects were given the Raven’s Progressive Matrices (RPM) for intelligence tests. The RPM is regarded as the most well researched of all the nonverbal measures (15). It is most valuable for use with people whose test performance may be confounded by language, hearing, or motor impairments or those who are non-English speaking (16). The RPM is the recommended method of intelligence test for diagnosing cretinism in China, and the type of intelligence disability was classified as severe for IQ <25, moderate for 25-39 and mild for 40-54.



Audiometry

Audiometric assessment was carried out on 29 patients, the mean hearing threshold (dB) is given as the average of the hearing thresholds at 500Hz, 1000Hz and 2000 Hz (17).

A neurological examination was undertaken, and signs of paralysis and motor spasticity were particularly sought. Special attention was focused on the gait.

We have performed several physical examinations for all the participants in this study, variables were height; weight; body mass index (BMI; height/weight2 [kg/m2]) (18). A standard questionnaire was designed to acquire demographic characteristics.



Laboratory Test and Clinical Diagnosis

5 samples in total from east, south, west, north, and central locations were collected from the Jixian Village. Each water sample was at least 15 ml. Water samples were stored at 4°C until analysis. The As3+-Ce4+ catalytic spectrophotometry method was used for the determination of the iodine concentration of drinking water (19).

Salt samples were collected from all of the participants. Each participant provided at least 50g of household use of table salt in a clean, labeled ziplock bag. The iodine content in the salt samples was determined using the general test method of the salt industry (20). The standard salt iodine content in the village of our study was 25 mg/kg ( ± 30%) (21). From each participant, a single spot urine sample was collected in the morning in clean plastic tubes and stored at 4°C, and measured within four months of collection. UIC was measured according to the standard procedure method for determination of iodine in urine by As3+-Ce4+ catalytic spectrophotometry (22). The reference values of iodine deficiency in adults was as a median urinary iodine (MUI) <100µg/L, iodine adequate 100–299 µg/L, iodine excess ≥300 µg/L (23, 24).

Venous blood samples were collected from each subject after fasting for 8h. The supernatant was centrifuged and stored in a low-temperature refrigerator at −80°C until analysis to measure serum iodine concentration (SIC) and thyroid function. SIC was measured using the As3+-Ce4+ catalytic spectrophotometry method (25). The reference range of SIC in general population determined by the World Health Organization (WHO) is 45–90 µg/L (26).

The serum levels of FT3, FT4, TSH, Tg, TPOAb, TGAb were determined through electrochemiluminescent immunoassays using a Cobas Elesys 601 instrument (Roche Diagnostics Ltd., Switzerland). The reference values were 3.1–6.8 pmol/L FT3, 12–22pmol/L FT4, 0.27–4.2 mIU/L TSH, 0–34 IU/ml TPOAb, 0–115 IU/ml TgAb, and 3.5–77 ng/ml Tg (obtained from the manufacturer). The diagnostic criteria for thyroid disease were as follows (27): hypothyroxinaemia, FT4 < 12 pmol/l and TSH within the normal range; overt hypothyroidism, TSH > 4.20 mIU/L and FT4 < 12 pmol/l; subclinical hypothyroidism, TSH > 4.20 mIU/L and FT4 within the normal range; overt hyperthyroidism, TSH < 0.27 mIU/L, FT4 > 22 pmol/l, and FT3 > 6.8 pmol/l; subclinical hyperthyroidism, TSH < 0.27 mIU/L, and FT3 and FT4 within the normal range.

In addition, all participants underwent thyroid ultrasonography by experienced radiologists, using a portable instrument (LOGIQ 100 PRO, GE, Milwaukee, WI, USA with 7.5 MHz linear transducers). Subjects were examined in a sitting position with the neck hyperextended to fully expose the thyroid (28). Thyroid volume was calculated with the following formula: V (mL) = 0.479×d (mm)×w (mm)×l (mm)×0.001 (29). The diagnostic criteria for goiter, thyroid volume was > 25 ml (male) and > 18 ml (female) (30, 31); and thyroid nodule, one or more nodule (> 5mm) without goiter (27).




Statistical Analysis

SPSS V.23.0 was used for statistical analysis. Normally distributed variables were expressed as a mean and standard deviation ( ± s), and the difference between the cretins and control were compared using the independent-samples t-test. Non-normally distributed variables were expressed as a median and inter-quartile range, and the Mann-Whitney U test was performed to compare the difference between the groups. Categorical variables and ordinal variables were expressed as a number (%), and were compared the difference between the cretins and control using the χ2 test and the Mann-Whitney U test, respectively. Logistic regression was performed to analyze the risk factors associated with the subclinical hypothyroidism and thyroid nodule. With versus without the subclinical hypothyroidism and thyroid nodule were taken as dependent variables. The stepwise method was used to filter independent variables. The test level of alpha was set at 0.05 (two-sided), and P<0.05 was considered statistically significant.




Results

In this study, the median water iodine concentration in Jixian Village was 4.5μg/L. A median water iodine concentration ≤ 10 μg/L is defined as an iodine deficiency area according to the Chinese national standard (32). The iodine content of salt samples was 26.76 ± 3.24mg/kg. In addition, the coverage of household use of qualified iodized salt in this village was 98.3%, which is in agreement with the evaluation content and criteria for the elimination of iodine deficiency diseases in China (coverage of household use of qualified iodized salt > 90.0%) (33).


Demographic Characteristics and Clinical Status for the Neurological Cretin Patients

The basic demographic characteristics and clinical signs of the cretins were described in Table 1, including degree of intellectual disability, deafmutism, neurological signs, facial features, thyroid ultrasonography and individual TSH levels. In addition, the IQ level of the local control population was 88 (79~95).


Table 1 | Clinial findings in the endemic neurological cretins.



Of the 31 neurological cretins, 17 were male and 14 were female. The average age was 59.52 ± 9.63 years. 27 of 31 neurological cretins with ataxic gait, with marked motor spasticity, walked with bent knees, and their arms tended to be held in flexion (Figure 1). In 2 patients, standing up was impossible.




Figure 1 | An endemic neurological cretin patient (Female, 60 years old, 141 cm, 45.9 kg). Characterized by severe intellectual impairment, deaf mutism and motor spasticity. Showing characteristic postural abnormality of endemic neurological cretin cretinism. There is knock knee, but stance is moderately wide-based. The arms are held with the shoulders abducted, and the elbows flexed. Huachuan, Heilongjiang Province, PRC, 2020.



Audiologic examination revealed deafmutism or moderate neurologic hypoacusia in 23 of the 29 subjects examined, while for the remaining 2 patients, the audiometry was unobtainable because of the presence of defective attention or severe intellectual disability. It is worth mentioning that, 6 were deemed to have no hearing or speech difficulties. Most of the patients, to some extent, had typical cretinism facial features, such as laughing stupidly, ocular hypertelorism, flat nose or salivation. We did not find similar physical neurological abnormalities in the control group.



Basic Demographic Characteristics in the Neurological Cretin Patients and Control

Most of the neurological cretins, whether males or females, had short stature, and the average height of the male cretins (163.18 ± 5.60) was significantly lower (p<0.05) than that of the control group (167.70 ± 5.45) living in the same endemic area; and of the female cretins the average height (151.07 ± 6.28) was significantly lower (p<0.01) than that of the control group (156.44 ± 6.26) (Table 2).


Table 2 | Demographic characteristics in the neurological cretins and control.





Iodine Nutrition Status and Thyroid Function in the Neurological Cretin Patients and Control

The UIC, SIC and thyroid function in the neurological cretins and control are shown in Table 3. There were no statistically significant differences in both the median UIC (168.92 Vs 175.86μg/L) and the median SIC levels (62.39 Vs 63.82μg/L) between the neurological cretins and the control.


Table 3 | The iodine status and thyroid function in the neurological cretins and control.



Compared with the control group, the TSH levels of the neurological cretins were significantly higher (3.35 µIU/ml vs. 2.06µIU/ml, P<0.01). No statistical difference was detected in median FT3 concentrations, median FT4 concentrations, and TgAb and TPOAb-positive rates between the neurological cretins and control. There were no differences in Tg levels between the neurological cretins and control.

The prevalence of subclinical hypothyroidism and thyroid nodule in the neurological cretins was significantly higher (P = 0.029 and P < 0.0001, respectively) compared with the control. Nevertheless, we observed that there was no significant difference in the prevalence of other thyroid diseases between the two groups (Table 4).


Table 4 | Prevalence of thyroid disease between neurological cretins and control (Number of thyroid disease and percentages).





Logistic Regression Analysis Between Neurocretinism and Subclinical Hypothyroidism and Thyroid Nodule

Because of the high prevalence of subclinical hypothyroidism and thyroid nodule in neurocretinism in single-factor analysis. To further determine whether the prevalences of subclinical hypothyroidism and thyroid nodule were associated with endemic neurocretinism in multivariate analysis, binary logistic regression models were used. After adjusting for confounding factors, endemic neurocretinism was found to be an independent risk factor for subclinical hypothyroidism (OR=4.412; 95% CI: 1.358–14.334; P=0.014) and thyroid nodule (OR=6.433; 95% CI: 2.323–17.816; P<0.0001). Refer to Table 5 for details.


Table 5 | Risk factors associated with subclinical hypothyroidism and thyroid nodule.






Discussion

The Jixian Village, as a typical area we selected to investigate is once a severe iodine deficiency area. Due to a large number of cretinis, Jixian Village was once called “Village of Fools” and thus became famous throughout China in the last century. Now it is one of a few villages with so many existing endemic cretin patients for study in China. All the 31 cretins were born before the introduction of iodine prophylaxis, the IQ level of the local control population was 88 (79~95) which matched the moderate IQ level according to the national Chinese standards. Consequently, it is admirable that the introduction of iodized salt into Jixian village in 1978 prevented the occurrence of any further neurological cretinism from that date onwards. Since the investigation in 1979 of endemic goiter and endemic cretinism, all patients diagnosed with endemic goiter have been treated with oral potassium iodide. The thyroid goiter rate decreased from 74% in 1979 to 22.38% in 1982, according to a census taken three years later (34). During the second census conducted in the same area in 2002, the rate of thyroid goiter declined from 74% to 18.6% (35). In this survey, the thyroid goiter rate in cretin patients and control population was 3.2% and 3.5%, respectively. According to a nationally representative cross-sectional study with 78,470 participants from all 31 provincial regions of China, the weighted prevalence of goiter in adults was 1.17% (27). By comparison, the thyroid goiter rate in Jixian is the same as other regions, which indicates that the long-term mandatory USI program is effective in preventing iodine deficiency disorders.

UIC is a reliable indicator for the iodine status assessment because 90% of dietary iodine is excreted in urine within 24 hours after consumption (36). Due to the sensitivity of serum iodine in evaluating individual iodine nutrition status, the stability of population iodine nutrition status, and the significance of screening in people at high risk for thyroid disease (37), our study included SIC as well as the UIC for the iodine status assessment. According to the recommendations of the WHO/UNICEF/ICCIDD (24, 26, 38), whether from the perspective of the median UIC or the median SIC, the population iodine status was adequate both in the cretins and the control, which indicates that the policy of salt iodization is well implemented and successful in this area. However, it is worth noting that no statistically significant differences were found in both the median UIC and SIC levels between the neurological cretins and the control. The result shows that there is no abnormal iodine metabolism in neurological cretins after salt iodization, compared with control.

The neurological cretins, male or female, had shorter stature than that of the control group, which indicated that with increasing age, the height of neurocretinisms may also be affected. However this finding is not consistent with previously published data which have shown that growth retardation was found at a much greater frequency in myxedematous cretins (15, 39–41), rather than in neurological cretins, while for neurological cretins, they may have postnatal growth retardation, but may eventually be normal or approximately normal when they be adults (42). It seems that there is no reversal for the deaf-mutism and neurological damage for these neurological cretins even after receiving iodine supplement. This reinforces the conclusion of previous publications that treatment after delivery may improve brain growth and developmental achievement slightly, but it does not reverse the neurological damage that results in utero from maternal/foetal hypothyroidism and is subsequently manifested as neurological cretinism (43). The surviving neurological cretins are more in signs of mild intellectual disability and neurological signs, and they can still participate in family activities to some extent. The reason for this variability in signs of neurologic involvement among different surveys may be explained by the age differences of the subjects or by the different methods used to detect neurologic and audiological deficits (44). Furthermore, researches have shown that the variability of neurologic clinical signs among the types of cretinism may be explained both by environmental factors and by the severity and duration of fetal and postnatal hypothyroidism, which could modify the phenotypic expression of the disorder (9, 11).

In this study, high prevalence of subclinical hypothyroidism and thyroid nodule was found in neurological cretin patients. Although the cross-sectional study which we used makes it difficult to determine the causal relationship between the neurological cretins and subclinical hypothyroidism and thyroid nodule, the historical data from previous investigation of the village shows that all cretins were clinical euthyroidism at the time of diagnosis in 1979 (FT4: 9.83 ± 1.91μg/dl; TSH: 6.14 ± 3.49mIU/L, measured by radioimmunoassay with a reference value of 0-10 mIU/L) (13). Although endemic neurological cretins are caused by maternal/fetal hypothyroidism in utero, and they may have only transient hypothyroidism in the postnatal period, we speculate these cretin patients are more likely to be affected by iodine deficiency or other mechanisms affecting thyroid development. Also, they are more prone to thyroid dysfunction and morphological abnormalities in the future, such as subclinical hypothyroidism and thyroid nodules in our study. Biondi B point that subclinical hypothyroidism is common and most individuals can be observed without treatment, also there is no evidence that levothyroxine therapy is beneficial to persons aged 65 or older (45). Nevertheless, the endemic neurocretinism patients also should be followed up regularly to prevent the development of overt hypothyroidism.

In our study, the prevalence of thyroid nodules in the neurological cretins (54.8%) was much higher than normal, while the condition of the control group (16.5%) was similar to that of the normal populations. Numerous studies suggest a prevalence of 19-35% with ultrasound data (46). According to the epidemiological evidence from 31 provinces of mainland China, the weighted prevalence of thyroid nodules in adults was 20.43%, and iodine deficiency was significantly associated with higher odds of most thyroid disorders (27). Gharib also reported that iodine deficiency seem to increase the risk of thyroid nodules (47). The high prevalence of nodules in the cretins did still so high even after iodine supplementation, because studies show that the thyroid gland before birth and in the first few years of life (<4 years old) is able to respond physiologically to iodine deficiency and supplementation, while in patients with endemic cretinism there is a reduction in response to iodine supplementation with increasing age (11, 12, 48). Fortunately, very few of these lesions ultimately prove to be malignant (about 5%) (49). Nonetheless, as recognized risk factors for thyroid malignancy, nodules that are firm, fixed, or rapidly growing require prompt evaluation (50). It also requires more regular follow-up checks for the existing endemic neurocretinism patients.

This study had some limitations. First, the survey was confined to a unique village, although 31 cretins were all cases we investigated as hard as we could, while the results might not be representative because of the relatively small sample size, which may affect the authenticity of the results. It is expected that this problem can be solved by a larger sample or multi-center validation in other areas. Second, survivor bias may exist due to the since most of the 31 existing cretin patients surveyed had mild clinical status because of the death of patients with severe conditions.



Conclusion

In conclusion, in this historically severe iodine-deficient area, under the implementation of a comprehensive salt iodization policy, endemic neurological cretins had normal iodine nutrition. The institution of iodine supplementation after birth does not reverse the neurological damage that results in utero from maternal/foetal hypothyroidism and is subsequently manifested as neurological cretinism. We found a cross-sectional association between endemic neurological cretins and subclinical hypothyroidism and thyroid nodule.
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Endocrine-disrupting and carcinogenic effects of glyphosate have long been suspected, but little is known about the effect of compounds used in real life at different concentrations, neither in normal nor in thyroid tumor cells. As cancer cells may have different sensitivities and the effect of the product containing glyphosate may be different from that produced by the active ingredient alone, including the Acceptable Occupational Exposure Level (AOEL=160µg/L) and the Acceptable Daily Intake (ADI=830µg/L) determined by ANVISA, we used two human thyroid-derived cell lines, Nthy-ori 3-1 (from normal follicular cells) and TPC-1 (from papillary carcinoma), to test 15 different concentrations of Roundup® Original DI. Trypan blue (TB), CCK-8 and BrdU assays were used to evaluate cytotoxicity, metabolic activity and proliferation with 24h and 48h exposures in technical and biological triplicates. TB showed an important toxic effect, especially after 24h of exposure, in both cell lines. The AOEL concentration caused the death of 43% and 50% of the Nthy-ori and TPC-1 cells, respectively, in 24 h, while ADI resulted in 35% and 58% of cell death. After 48h of exposure, AOEL and ADI caused a lower number of dead Nthy-ori (33% and 18%) and TPC-1 (33% and 37%) cells, respectively, suggesting that the toxic effect of the product disappears and/or both strains have repair mechanisms that protect them from longer exposures. On the other hand, the CCK-8 assay showed that small concentrations of Roundup have a proliferative effect: 6.5µg/L increased the number of both Nthy-ori and TPC-1 cells at 24h, and the BrdU assay confirmed the stimulatory effect with a 321% increase in the absorbance of Nthy-ori cells at 48h. The herbicide produced even more frequent increases in the BrdU absorbance of TPC-1 cells, mainly at 24h. We conclude that thyroid cells exposed to Roundup present a nonmonotonic dual dose–response curve. Low concentrations of the pesticide, considered acceptable, cause significant cell death but also have an important proliferative effect, especially on TPC-1 cells. This herbicide, widely used around the world, may play a role in the increased incidence rate of thyroid nodules and cancer that has been observed in recent decades.
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Introduction

The incidence rate of thyroid cancer (TC) has increased dramatically in recent decades, making it one of the most frequent neoplasms and the fastest growing cancer in women almost all over the world (1). Although most of this increase is certainly due to the use of sensitive and accessible diagnostic methods such as cervical ultrasound, there is solid evidence that other factors may contribute. Indeed, large tumors have also been detected more frequently, and there have been major changes in the histological profile (2) and genetic landscape of currently diagnosed tumors (3).

Endocrine disruptors (EDs) have long been considered among those environmental factors most likely to be involved in thyroid tumorigenesis. These chemicals affect the endocrine system at the cellular and molecular levels (4, 5), and many EDs persist in the environment and become organic pollutants (6, 7). Because ED may be used in our routine in different environments, contact with low doses and exposure from a very early age, even in intrauterine life, may influence disease outbreaks, including thyroid diseases (4, 5).

ED impairs the action and activity of triiodothyronine (T3) and thyroxine (T4), which can interfere with several pathways of thyroid hormone metabolism (8). Furthermore, alterations in thyroid hormone homeostasis modify the hypothalamic-pituitary-thyroid axis, affecting thyrotrophic hormone (TRH) and thyroid stimulating hormone (TSH) (9, 10). Exposure to ED has been linked to hypothyroidism and the appearance of goiter (11). However, little is known about the concentrations at which chemical compounds have a disruptive effect on the thyroid and/or their mechanism of action.

Glyphosate-based herbicides have been widely used for over 4 decades thanks to the introduction of glyphosate-resistant genetically modified crops in most of the world’s major food producers (12). Glyphosate (N-(phosphonomethyl)glycine) is an organophosphate considered by the International Agency for Research on Cancer (IARC) to be a class 2A carcinogen (probably carcinogenic) (13), but although glyphosate-based herbicide toxic effects as endocrine disruptors have been demonstrated in several cell lines and experimental in vivo models, their effect in the real world, especially concerning humans, is still a matter of debate.

One of the main commercial glyphosate-based products is Roundup®, first patented by Monsanto. Glyphosate was classified as a low toxic product by the Brazilian National Health Surveillance Agency (ANVISA) (14), but the potential harmful effects of the various commercial formulations available as Roundup®, which contain various adjuvants added with the aim of improving the product’s competence, are still scarce (15). In fact, in certain formulations, the adjuvants are at higher concentrations than the active ingredient, and some of these adjuvants have been reported to cause different types of damage (16–20).

Key cellular processes, such as proliferation, cell mobility, apoptosis and differentiation, are regulated by hormones, including thyroid hormones, which have been clearly demonstrated to be affected by glyphosate (21). Therefore, an effect on thyroid cell proliferation and consequent goiter or even on thyroid malignancy is plausible. In addition, thyroid tumor cells could be more susceptible to the effects of the chemical (22). Furthermore, since the dose–response curve of ED is nonmonotonic, it is essential to evaluate the effects of different doses, including those considered safe for humans, such as the AOEL and ADI, available in Brazilian Technical Note (Process No. 25351.056754/2013-17) of ANVISA (23).

The present study was designed to verify the effects of different doses of Roundup® Original DI in normal and papillary carcinoma thyroid lines.



Materials and methods


Cell culture

We used the Nthy-ori 3–1-cell line obtained from Sigma–Aldrich, St. Louis, USA (90011609) and the TPC-1-cell line, kindly provided by Prof. Dr. Valdemar de Jesus Conde Maximo, from the Institute of Pathology and Molecular Immunology - Ipatimup, University of Porto, Portugal. Both cell lines were grown in RPMI 1640 medium containing 10% fetal bovine serum, 1% penicillin–streptomycin and 250 mg/ml fungizone (Sigma–Aldrich, St. Louis, USA). Cells were kept at 37°C in a humidified environment with 5% CO2.



Roundup® Original DI preparation

To expose thyroid cell lines to different concentrations of the herbicide from 6.5 µg/L to 6500 µg/L, in conditions as close as possible to real life such as in food cultures (24, 25); doses to which farm workers are exposed (26); levels found in food and in water (12, 27). We used Roundup® Original DI (Monsanto, São Paulo, Brazil), whose formulation contains 445 g/L (44.5% w/v (phosphonomethyl) glycine diammonium salt (glyphosate), 370 g/L (37.0% w/v) equivalent to N-(phosphonomethyl)glycine acid (glyphosate) and 751 g/L (75.1% w/v) other unspecified ingredients with a concentration of 1,566 g/L.

The herbicide was diluted in water, and treatment doses were prepared at different concentrations, including the doses referenced by ANVISA. We used the following formulas for the dilution (23, 28):

	

	



Trypan blue exclusion test

TPC-1 and Nthy-ori 3-1 cells were seeded at 3.7x104 cells in 12-well culture plates and incubated for 24 hours for complete cell adhesion. After 24 hours, the cells were treated with Roundup® Original DI ranging from 6.5 µg/L to 6500 µg/L. Exposures lasted 24 and 48 hours. We used a 1:1 dilution (10 µl cell suspension of each concentration in 10 µl Trypan Blue 0.4%) (Sigma–Aldrich, St. Louis, USA) for cell counting, which was performed with Countess® II FL (Thermo Fisher Scientific). The results are expressed as the percentage of viable cells compared to controls. All tests were performed in triplicate. We used the trypan blue (TB) assay to choose the concentrations used in the following cytotoxicity assay.



Cell counting kit – 8 test

Cytotoxicity was detected by CCK-8 assay, performed according to the Sigma–Aldrich protocol (St. Louis, USA). A total of 100 µl of cell suspension (5000 cells/well) of the TPC-1 and Nthy-ori 3-1 strains was dispensed in 96-well plates and incubated for 24 hours in a humidified incubator at 37°C and 5% CO2 for complete cell adhesion. After 24 hours, Roundup® Original DI different dilutions were added: 6.5 µg/L; 65 µg/L; 160 µg/L (AOEL); 830 µg/L (ADI); 6500 µg/L upon trypan blue pretest selection. Cells were incubated for 24 and 48 hours. After that, 10 µl of CCK-8 solution (Sigma–Aldrich, St. Louis, USA) was added to each well of the plate and incubated for 3 hours in a CO2 incubator. Then, the absorbance or optical density (OD) at 450 nm was measured using a microplate reader (ELx808, Biotek, Winooski, VT, USA). The assay was performed in technical and biological triplicate, and the cellular sensitivity to the chemical was expressed as the percentage of viable cells compared to control cells using the following equation:

	



BrdU cell proliferation assay

Cell proliferation was measured by the BrdU Cell Proliferation Assay Kit (Cell Signaling Technology®) according to the manufacturer’s instructions. A total of 100,000 cells/well of the TPC-1 and Nthy-ori 3-1 strains were dispensed in 96-well plates and incubated for 24 hours in a humidified incubator at 37°C and 5% CO2 for complete cell adhesion. Then, Roundup® Original DI treatments were added, and the lines were incubated at 24 and 48 hours of exposure. A 10X BrdU solution was added to the wells that were incubated for 2 hours. After incubation, 100 µl/well of the fixation/denaturation solution was added, and the plates were maintained at room temperature for 30 minutes. Then, 100 µl of 1X detection antibody solution was added and maintained at room temperature for 1 hour. After washing the plates 3 times with 1X Wash Buffer, 1X HRP-conjugated secondary antibody solution was added, and again, the plates were kept at room temperature for 30 minutes and washed 3 times with 1X Wash Buffer. After that, 100 µl of TMB substrate was added and incubated for 30 minutes at room temperature. At this stage, the color change of the plates was already observed; we added 100 µl of STOP solution to each well, and a microplate reader (ELx808, Biotek, Winooski, VT, USA) with absorbance at 450 nm was used to read the plates. The assay was performed in technical triplicate. Cell proliferation was expressed by absorbance and corrected with the blank result (control reaction).



Statistical analysis

Statistical analysis was performed using the SAS System for Windows (Statistical Analysis System), version 9.4. SAS Institute Inc, 2002-2012, Cary, North Carolina, USA. In all analyzes non-parametric techniques were applied. To compare numerical measurements between concentration and its respective control, the Wilcoxon test was used for related samples.

To compare numerical measurements between concentrations, times and cell lines, ANOVA was used for repeated measurements with transformation by ranks. The significance level adopted for the statistical tests was 5%.




Results


Effect of Roundup® on cell viability

We determined viability using loss of membrane integrity by trypan blue dye exclusion assay and, as demonstrated in Figure 1, observed that the effect of Roundup® Original DI on TPC-1 thyroid cells was not dose-dependent but exhibited a nonmonotonic response within 24 h, which flattened out within 48 h.




Figure 1 | Percentage of dead TPC-1 cells after exposure to increasing concentrations of Roundup® Original DI for 24 h and 48 h measured by the trypan blue dye test. Results are presented as mean ± SE.



Roundup® Original DI caused the death of up to 71% of TPC-1 cells exposed for 24 h at the tested concentrations, but this effect diminished after 48 h of exposure (Figure 1).

We selected five concentrations of Roundup® Original DI that were further applied to Nthy-ori 3-1 cells that Figure 2A, after 24 hours of exposure, also showed a decrease in viable cell numbers and, likewise TPC-1, became stable after 48 hours of exposure, as demonstrated in Figure 2B and Table 1.




Figure 2 | Comparison of cell mortality in Nthy-ori 3-1 (A) and TPC-1 (B) strains after exposure 216 to increasing concentrations of Roundup® Original DI for 24 h and 48 h by Trypan blue dye test.




Table 1 | Percent mortality of Nthy-ori 3-1 and TPC-1 cells after exposure to Roundup® Original DI for 24 h and 48 h at different concentrations, measured by Trypan Blue exclusion test.



We observed an important but limited cell injury rate, as detailed in Table 1. Exposure of Nthy-ori and TPC-1 cells to AOEL concentrations for 24 h caused the death of 43% and 50% of the cells, respectively, while ADI resulted in 35% and 58% cell death. After 48 h of exposure, AOEL and ADI caused a lower number of Nthy-ori (33% and 18%) and TPC-1 (30% and 37%) dead cells, respectively.



Cytotoxicity assessment

To further investigate the product cytotoxicity, we performed a CCK-8 assay in normal and thyroid cancer cells after 24 h and 48 h exposure to Roundup® Original DI at concentrations ranging from 6.5 μg/L to 6500 μg/L. Figure 3 shows that both TPC-1 and Nthy-ori 3-1 cell viability was maintained above 79% at all tested concentrations.




Figure 3 | Comparison of cytotoxic effect on TPC-1 (A) and Nthy-ori 3-1 (B) strains after exposure to increasing concentrations of Roundup® Original DI for 24 h and 48 h, measured by the CCK-8 assay and presented as mean percentage of viable cells ± SE.



In fact, the impact on cell viability was relatively small in both thyroid lineages. On the other hand, we observed that treatment with Roundup® Original DI produced proliferation of Nthy-ori 3-1 and TPC-1 cells at certain concentrations at both 24h and 48h.

The number of viable cells at 24 h and 48 h of exposure to Roundup® Original DI at the same doses showed that the herbicide had similar effects on Nthy-ori 3-1 and TCP-1 cells (Figure 4; Table 2).




Figure 4 | Comparison between the percentage of viable TPC-1 and Nthy-ori 3-1 cells at 24 h (A) and 48 h (B) of exposure to different concentrations of Roundup® Original DI using the CCK-8 assay and presented as mean percentage of viable cells ± SE.




Table 2 | Percentage of viable Nthy-ori 3-1 and TPC-1 cells after exposure to Roundup® Original DI for 24 h and 48 h at different concentrations, measured by CCK-8 assay.



We used ANOVA comparison for repeated measures (concentrations and times) considering the following elements: the type of cells; the concentrations and exposure times; and the interactions between them. By specifying the results of the concentrations*cell interaction in the Nthy-ori 3-1 strain, we found differences in concentrations such that 65 µg/L presented values greater than 160, 830 and 6500 µg/L, and that 160 µg/L was less than 830 µg/L. A post-hoc (contrast profile test) was performed to identify this difference. However, in the TPC-1 strain, no difference was observed between the concentrations. Furthermore, there was no significant difference between cells (Nthy-ori 3-1 and TPC-1) at any concentration (Supplementary Table 1).



Influence of Roundup® on cell proliferation

To further explore the proliferative effect of Roundup® Original DI, we employed a BrdU assay on both thyroid cell lines. As shown in Figure 5, BrdU incorporation confirmed the results of the CCK-8 assay, revealing that 24 h exposure to Roundup® Original DI increased the number of Nthy-ori 3-1 cells, especially at low concentrations. Roundup® had an even more important proliferative effect on TPC-1 cells, and all concentrations, except 830 µg/L, increased the number of cells at 24 h; the proliferative effect persisted after 48 h, except at 65 µg/L and 160 µg/L.




Figure 5 | TPC-1 (A) and Nthy-ori 3-1 (B) cells were treated with increasing concentrations of Roundup® Original DI for 24 h and 48 h. Cell proliferation was measured by the BrdU absorbance, and readings were corrected by subtracting the blank results. Data are presented as the mean ± SE.



In fact, as shown in Table 3, 6.5 μg/L of the herbicide had an important toxic destructive effect on Nthy-ori 3-1 exposed for 24 h but also produced a striking proliferative effect after 48 h of exposure. TPC-1 cells were even more sensitive to the proliferative effect of Roundup®, which was observed at diverse concentrations, especially at 24 h of exposure and at a concentration of 6500 µg/L after exposure for 48 h.


Table 3 | Absorbance of BrdU and percentage of Nthy-ori 3-1 and TPC-1 cells after exposure to Roundup® Original DI for 24 h and 48 h at different concentrations.



Comparing the results by ANOVA for repeated measures and using as factors the cell type; concentrations and exposure times; and the interactions between them, we found that the effect between cell types was significant, regardless of the exposure time and concentration. Evaluating the concentrations*times interaction that had a significant effect, at 48h the control was less than 6.5 ug/L, 6.5 ug/L was greater than 65, 160 and 830 ug/L and 65 ug/L was less than 6500 ug/L, in both cells. However, no significant differences were observed between the concentrations at 24 hours of exposure. The analysis of the times showed a significant difference just for one concentration (65 ug/L) that was greater at 24 h than at 48 h (Supplementary Table 2).




Discussion

In the present study, we demonstrated that exposure to different doses of Roundup® Original DI, including the Acceptable Occupational Exposure Level (AOEL) and the Acceptable Daily Intake (ADI), according to Brazilian National Health Surveillance Agency (ANVISA), produce a nonmonotone dose–response curve on normal and mutated thyroid cells with alternation between toxic and proliferative effects at different doses. This effect is a well-known characteristic of endocrine disruptors (29). Roundup® Original DI produced a greater maximal reduction in membrane integrity of TPC-1 cells (63%) than Nthy-ori 3-1 with 49% cell death, but both cell lines seemed to recover after 48 h of exposure. Confirming previous reports, we also demonstrated that damage and mortality are not proportional to Roundup® concentrations (5, 6). In fact, thyroid cell mortality occurred even at low doses, such as those recommended in agriculture; to which the operator or worker may be exposed daily; and those corresponding to the maximum amount of a substance that can be ingested daily (12, 24–27). Conversely, other studies indicated a dose-dependent viability in human lymphocytes exposed to the pesticide (30). Chaufan et al found that a glyphosate formulation caused cytotoxicity in HepG2 cells depending on the dose and exposure time, even at dilutions below the recommended (31, 32). Another study, that used one of the formulated glyphosate-based products, also observed cytotoxic effects on HK-2 cells exposed for 24 hours at concentrations of 20-100 μM (equivalent to 3381.4-16907 µg/L), and the cell viability number was considerably reduced at concentrations above 40 μM (6762.8 µg/L). Furthermore, when the exposure times were extended to 36 and 48 hours, cell viabilities at concentrations of 40 and 60 μM (6762.8-10144.2 µg/L) were even more reduced (33). This difference could be related to a cell-specific sensitivity to the compound and to different effects of the active ingredient and commercially available formulations.

The important cell death rate observed in both normal and tumor thyroid cell lines exposed to low Roundup® doses, including those considered acceptable by regulatory agencies, is relevant since the herbicide can be frequently found in the environment at these concentrations. In fact, water samples collected from irrigated rice field canals and weirs in Brazil had glyphosate concentrations of 144 µg/L (34). In Campeche, Mexico, glyphosate concentrations in groundwater were 1.42 μg/L and were 0.47 μg/L in urine samples from farmers (35). The compound has also been found in a wide range of concentrations varying from 0.15 ppm to 13 ppm (equivalent to 150-13000 µg/L) in many foods. Fruits, fresh vegetables and processed products ​​have 62 to 85 µg/L, a similar dose to the one we used in our experiments (36).

Interestingly, thyroid cells may adapt to the effects of the pesticide, since after 48 h, its harmful effect clearly diminishes. The activation of repair mechanisms may be responsible for damage control (31, 37). In fact, using Anguilla anguilla as an exposure model, Marques A et al showed that after the 7th and 14th days of exposure to Roundup®, DNA damage disappeared (38). Other mechanisms, including cell renewal, may justify the decrease in the number of cell deaths observed over time. Additionally, confirming our own data, a study involving the analysis of Roundup® toxicity in fish gill tissue demonstrated that the damage caused by the herbicide decreased as the exposure time increased (39). In addition, the effect of the pesticide may be tissue and/or cell specific. In fact, damage caused by Roundup® Transorb in fish erythrocytes was greater after 24 and 96 hours than after 6 hours of exposure. However, in the gill cells, the results were different: at 96 h, there was not much damage, but great destruction was observed after 24 h of exposure (40). Another important issue is that different adjuvants added to the many commercially available glyphosate-derived herbicides can produce different effects, either potentiating the damage produced by glyphosate or, conversely, mitigating its effects. Benachour et al showed that cells derived from human embryos and human placentas manifested greater time-and dose-dependent cytotoxicity and a more potent effect of Roundup® than of the pure glyphosate compound (41).

Remarkably, Roundup Original DI® also produced an increase in the viable cell rate, mainly in TPC-1 cells. This fact has been previously reported in human liver cancer (HepG2) cells after 4 hours of treatment at ADI and REL (residential exposure level) doses, equivalent to 2.91 μg/mL of the active ingredient (31).. Both glyphosate alone and some glyphosate-based herbicides, including Roundup®, have been reported to promote cell proliferation in breast cancer and adenocarcinoma cells (42). Lin and Garry reported 135% ± 3.5 and 126% ± 5.1 breast cancer cell proliferation rates with glyphosate and Roundup®, respectively (43). In vitro studies have also shown similar effects on HEC1A endometrial cancer cells (44). In fact, several studies have indicated that low concentrations of glyphosate and glyphosate-based herbicides effectively stimulate cell proliferation, especially in unstable and highly proliferating cells, such as tumor cells (43–46). Since TPC-1 cells are derived from papillary thyroid carcinoma, they harbor mutations, such as RET/PTC rearrangement, which confer greater resistance to apoptosis and cell death (47–51). This may explain the higher proliferation rate we observed in TPC-1 cells in comparison with the Nthy-ori 3-1-cell line, especially at 24 h (Table 3). Epidemiological data may be related, at least in part, with this proliferative effect. In fact, small thyroid carcinomas are frequently found in autopsies, and most of them are considered indolent (52). We hypothesize that exposure to endocrine disruptors contributes to the progression of these small lesions, contributing to the dramatic increase in thyroid cancer incidence rates, which parallels the increase in glyphosate-based herbicide usage rates.

It is worth remembering that these results are related to short-term exposure times to glyphosate, as in most studies involving this substance. In addition, the doses we used were limited and small compared to the broad spectrum that some regulatory agencies have established as tolerable for glyphosate in food and animal crops, ranging from 0 1 to 400 parts per million (or 100 to 400,000 ug/L) (53, 54). Also, it is possible that exposure to repeated doses of the chemical over a longer period may induce a cumulative effect with distinct consequences. A study carried out with rats exposed to 10 mg/kg glyphosate 3 times a week for 20 days observed a toxic effect of the chemical in liver tissue, which was able to induce cellular oxidative stress and activate apoptosis pathways (55). Another limitation to our study is the fact that we did not confirm our results with other similar assays, although the three assays we employed are robust and reliable. In addition, our data are specific to the cell types employed and may differ in other thyroid cells. They are also specific for the glyphosate-containing product tested (Roundup Original DI®) since other formulations have different adjuvants, which are not always well identified in the product leaflet.

The risk of cancer in humans upon use of glyphosate is still not conclusive, and although the IARC from the World Health Organization (WHO) established glyphosate as a probable human carcinogen (13), the European Food Safety Authority (EFSA) concluded that the herbicide does not prove to be carcinogenic or mutagenic (56). Our data highlight the importance of studying very carefully the implications of various dosages and co-formulants in the pesticide (57). In addition, further epidemiological evidence is urgently needed to evaluate the potential adverse effects of glyphosate products on sensitive human populations, particularly pregnant women, children and individuals with benign thyroid diseases.

Contribution to the field: Glyphosate-based herbicides, such as Roundup®, have environmental dispersion, and their accumulation can cause several effects on thyroid function, but their effects on normal and mutant thyroid cells are still poorly understood. This study shows that Roundup® Original DI acts on normal and thyroid papillary carcinoma cells at various concentrations, evidencing a dual toxic and proliferative effect. This herbicide, widely used around the world, may play a role in the increased incidence rate of thyroid nodules and cancer that has been observed in recent decades.
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Objective

Sex-specific thyroid cancer risk exists in patients diagnosed with diabetes mellitus (DM). However, thyroid cancer risk in different types of DM is still unclear. This meta-analysis aims to identify the real correlation between different types of DM and thyroid cancer risk in both sexes.



Methods

Studies were identified by an electronic search of PubMed, EMBASE, and Cochrane Library on 16 January 2022. A random-effects model was used to estimate the relative risks (RRs). The Cochran’s Q and I2 statistics were computed to detect heterogeneity between studies.



Results

In comparison with non-DM counterparts, patients with DM had a 1.32-fold higher risk of thyroid cancer (95% CI, 1.22–1.44) with 1.26-fold (95% CI, 1.12–1.41) in men and 1.36-fold (95% CI, 1.22–1.52) in women, respectively. Subgroup analysis by the type of DM showed that the RR of thyroid cancer in patients with type 2 diabetes was 1.34 (95% CI, 1.17–1.53) in the study population with 1.32 (95% CI, 1.12–1.54) in men and 1.37 (95% CI, 1.12–1.68) in women, respectively; the RR of thyroid cancer was 1.30 (95% CI, 1.17–1.43) in patients with gestational diabetes; the risk of thyroid cancer in patients with type 1 diabetes was 1.51-fold in women but not in men. Although there were some heterogeneities, it did not affect the above results of this study.



Conclusion

This study indicates that, compared with non-DM individuals, patients with any type of DM have an elevated thyroid cancer risk. This positive correlation between type 2 diabetes and thyroid cancer risk exists in both men and women.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/, CRD42022304028.
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Introduction

The incidence of thyroid cancer has increased greatly in the past 3 decades (1).Thyroid cancer is the most popular malignancy in endocrine system, accounting for an estimated 43,800 new cases with threefold higher overall incidence rates in American women in 2022 (2). On the basis of the latest Chinese cancer statistics, thyroid cancer is the fourth most frequent cancer in women with its incidence rising by 12.4% every year (3, 4). The rapidly increased incidence of thyroid cancer is considered to be predominantly owing to overdiagnosis. However, it is not yet clear whether the epidemic of thyroid cancer is also caused by exposure to certain risk factors (5).

Risk factors of thyroid cancer have not yet been established. Ionizing radiation and family history of thyroid cancer are the accepted risk factors of thyroid cancer. Additional potential risk factors include obesity and reproductive and environmental factors (6–8). The potential impact of other risk factors for thyroid carcinogenesis warrants further exploration. Here, we explore the possible impact of diabetes mellitus (DM) on subsequent thyroid cancer.

DM represents one of the most rapidly increasing global public health problems. The worldwide prevalence of DM is estimated to grow from 2.8% to 4.4% between 2000 and 2030 and projected to be one of the five leading contributors to disease burden by 2030 (9). China has the largest number of DM people in the world with the rise in prevalence from 0.9% in 1980 to 10.9% in 2013 and more than 90% of whom have type 2 diabetes (T2D) (10, 11). DM has been positively associated with the risk of cancer at different sites, including prostate, oral, breast, and pancreas (12–15). The prevalence of both DM and thyroid cancer has increased all over the world, providing theoretic support that DM may be a driver for thyroid cancer, although early studies did not find an association between them (16). The insufficient cancer cases among the exposed group might account for the lack of association. Furthermore, all of these studies were launched in the USA, possibly leading to the insufficiency of the heterogeneity of exposure and the power of statistics. Two recent meta-analyses have illustrated that the risk of thyroid cancer in female patients with DM has significantly increased in comparison with their non-diabetic counterparts (17, 18). However, there are still some shortcomings in these studies. First, the type of DM was not differentiated and thyroid cancer risk caused by various kinds of DM could not be highlighted. Second, the previous meta-analysis included patients with metabolic syndrome, which may lead to confounding bias. Furthermore, the correlation between DM and thyroid cancer in male patients is not clear, owing to the small sample size. Thus, this meta-analysis was designed to determine the association between various kinds of DM and the risk of thyroid cancer and whether the discrepancy exists in sex based on the available cohort studies.



Methods

This study was designed and carried out according to the guidelines for the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) (19). The protocol has been registered in the International Prospective Register of Systematic Reviews platform. The registration number of this meta-analysis is CRD42022304028.


Search strategy

A literature search-up was conducted using Cochrane Library, EMBASE, and PubMed and without language restrictions from databases on 16 January 2022. Medical Subject Heading (MESH) terms and keywords were (“Diabetes Mellitus” OR “Diabetes”) AND (“Thyroid Tumor” OR “Thyroid Neoplasm*” OR “Thyroid Adenoma*” OR “Thyroid Cancer*” OR “Thyroid Carcinoma*”). Furthermore, a manual screening of the reference lists of selected studies was also conducted to find extra potentially relevant studies. The integrated search strategy is shown in the Appendix (Table 1–3).



Eligibility criteria

Studies were included if the following criteria were met (1): cohort studies, whether prospective or retrospective (2); the exposed group could be patients with any type of DM, the most common being T2D, T1D, or gestational diabetes (GD), and the control group consisted of non-DM individuals (3); thyroid cancer risk as the outcome that expressed as a hazard ratio (HR), adjusted odds ratio (OR), relative risk (RR), or standardized incidence ratio (SIR); (4) thyroid cancer should be a risk occurring naturally under observation, and drug intervention to reduce thyroid cancer risk was not considered.



Exclusion criteria

The exclusion criteria were (1) conference abstracts or erratum, (2) duplicate published studies based on the same observation population, and (3) incomplete data or no interested outcome.



Research selection

The eligible studies were independently screened by two investigators (Wenwu Dong and Dalin Zhang). First, they excluded duplicate and irrelevant literatures by title and abstract. Then, each of them independently read the full text of each potentially eligible article and finally identified all studies. Any disagreement was resolved by discussion with a third investigator (Hao Zhang) until consensus was achieved.



Data extraction

Two investigators (Wenwu Dong and Dalin Zhang) independently extracted data. The following pertinent information was included: name of first author, country, publication year, sample size, DM type, cases of thyroid cancer, mean age at baseline, follow-up years, diagnosis criteria of thyroid cancer, and adjusted confounders (20).



Risk-of-bias assessment

The quality of the selected studies was assessed on the basis of the Newcastle-Ottawa Quality Assessment Scale (NOS). The range of scores was from 0 to 9, and the higher the score, the higher the study quality. NOS scores ≥ 7, 4–6, and 0–3 mean high, medium, and low quality, respectively.



Statistical analysis

SIR, RR, HR, or adjusted OR and 95% confidence intervals (CI) were extracted to estimate thyroid cancer risk in different types of DM. Because of the low attack rate of thyroid cancer, RR is approximately equal to OR, HR, and SIR, so a pooled analysis can be performed. Heterogeneity was assessed using the chi-square test and I2 value. P-value < 0.1 or I2 > 50% was considered to indicate significant heterogeneity, and random-effects model was adopted. Otherwise, a fixed-effects model was employed. The sensitivity analysis was conducted to examine the robustness of our results. Subgroup analysis was conducted for different types of DM in different sex. Finally, funnel plots and Egger’s regression test were conducted to assess publication bias. A two-sided P-value less than 0.05 was considered significant. Statistical analyses were performed using the Stata software (version 15.1).




Results


Literature search

From the electronic search, a total of 2,444 records were identified. A total of 327 articles were excluded by checking duplicates. Another 2,075 articles were excluded after reviewing the title summary. The 42 remaining articles were examined in full text. Finally, 20 cohort studies were included according to the inclusion criteria (16, 21–39). The literature search algorithm is shown in Figure 1.




Figure 1 | Flowchart of study screening.





Study characteristics

The included cohort studies (16, 21–39) were published between 1991 and 2019 from nine countries and regions, including Europe, Asia, and America, with the largest number of studies from Asia. Types of DM varied in these cohort studies. T2D (21, 24–26, 36–38) was the most frequently studied, followed by GD (22, 23, 27, 28). Three studies (34, 35, 39) did not identify the type of DM, and only one (29) reported thyroid cancer risk in patients with T1D. The sample size of the included studies was greater than 300,000, and a total of 11,091 cases of thyroid cancer occurred during follow-up. The mean follow-up time ranged from 3.0 to 20.8 years. Most studies on the diagnosis criteria of thyroid cancer were in accordance with International Classification of Diseases (ICD), and the confounding factors (e.g., sex and body mass index) were well controlled. The baseline characteristics of the included studies are presented in Table 1.


Table 1 | Basic characteristics of the included cohorts.





Quality assessment

Specific assessments with the NOS scores are shown in Table 1. Six studies with a score of 6 were deemed of moderate quality, and 14 studies with a score of ≥ 7 were classified as high quality. The mean score was seven points, suggesting a high overall quality.



Sex-specific risk of thyroid cancer in any type of DM

A total of 11 (16, 21, 24–26, 29, 32, 34, 35, 37, 39) and 15 (16, 21–29, 32, 34, 35, 37, 39) cohort studies reported that thyroid cancer risk in male and female patients with DM, respectively. The pooled analysis showed that thyroid cancer risk in male patients was [RR = 1.26, 95% CI (1.12, 1.41), I2 = 36.7%, P = 0.000]; thyroid cancer risk in female patients was [RR = 1.36, 95% CI (1.22, 1.52), I2 = 76.6%, P = 0.000]; and the total thyroid cancer risk in the overall study populations was [RR = 1.32, 95% CI (1.22, 1.44), I2 = 68.9%, P = 0.000]. The risk of thyroid cancer in female patients was slightly higher than that in male patients. Forest plots of sex-specific thyroid cancer risk in any type of DM is shown in Figure 2. Because of some heterogeneity, sensitivity analyses were performed by sequentially excluding each study in the pooled analysis. The results did not affect the overall conclusions, suggesting that the conclusions of this study are reliable. Sensitivity analysis plot is in Appendix Figure 1.




Figure 2 | Forest plots of sex-specific thyroid cancer risk in any type of diabetes.





Risk of thyroid cancer in T2D

A total of eight (16, 21, 24–26, 32, 37, 39) and seven (16, 21, 24–26, 31, 37) cohort studies reported thyroid cancer risk in male and female patients with T2D, respectively. The pooled analysis showed that thyroid cancer risk in male patients was [RR = 1.32, 95% CI (1.12, 1.54), I2 = 41.0%, P = 0.001]; thyroid cancer risk in female patients was [RR = 1.37, 95% CI (1.12, 1.68), I2 = 91.8%, P = 0.002]; and the total thyroid cancer risk in T2D patients was [RR = 1.34, 95% CI (1.17, 1.53), I2 = 83.5%, P = 0.000]. In T2D, thyroid cancer risk in female patients was slightly higher than that in male patients. Forest plots of thyroid cancer risk in T2D is shown in Figure 3. Because of large heterogeneity, sensitivity analyses were performed by excluding each study sequentially from the pooled analysis, but the overall conclusion was not affected, suggesting that the results of our meta-analysis are robust. Sensitivity analysis plot is presented in Appendix Figure 2.




Figure 3 | Forest plots of thyroid cancer risk in type 2 diabetes.





Risk of thyroid cancer in GD

Four cohort studies (22, 23, 27, 28) reported thyroid cancer risk in GD. The pooled analysis showed that thyroid cancer risk was [RR = 1.30, 95% CI (1.17, 1.43), I2 = 0.0%, P = 0.000]. Forest plots of thyroid cancer risk in GD is shown in Figure 4.




Figure 4 | Forest plots of thyroid cancer risk in gestational diabetes.





Risk of thyroid cancer in T1D

Only one cohort study (29) reported that the risk of thyroid cancer increased in patients with T1D. Among them, no association was found between male patients and the risk of thyroid cancer. The risk of thyroid cancer in female patients was 1.51-fold.



Publication bias

No evidence of publication bias was observed in the visual distribution of the funnel plot (Figure 5). The result of Egger’s regression tests is P = 0.108 ≥ 0.05, indicating no publication bias in this meta-analysis.




Figure 5 | Funnel plot of risk of thyroid cancer in diabetes.






Discussion

This meta-analysis of 20 cohort studies included more than 300,000 individuals, providing evidence that thyroid cancer risk increased approximately 30% in DM for the entire study populations, with a 36% increase among female patients and a 26% increase among male patients. The increased thyroid cancer risk varies among patients with different kinds of DM with 34%, 30%, and 51% in patients with T1D, GD, and T2D, respectively. Unexpectedly, the correlation between T2D and thyroid cancer risk existed not only in female patients but also in male patients. This contradicts previous reports that speculated that this correlation between DM and thyroid cancer was prominent in female patients but not in male patients (17, 18). Our positive findings in men were mainly due to the more accurate patient enrolment, the subgroup analysis of different types of DM and the enlargement of sample size.

The global prevalence of DM in 2017 was 8.8% with a further increase expected to 9.9% by the year 2045, nearly 90% of which was T2D (40). Our findings indicated that T2D was a risk factor for thyroid cancer in both male and female patients, and therefore, male sex was not a protective factor for thyroid cancer in patients with T2D. However, the association between T1D and the risk of thyroid cancer was evident in female patients but not in male patients reported by only one cohort study (29). Thus, more research needs to be undertaken to confirm the findings and to explore the underlying molecular mechanisms. GD was also a highly prevalent condition affecting 9.3%–25.5% of pregnant women (41). Thus, pregnant women were potential susceptible population of thyroid cancer. Understanding potential sex discrepancy in risk of thyroid cancer is critical from both a population health and clinical perspective. From the perspective of public health, assessment of sex differences sends messages to targeted public health and is conducive to draw projections of the future disease burden of thyroid cancer and estimating relevant public health costs. Clinically, knowledge of sex differences may contribute to patient selection for thyroid cancer screening.

Some molecular biological mechanisms may explain this correlation. First, chronic elevated insulin levels observed in patients with DM may influence thyroid cancer risk, which was mediated by insulin receptors overexpressed in cancer cells and tissues (42). Insulin may activate insulin and insulin-like growth factor-1 (IGF-1) pathway to inhibit cell apoptosis and promote proliferation. Insulin may also activate mitogen-activated protein kinase (MAPK) and the phosphatidylinositide 3-kinase pathways by mimicking IGF-1 and binding to IGF-1 receptor to promote thyroid carcinogenesis (43). This also reflects that the presence of T2D is associated with insulin resistance, leptin resistance, increased oxidized low-density lipoprotein cholesterol, and obesity, which are present, but to a lesser extent, in T1D. Furthermore, the majority of tumors occurred in patients with T2D, postulating that cancer mainly exists in the older people, in which T2D is more frequent (44). Therefore, an increase in thyroid cancer incidence in T1D may be an artefact of diagnosis because clinicians may pay more medical attention to these patients than non-DM individuals (29). In addition, exogenous insulin is an absolute demand for patients with T1D because they lack endogenous insulin. Moreover, unlike patients with T2D, patients with T1D lack a long prediabetes and diabetes history with compensatory endogenous hyperinsulinemia. As hyperinsulinemia decreases IGF-binding protein–1 (IGFBP-1) and IGFBP-2 levels, insulin may reduce certain IGFBP levels and increase bioavailable IGF levels to indirectly enhance the IGF–IGF-1R signaling pathway. In the situation of diabetes, hyperinsulinemia may therefore directly enhance tumor growth and progression or indirectly promote malignant transformation through IGF-1 signaling (45). Second, the increase of TSH levels is three times more common in patients with D2M than in those without DM (46). Chronic higher level of serum TSH was related to an elevated likelihood of differentiated thyroid cancer and more aggressive tumor stage (47). Interestingly, patients with malignancy may have normal TSH levels, whereas patients with benign tumors often have low TSH levels caused by toxic nodules, goiter, and Graves’ disease. Thyroid hormones have been implicated in promoting thyroid inflammation and thyroid cancer through genomic and non-genomic (membrane integrin receptor) actions. Genomic action of thyroid hormones promotes thyroid carcinogenesis by binding to specific nuclear receptors, but accumulated evidence suggests that the activation of the MAPK signaling pathway is the pathophysiological mechanism, which has been noted in the pathogenesis of papillary thyroid carcinoma. Recently, a novel pathway mediated by a membrane receptor located in integrin αVβ3 has been revealed. The proliferative and angiogenic effects of THs have been postulated through this mechanism. It is not yet clear whether the tumorigenic action noted in other neoplasms may play a role on DTC (48). Third, increased oxidative stress caused by hyperglycemia influences tumor cell growth and proliferation (17). Patients with DM suffered from increased permanent pro-inflammatory and oxidative stress caused by metabolic abnormalities. The intracellular anti-oxidant capacity reduced by prolonged inflammatory responses may increase the risk of carcinogenesis of susceptible cells (49). Increased oxidative stress determines thyroid cell inflammatory effects through Toll-like receptor (TLR) activation. Increased TLR expression, activation, and signaling adaptor molecules were found in peripheral blood mononuclear cells from patients with autoimmune thyroid disease (AITD), and TLRs may participate in the pathogenesis of AITD. A significant elevation in TLR endogenous ligands was also observed in the serum of AITD group (50). Moreover, accumulating evidence indicates the association between overactivation of TLR signaling and thyroid cancer progression (51, 52). This reveals the molecular mechanism of thyroid carcinogenesis caused by hyperglycemia to a certain extent. Finally, 70% of patients with DM have vitamin D deficiency (53). Inactivation of deiodinase II (DIO2) enzyme by a Vitamin D deficient environment in patients with DM leads to decreased glucose transporter 4 (GLUT4) transcription by skeletal muscle and adipose tissue, thus resulting in insulin resistance and thyroid carcinogenesis (34, 53).

The strengths of this study should be highlighted as follows: the analyses were limited to cohort studies, which could minimize the influence of biases such as recall and selection biases; the large sample size provided powerful statistical power for quantitative analysis of this correlation between DM and thyroid cancer risk, obtaining more robust results than any single study; subgroup analyses by type of DM and sex were performed to explore the associations between various kinds of DM and thyroid cancer risk and further investigate sex-specific thyroid cancer risk in any type of DM.

This meta-analysis also had some potential limitations. Because DM is shown in the vast majority of studies as a no or yes variable, it is not possible to assess the severity of DM and further explore its association with thyroid cancer risk. Moreover, we could not distinguish controlled vs. uncontrolled DM, because information on DM treatment was not available. In some studies, potential confounding factors were not adjusted such as obesity and age. Although they were adjusted, the adjustment models varied across the selected studies, which might affect the validity of the results. TSH levels and/or TNM classification or staging of thyroid cancer were not monitored in the original literatures included in this study, we cannot assess whether the difference of TSH levels exists between patients with DM and non-DM counterparts and also cannot explore the correlation between DM and progression of thyroid cancer. We expect this problem to be solved in the prospective studies in the future. Diabetes status was ascertained by a self-report in some previous studies. Thus, prediabetes and T2D can be misleading and undiagnosed glucose disorders account for 45.8% on a global scale. However, because of wide area coverage (nine countries), the large sample size (greater than 300,000, and a total of 11,091 cases of thyroid cancer), and the recent literatures accounting for the majority, the impact of this problem is minimized. We believe that our conclusion is still valid.



Conclusion

Our results provided evidence that T2D could increase thyroid cancer risk in both sexes, underlining the demand for developing management and prevention strategies to mitigate thyroid cancer risk in any individual with T2D. Patients with GD are also at high risk for thyroid cancer. Further study is warranted to explore the association between T1D and thyroid cancer risk. Thus, given the increased thyroid cancer risk in patients with DM, DM prevention should be encouraged in all individuals, especially in the high-risk group.
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Thyroid disruptors are found in food, atmosphere, soil, and water. These contaminants interfere with the thyroid function through the impairment of thyroid hormone synthesis, plasma transport, peripheral metabolism, transport into the target cells, and thyroid hormone action. It is well known that iodide uptake mediated by the sodium-iodide symporter (NIS) is the first limiting step involved in thyroid hormones production. Therefore, it has been described that several thyroid disruptors interfere with the thyroid function through the regulation of NIS expression and/or activity. Perchlorate, nitrate, and thiocyanate competitively inhibit the NIS-mediated iodide uptake. These contaminants are mainly found in food, water and in the smoke of cigarettes. Although the impact of the human exposure to these anions is highly controversial, some studies indicated their deleterious effects in the thyroid function, especially in individuals living in iodine deficient areas. Considering the critical role of thyroid function and the production of thyroid hormones for growth, metabolism, and development, this review summarizes the impact of the exposure to these NIS-inhibitors on thyroid function and their consequences for human health.
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Introduction

Several chemicals widely present in the environment affect important biological functions through the disruption of the endocrine system. One classical example of these disruptive phenomena was the discovery of intersex fish in English rivers, which was shown to be related to contaminants that interfere with estrogens action (1). Since then, the knowledge in this field has significantly progressed, and many studies have been published about the endocrine disruptors and their impact to human and other animals’ health (2). These important studies are now influencing worldwide regulation and public health policies to mitigate the potential deleterious impacts of the endocrine disruptors in the health and survival of different species.

Although there is a massive progress in the description of new molecules with endocrine disrupting properties, one great challenge in this area is to evaluate the consequences of endocrine disruptors mixtures (3) In fact, the exposure of humans and other animals to complex mixtures of endocrine disruptors complicates the determination of safe levels of exposure (4). In addition, many studies demonstrated that the continuous exposure to low doses of the endocrine disruptors affect several physiological functions (5) Thus, there are several aspects that need to be considered to define the real impact of the exposure to these contaminants on the human health.

It is well known that thyroid hormones play crucial roles in the control of metabolism, normal development, growth, and differentiation processes (6). Therefore, great attention has been given to the thyroid disruptors. Indeed, it has been reported that these disruptors affect several steps of thyroid physiology, like thyroid hormones synthesis, transport, action, and peripheral metabolism (7).

This mini review is centered on anions classified as environmental contaminants that affect thyroid hormone synthesis, particularly those that interfere with the activity of sodium iodide symporter (NIS), which mediates the iodide uptake, the first and limiting step for the thyroid hormone synthesis (8)NIS is expressed at the basolateral membrane of the thyroid follicular cells, as well as in non-thyroidal tissues, like mammary, salivary, and lacrimal glands, stomach, and small intestine (9)In summary, the data about the impact of perchlorate, nitrate and thiocyanate exposure on thyroid function and human health will be addressed herein.



Perchlorate

Perchlorate (ClO4-) is a strong oxidizing anion used in rockets fuels, explosives, fireworks, and missile fuels. Perchlorate is also naturally formed in the atmosphere and is accumulated in arid climate regions (10). In fact, human manufacturing of perchlorate-containing products and the naturally formed perchlorate result in a large occurrence of this compound in the environment, as demonstrated by its presence in irrigation water and soil. Perchlorate is also present in some fertilizers, increasing its accumulation in fruits and vegetables (11) Therefore, human exposure to perchlorate mainly occurs from contaminated food and drinking water.

Perchlorate is a potent inhibitor of iodide uptake mediated by NIS in the thyrocytes, impairing the first step of thyroid hormone synthesis (12). This inhibitory effect has been recognized since the 50’s, when perchlorate was commonly used as a therapeutic drug for treating hyperthyroidism (13). Moreover, since this anion displaces iodide from the thyroid, it was used in the “perchlorate challenge” test, for the detection of thyroid iodine organification defects (14).

Several studies contributed to characterize the disruptive effects of perchlorate on thyroid function and to reinforce the importance of the regulation of perchlorate levels in the environment. Perchlorate and iodide are anions with similar charge and size. However, it is worth noting that NIS has a higher selectivity for perchlorate than for iodide. In agreement, in vitro studies have shown that iodide transport is essentially abolished in thyrocytes exposed to 10 µM of perchlorate, without alterations in the expression of NIS (12) for many years, it was suggested that perchlorate was a potent inhibitor of NIS-mediated iodide uptake without being transported into the thyrocytes (15). However, elegant studies demonstrated that this anion is actively transported by NIS in an electroneutral stoichiometry (16, 17). Besides the potent inhibition of NIS activity, it has been described that perchlorate also suppresses the thyroglobulin and thyroperoxidase gene expression, which was associated with the impairment of the thyroid hormone synthesis induced by this contaminant (18).

The deleterious effect of perchlorate exposure were previously demonstrated in species that depend on thyroid hormone action to drive their metamorphosis processes, as amphibians and fishes. In accordance, several abnormalities in the development, reproduction, and survival were described in perchlorate-exposed animals (19, 20). In contrast, the exposure to perchlorate has not altered the metamorphosis or the thyroid histopathology of common frogs (21).

In humans, the effects of perchlorate on thyroid function are still controversial. Several studies reported that perchlorate exposure was not associated with alterations in TSH or T4 serum levels in humans (22–24). However, other studies have shown significant alterations in the function of the pituitary-thyroid axis in humans co-exposed to perchlorate and other NIS-inhibitory anions, such as nitrate and/or thiocyanate, especially, but not exclusively, in iodine deficient areas (25, 26). A recent study has also indicated that humans co-exposed to perchlorate, nitrate and thiocyanate presented an increased central thyroid hormone sensitivity, which seem to be more precise than the single parameters, as TSH or T4 serum levels, to evaluate the homeostasis of the pituitary-thyroid axis (27).

It has been suggested that the disruptive actions of perchlorate on thyroid function are more critical during specific windows of susceptibility, as the pregnancy. Even so, the consequences of maternal exposure to perchlorate in the thyroid function are still controversial (28–31). In fact, the different conclusions about the deleterious effects of perchlorate exposure during this critical developmental period are related to the different ranges of exposure in different human populations as well as to the period of the evaluation in each study. Therefore, more studies are needed to further clarify this issue. Conversely, a study focused on pregnant women with borderline thyroid function living in iodine deficient areas demonstrated that perchlorate exposure impaired the offspring cognitive development. This impairment was not reversed by maternal levothyroxine therapy, suggesting that the fetal thyroid function is more susceptible to the perchlorate-induced disruption (32). In agreement, the offspring rats of pregnant rats exposed to perchlorate presented several alterations in the synaptic function during adulthood (33).

An elegant study from the group of Dr. Nancy Carrasco demonstrated that perchlorate is transported to maternal milk through the activity of NIS that is expressed in the mammary glands (17). Consequently, besides the reduction of iodide transferred to the milk, the newborns could be exposed to high levels of this potent NIS inhibitor, which could potentially impair the central nervous system development, since it is highly dependent on thyroid hormone action (34, 35).

Furthermore, studies have suggested a positive association between perchlorate exposure and the risk to develop papillary thyroid cancer (36, 37). As the incidence of thyroid cancer is increasing worldwide, the contribution of the thyroid disruptors, such as the perchlorate, which has a potent disruptive action on NIS activity and on thyroid function should be addressed.

Finally, in rodents, the chronic exposure to ammonium perchlorate through drinking water altered the serum levels of thyroid hormones and TSH serum levels and the morphology of the thyroid gland (38) Our studies reinforced these data and described some of perchlorate-induced molecular mechanisms involved in the disruption of the hypothalamus-pituitary-thyroid axis. Indeed, the animals exposed to perchlorate presented primary hypothyroidism, as shown by the decreased serum T4 and T3 levels, and increased serum TSH concentration. Additionally, the exposure to perchlorate induced alterations in the expression of genes/proteins involved in the thyroid hormone synthesis and increased several markers of inflammation in the exposed animals (39).

Interestingly, it has been shown that TSH increases the NIS-mediated perchlorate transport into the thyroid cells (16). Furthermore, it has been previously described that perchlorate per se induces a unique pattern of gene expression alterations in the thyroid gland, that is completely different from the one induced by iodine deficiency (40) Even though, the molecular mechanisms involved in the regulation of thyroid gene expression need to be further clarified.

Thus, although some studies indicate the potential deleterious effects of perchlorate exposure on thyroid function, there are many controversial results, especially in epidemiologic studies. This reinforces the necessity of more studies to clarify the period as well as the doses of exposure to perchlorate that are potentially more harmful to the health of humans and other animals.



Nitrate

Nitrate (NO3-) is a naturally occurring anion in the environment since it is part of the nitrogen cycle. The plants obtain nitrogen, an essential component for the synthesis of plant proteins, through the absorption of nitrate from the soil and the groundwater (41). Therefore, humans are mainly exposed to nitrate through the consumption of green leafy vegetables, roots, oilseeds, grains, tubers, and nuts. Moreover, nitrate is commonly found in agricultural fertilizers and in preservative additives for cured meats. Accordingly, the presence of nitrate in the environment is greater than the one observed for thiocyanate or perchlorate.

The nitrate levels in the drinking water sources and food have significantly increased in recent decades due to the exacerbated use of nitrogen fertilizers. Alarmingly, the effective nitrate removal from water sources depends on complex and highly costly processes, which are rarely performed (42). In agreement, studies suggest that nitrate concentration in food and water sources will highly increase in the future, due to the increased use of nitrogen fertilizers and the intensification of agricultural activities to support human population growth (43). It is worth noting that the maximum contaminant level of nitrate in the drinking water was defined by the U.S. Environmental Protection Agency (EPA) and the World Health Organization (WHO) as 10 mg/L for nitrate-nitrogen, which is equivalent to 45 mg/L as nitrate (44). Nevertheless, it has been demonstrated that some regions of the world present higher concentrations of nitrate in the water, which greatly exceeds the levels considered safe for human exposure (45).

Interestingly, some types of cancer, as gastric and colorectal cancers, were previously associated with the exposure to nitrate at levels that are considered safe by the regulatory agencies (46, 47). The deleterious effects of nitrate have been related to its conversion into other nitrogen-containing compounds in the body (48). Thus, it is well known that nitrate is converted to nitrite, which can subsequently react with amines and amides in the gastrointestinal tract to form N-nitroso compounds (NOCs), a class of known carcinogenic and cytotoxic substances (49).

Additionally, high levels of nitrate consumption were associated with an increased risk for reproductive problems. Both nitrate and nitrites are precursors of nitric oxide (NO), a lipophilic molecule with several physiological roles. However, excessive production of NO was associated with several pathophysiological events, as reproductive system dysfunctions and impaired production of sexual steroids (50, 51). Other studies indicated that the exposure to high levels of nitrate during pregnancy is a risk factor for spontaneous abortion, fetal death, prematurity, intrauterine growth restriction, low birth weight, congenital malformations, and neonatal death (52). Therefore, besides its carcinogenic potential, the deleterious effects of nitrate on the endocrine system have received increasing attention in the recent years (53). In addition to the nitrate-induced damage to other endocrine glands, some studies suggest that nitrate exposure impairs the thyroid function in humans and other animals.

Nitrate competitively inhibits NIS-mediated iodide uptake with a much lower potency than the one induced by perchlorate (12). Nevertheless, the concentration of nitrate detected in human and environmental samples were much higher than those described for perchlorate. This fact could potentially contribute to the harmful effects induced by nitrate in the body.

Although the in vitro assays clearly demonstrated the inhibitory effects of nitrate on NIS function, suggesting an impairment of the thyroid function, the effects of nitrate exposure on pituitary-thyroid axis in humans are still controversial. Indeed, nitrate exposure was associated with increased risk of developing thyroid disorders, especially in susceptible individuals as pregnant women, newborns, and children, as well as in women with urinary iodine levels ≥ 100 µg/L (25, 54–56). Furthermore, chronic exposure to high levels of nitrate through public water supplies was associated with increased risk of developing thyroid cancer (57, 58). However, other studies have not detected any alteration in TSH and/or T4 serum levels in nitrate-exposed humans (31, 59).

Although the inhibition of thyroid function by nitrate is reported in the literature, the molecular mechanisms involved in this phenomenon are not completely elucidated. Indeed, the chronic exposure of male rats to high levels of nitrate increased thyroid weight, induced morphological alterations in the thyroid follicles and altered thyroid hormone production (60, 61). In accordance, a goitrogenic effect was also observed in female rats chronically exposed to nitrate through drinking water. However, no alterations in thyroid hormone or TSH serum levels were observed, which were associated with increased expression of genes involved in the synthesis of thyroid hormones (62).

As discussed before, nitrate exposure increases the production of NO in different tissues, which promotes post-translational modifications, such as nitrosylation of cysteine ​​residues and nitration of tyrosine residues that change the stability, location, and activity of several proteins (63, 64). In this sense, in thyrocytes, it has been shown that the excessive production of NO decreases the expression of transcriptional factors, such as Foxe1, inhibits NIS-mediated iodide uptake, and interferes with the signaling pathway triggered by TSH, which potentially inhibits the expression of different genes involved in the biosynthesis of thyroid hormones (65–68). Therefore, although some aspects related to the nitrate-induced impairment of the thyroid function have been described, future studies are needed to unravel the molecular mechanisms involved in the direct effects of this anion on the thyroid, as well as the potential deleterious effects of nitrate on the development of the thyroid gland.



Thiocyanate

Thiocyanate (SCN-) is vastly found in food that contain thioglycosides – such as cassava, bamboo shoots, sweet potatoes, brussels sprouts, cauliflower, corn broccoli, apricots, and almonds. The inhalation of cigarette smoke in another importance source of human thiocyanate contamination since it contains cyanide, which is converted into thiocyanate in the body. Thiocyanate is highly soluble in water and previous data demonstrated a relevant contamination of the groundwater with this anion (69). It is worth noting that the half-life of thiocyanate is approximately 6 days, much longer than the few hours half-lives presented by perchlorate and nitrate.

Thiocyanate has a goitrogenic action since it inhibits NIS-mediated iodide uptake (12). Electrophysiological studies indicated that thiocyanate is transported by NIS into the thyrocytes with a similar stoichiometry of I- (15, 70). Similar to nitrate, the potency of the thiocyanate-mediated inhibition of NIS activity is lower than the one exerted by perchlorate (12). Nevertheless, epidemiologic studies reported higher levels of thiocyanate in comparison to perchlorate in the serum of the US population (25) In addition, studies demonstrated that besides the inhibitory effect on NIS activity, thiocyanate impairs the iodine organification catalyzed by the thyroperoxide (71, 72).

Thiocyanate is also transported to the milk of breastfeeding mothers who smoke cigarettes. Alarmingly, increased levels of thiocyanate in the maternal milk were correlated with decreased iodide content in the milk. As expected, this condition was associated with higher risk of developing thyroid dysfunctions in the newborns, due to the direct exposure of these individuals to a potent NIS-inhibitor and to decreased levels of the main substrate for the thyroid hormones synthesis (73). Furthermore, epidemiological studies indicated that thiocyanate exposure was associated with the inhibition of thyroid hormone production and the development of thyroid autoimmunity (74, 75). However, although previous studies indicated that the co-exposure to perchlorate and thiocyanate is potentially deleterious to the thyroid function in adults and in susceptible individuals, as pregnant women, fetus, and newborns, the effects of thiocyanate per se in the thyroid are still controversial in humans (27, 30, 31, 76)

Finally, the molecular mechanisms involved in the thiocyanate regulation of thyroid function are not completely understood. Studies using primary thyroid cells cultures exposed to plant extracts rich in thiocyanate demonstrated an increased production of reactive oxygen species, induced cell injury and DNA damage, decreased gene expression and activity of proteins involved in the synthesis of thyroid hormones (77, 78). However, the direct effects of thiocyanate per se in the thyrocytes have never been reported.



Current gaps and future perspectives

Several studies have been carried out in recent years and their results have clarified many aspects of the deleterious effects promoted by the exposure of animals to perchlorate, nitrate, and thiocyanate (Figure 1). Nevertheless, there are several aspects and molecular mechanisms that need to be clarified. Indeed, especially the epidemiological data are still controversial, and the impact of the exposure to these NIS-inhibitors on human health are not conclusive. The controversial results may be related to the different methodologies that were used to determine these contaminants in each study, as well as the period of the exposure that was evaluated. Moreover, these anions have a short biological half-life, which could impair these associative analyzes. Additionally, there are no data about the long-term and programming-induced effects of these contaminants, especially during the windows of susceptibility, such as pregnancy and lactation. In general, the harmful effects of these contaminants were observed in iodine-deficient populations and were related to the induction of iodine deficiency. This concern is irrefutable, however there are scarce data about the direct effects of these contaminants on the thyroid gland. It is important to highlight that NIS is expressed in several other tissues as mammary glands, placenta, intestine, kidney, gonads. Therefore, future studies are needed to clarify the effects of these anions in other systems/organs besides the hypothalamus-pituitary-thyroid axis. Finally, it is important to reinforce that the disruption of thyroid function goes beyond the impairment of the synthesis of thyroid hormones, since these hormones affect virtually all organs/systems of the body.




Figure 1 | Thyroid dysfunction induced by perchlorate, nitrate and/or thiocyanate exposure. (A) In a normal condition, the sodium-iodide symporter (NIS) mediates the iodide uptake, the first limiting step for thyroid hormone synthesis. Then, iodide is transported across the apical membrane, and it is oxidized and organified into tyrosyl residues of thyroglobulin (TG) through the activity of thyroid peroxidase (TPO). Under the TSH stimulus, thyroid hormones (TH) are secreted and exert their effects in several tissues/organs, controlling the metabolism, growth, and development (79). (B) In the presence of perchlorate, nitrate and/or thiocyanate, NIS-mediated iodide uptake is impaired, and these molecules are actively transported into the thyroid cells (12). The consequences of increased levels of these anions in the intracellular thyrocytes medium are still unclear. It has been reported that besides the inhibition of NIS activity, the SCN- also impairs the organification of iodine catalyzed by TPO activity. The impairment of the activity of these two key proteins involved in the thyroid hormone synthesis could contribute to the reduced production and secretion of thyroid hormones to the blood circulation. The negative consequences of the reduction of the thyroid hormone serum levels are widely described in the literature, but are especially alarming during critical periods of the development, as during the pregnancy and lactation periods.
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Introduction

DEHP is an endocrine disruptor widely used in the production of malleable plastics. DEHP exposure was associated with altered hypothalamic-pituitary-thyroid (HPT) axis function. Although previous studies reported deleterious effects of DEHP exposure during the intrauterine period, few studies have evaluated the direct effects triggered by this endocrine disruptor on the offspring animals' thyroid function. This study aimed to investigate the impact of intrauterine exposure to DEHP on the HPT axis function programming of the offspring animals during adulthood.



Methods

Pregnant Wistar rats were orally treated with corn oil or corn oil supplemented with DEHP (0.48 or 4.8 mg/kg/day) throughout the gestational period. The offspring rats were euthanized on the 90th postnatal day. Hypothalamus, pituitary, thyroid, and liver were collected to analyze gene expression and protein content through qPCR and Western Blot. Blood was collected to determine TSH and thyroid hormone levels through fluorometric or chemiluminescence immunoassays.



Results

In the adult F1 female rats, the highest dose of DEHP decreased TSH serum levels. In the thyroid, DEHP reduced the gene expression and/or protein content of NIS, TSHR, TG, TPO, MCT8, NKX2.1, PAX8, and FOXE1. These data are consistent with the reduction in T4 serum levels of the F1 DEHP-exposed female rats. In the liver, DEHP exposure increased the mRNA expression of Dio1 and Ttr, while the highest dose of DEHP reduced the mRNA expression of Ugt1a1 and Ugt1a6. Conversely, in the F1 male adult rats, TSHB expression and TSH serum levels were increased in DEHP-exposed animals. In the thyroid, except for the reduced protein content of TSHR, none of the evaluated genes/proteins were altered by DEHP. TH serum levels were not changed in the DEHP-exposed F1 male rats compared to the control group. Additionally, there were no significant alterations in the expression of hepatic enzymes in these animals.



Discussion/Conclusions

Our results demonstrated, for the first time, that intrauterine exposure to DEHP disrupts the HPT axis function in male and female offspring rats and strongly suggest that DEHP exposure increases the susceptibility of the offspring animals to develop thyroid dysfunctions during adulthood.
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1 Introduction

Phthalates are plasticizers used in producing polyvinyl chloride plastics and several manufactured goods, such as toys, food packaging, and medical devices. Phthalates are not covalently bound as plasticizes, and thus can easily leach into the water, food, and environment (1, 2).

Di(2-ethylhexyl) phthalate (DEHP) is the most common member of the class of phthalates, and several studies indicated that humans are highly exposed to DEHP (3, 4). Indeed, DEHP exposure was considered a potential risk to human health (5–7). The estimated daily intake of DEHP for adult humans was 0.5-30 μg/kg/day, although some studies have reported higher levels of exposure to this phthalate (8–10). Once in the body, DEHP is metabolized to mono(2-ethylhexyl) phthalate (MEHP), a highly toxic compound (11).

DEHP and MEHP are compounds that interfere with the endocrine function in humans and other animals (12). It is worth noting that the thyroid hormones control metabolic processes essential for normal development and growth (13–15). Moreover, the thyroid hormones are transferred through the placenta to the fetal compartment during the intrauterine period, and the thyroid hormones’ actions are crucial to the development of the central nervous system (16–18).

Although it has been suggested in several epidemiological studies, the negative association between thyroid hormone serum levels and DEHP exposure is still controversial in humans (19–22). On the contrary, the disruptive effect of DEHP exposure on the thyroid function of the most susceptible individuals, such as newborns, children, and pregnant women, was extensively reported in the literature (23–25).

In animal models, the direct and chronic exposure to high doses of DEHP (250 to 750 mg/kg/day) was related to increased serum levels of TRH and TSH, decreased thyroid hormones serum concentration, altered expression of genes/proteins involved in the thyroid hormone synthesis, altered peripheral metabolism and impaired plasma transport of thyroid hormones to the target tissues (26–28).

It is well known that the intrauterine period is essential for programming health or disease during adulthood (29–31). Nevertheless, although it has been described that in-utero exposure to DEHP was related to neurobehavioral and neurodevelopment impairments due to alterations in thyroid homeostasis (32, 33), limited studies investigated the effects of DEHP early-life exposure directly in the thyroid function of the offspring animals. Therefore, this study aimed to evaluate the impact of intrauterine exposure to DEHP in the programming of the HPT axis of the adult F1 rat offspring.



2 Material and methods


2.1 Animals and experimental protocol

Virgin female and male Wistar rats were obtained from the Animal Breeding Centre at the Institute of Biomedical Sciences, University of Sao Paulo. The animals were maintained in polysulfone rat cages in the Experimental and Training Center of the Hospital Israelita Albert Einstein at constant temperature (23 ± 1°C), 12:12-h light-dark cycle schedule, and fed with rat chow (NUVLAB, CR1; Nuvital, Brazil) and water (polysulfone bottles) ad libitum. The female and male rats were mated, and the presence of spermatozoa in the vaginal smear was defined as the first day of gestation. Thereafter, each pregnant rat was randomly assigned to one of 3 treatment groups: control, 0.48 mg/kg/day (DEHP 0.48), or 4.8 mg/kg/day (DEHP 4.8). Four pregnant rats were used in each experimental group. Each pregnant rat had one litter of 10-12 animals per group. The number of offspring animals did not vary among the groups. DEHP was dissolved in corn oil (Figure 1). The treatment doses were based on the NOAEL dose of DEHP, which was defined as 4.8 mg/kg/day (34, 35).




Figure 1 | Schematic representation of the experimental protocol. Pregnant Wistar rats were randomly divided into 3 experimental groups: Control, DEHP 0.48 mg/kg/day and DEHP 4.8 mg/kg/day. Pregnant rats orally received corn oil (control) or corn oil supplemented with DEHP (0.48 or 4.8 mg/kg/day) throughout pregnancy (GD0.5 – GD21). After birth, F1 offspring male and female rats were maintained with normal rat chow and filtered water. The offspring animals were anesthetized and euthanized in the PND90. Created with BioRender.com.



From the first day of gestation until the birth of the pups, pregnant dams were orally dosed once a day with corn oil (vehicle control) or the doses mentioned above of DEHP by placing a pipette tip containing the dosing solution into the mouth (Figure 1). This method of drug administration was chosen to mimic oral exposure in humans (35). The volume of each dosing mixture in corn oil was adjusted daily based on changes in the dam’s weight.

The DEHP treatment was interrupted after the birth of the offspring rats. After weaning, the rats were separated by sex and kept on standard chow and filtered water until the 90th postnatal day (PND90). Then, the animals were weighed, anesthetized, and euthanized by decapitation. The euthanasia was performed in the morning between 8h00 and 11h00AM. The female offspring were in the metestrus and diestrus phases of the estrous cycle on the day of the euthanasia. Blood, hypothalamus, pituitary, thyroid, and liver were collected, stored at -80°C, and processed as described below.

The experimental protocol was approved by the Ethics Committee on Animal Experimentation of the Hospital Israelita Albert Einstein (CEUA 3326/2018), following the ethical principles in animal research adopted by the National Council for the Control of Animal Experimentation.



2.2 Evaluation of gene expression

Hypothalamus, pituitary, thyroid, and liver were homogenized in TRIzol® Reagent (Invitrogen Life Technologies Carlsbad, CA, USA), using Polytron® equipment (KINEMATIC), following the manufacturer’s recommendations (36). In addition, gene expression of the hypothalamus and pituitary (Tshb, Cga, Trh), thyroid transcription factors (Nkx2.1, Pax8, Foxe1), thyroid differentiation markers (Slc5a5, Tshr, Tpo, Tg, Mct8), deiodinases (Dio1, Dio3), hepatic enzymes (Ttr, Ugt1a1, Ugt1a6) was evaluated through RT-qPCR assays. The relative mRNA expression was calculated according to the 2−ΔΔCt method using Rpl19 mRNA expression as the internal control. Primer sequences are described in Supplementary Table 1.



2.3 Evaluation of protein content

Hypothalamus, pituitary, and thyroid were homogenized in RIPA lysis buffer (50 mM Tris, pH 7.5; 150 mM NaCl, 1% Nonidet P-40; 0.5% sodium deoxycholate; 1 mM EDTA and 0.1% SDS) supplemented with protease inhibitors (Protease Inhibitor Tablets, Thermo Scientific Pierce™), using Polytron® equipment (KINEMATIC). Western Blotting was performed as previously described (36). Briefly, nitrocellulose membranes were blocked with 3% BSA solution and incubated with specific primary and secondary antibodies, described in Supplementary Table 2. Blots were developed using the enhanced chemiluminescence (ECL) kit (Bio-Rad). Densitometric analyses were performed using Image J. 1.4 software (National Institutes of Health). Ponceau staining was used for thyroid total protein normalization, as previously described (37).



2.4 Determination of TSH, T3, and T4 serum levels

T4 and T3 rat serum concentrations were determined by a chemiluminescent immunoassay (Roche). TSH serum levels were determined by a fluorometric immunoassay, as previously described (37).



2.5 Statistical analysis

All data are reported as means ± SEM. The number of animals used in the study is indicated in the legends of the figures. Statistical analysis was performed using the GraphPad Prism Software – Version: 6.0. Data was subjected to a normality test (Kolmogorov-Smirnov) and then to unpaired One-Way ANOVA followed by Student-Newman-Keuls post hoc test and/or Dunnet's multiple comparisons test post hoc test. Differences were considered statistically significant at P < 0.05.




3 Results


3.1 Intrauterine exposure to DEHP alters TSH and thyroid hormones serum levels in the F1 female rats

As presented in Table 1, the exposure of F1 female rats in utero to DEHP did not alter body weight but altered the serum levels of the TSH and thyroid hormones during adulthood. Indeed, the female rats exposed to the highest dose of DEHP treatment during the intrauterine period presented lower serum TSH levels than the control group. Moreover, in-utero exposure to DEHP reduced T4 serum levels in the F1 female rats. Interestingly, there was a significant increase in the T3 total serum levels in the animals exposed to the lowest dose of DEHP during the intrauterine period.


Table 1 | Body weight, thyroid hormones and TSH serum levels in adult F1 female rats that were exposed or not to DEHP during intrauterine period.





3.2 Intrauterine exposure to DEHP alters the gene expression and protein content of the F1 female rats’ hypothalamus and pituitary

As demonstrated in Figure 2, the intrauterine exposure to DEHP has not altered TRH’s gene and protein expression in the hypothalamus of the F1 female rats during adulthood. Interestingly, exposure to the lowest dose of DEHP significantly increased the gene expression and protein content of the alpha and beta subunits of TSH in the pituitary of the F1 female rats. However, there were no significant alterations in these subunits’ gene/protein content in the animals exposed to the highest dose of DEHP (Figure 3).




Figure 2 | Impact of DEHP exposure during the intrauterine period on TRH expression in the hypothalamus of adult F1 female rats. (A) Gene expression (Trh) was evaluated by Real-Time PCR and normalized by the expression of the constitutive gene Rpl19. (B) The protein content of thyrotropin-releasing hormone (TRH) was evaluated by Western Blot and normalized by Western Blot and normalized by Ponceau staining of the membranes. Representative western blots are shown in the right panel. Results are expressed as means ± SEM as fold change or in arbitrary units (AU). Values are expressed as mean ± SEM, in arbitrary units, n = 8-9 animals. P > 0.05 (One-Way ANOVA).






Figure 3 | Impact of DEHP exposure during intrauterine period in the expression of alpha and beta subunits of TSH in the pituitary of adult F1 female rats. (A) Gene expression (Cga, Tshb) was evaluated by Real-Time PCR and normalized by the expression of the constitutive gene Rpl19. (B) The protein content of CGA and TSHB was assessed by Western Blot and normalized by Ponceau staining of the membranes. Representative western blots are shown in the right panel. Values are expressed as mean ± SEM in arbitrary units, n=10-14 animals. * p < 0.05 vs. Control (One-Way ANOVA).





3.3 Intrauterine exposure to DEHP reduces the gene expression and protein content of the F1 female rats’ thyroid gland

Intrauterine exposure to both doses of DEHP has also reduced the expression of genes/proteins involved in the synthesis and secretion of thyroid hormones (Figure 4). Indeed, there was a significant decrease in the gene expression of Foxe1 and Nkx2.1 transcription factors in both treatment doses, while the Pax8 gene expression was reduced only in the animals exposed to the highest dose of DEHP. In addition, both doses of DEHP exposure reduced the thyroid expression of Slc5a5, Tpo, Tshr, and Mct8 mRNAs compared to the control animals (Figure 4A). In agreement, the in-utero DEHP-exposed F1 female rats presented a significant reduction in the content of NIS, TPO, and TSHR, critical proteins involved in synthesizing thyroid hormones (Figure 4B).




Figure 4 | Impact of DEHP exposure during the intrauterine period on thyroid gene and protein expression in adult F1 female rats. (A) Gene expression (Slc5a5, Tg, Tpo, Tshr, Mct8, Foxe1, Pax8, Nkx2.1) was evaluated by Real-Time PCR and normalized by the expression of the constitutive gene Rpl19. (B) The protein content of NIS, TG, TPO, and TSHR was evaluated by Western Blot and normalized by Ponceau staining of the membranes (Supplementary Figure 1). Representative western blots are shown in the right panel. Values are expressed as mean ± SEM, in arbitrary units, n=8-10.  * p < 0.05, ** p < 0.01, *** p < 0.001 vs Control. (One-Way ANOVA).





3.4 Intrauterine exposure to DEHP alters the gene expression of the F1 female rats’ liver

Finally, the gene expression of type I deiodinase (Dio1) was significantly increased in the liver of female rats exposed to both doses of DEHP. There was no significant alteration in the expression of type 3 deiodinase (Dio3). Moreover, intrauterine exposure to the highest dose of DEHP reduced the mRNA expression of Ugt1a and Ugt1a6, glucuronosyltransferases involved in the depuration of thyroid hormones. The mRNA expression of the transthyretin (Ttr), an essential plasma protein transporter of thyroid hormones, was increased in the liver of DEHP-exposed adult F1 female rats (Figure 5).




Figure 5 | Impact of DEHP exposure during intrauterine period in the liver gene expression in adult F1 female rats. Gene expression (Dio1, Dio3, Ugt1a, Ugt1a6, Ttr) was evaluated by Real-Time PCR and was normalized by the expression of the constitutive gene Rpl19. Values are expressed as mean ± SEM in arbitrary units, n=7-10 animals. * p < 0.05, vs. Control (One-Way ANOVA).





3.5 Intrauterine exposure to DEHP alters TSH serum levels but doesn’t change thyroid hormones serum levels in the F1 male rats

In contrast to the results obtained in the F1 female rats, adult F1 male rats have not presented alterations in the thyroid hormones serum levels. However, both studied doses significantly elevated the TSH serum levels in the DEHP-exposed animals. Notably, the offspring’s body weight did not vary in the DEHP-exposed animals (Table 2).


Table 2 | Body weight, thyroid hormones and TSH serum levels in adult F1 male rats that were exposed or not to DEHP during intrauterine period.





3.6 Intrauterine exposure to DEHP alters the gene expression and protein content of the F1 male rats’ hypothalamus and pituitary

Interestingly, the in-utero exposure to the lowest dose of DEHP increased the mRNA expression of Trh in the hypothalamus of adult F1 male rats, even though there were no significant alterations in the TRH protein content in these animals (Figure 6). Furthermore, as demonstrated in Figure 7, DEHP exposure has not altered the alpha subunit of TSH expression in the pituitary of the F1 male rats. In contrast, the animals exposed to the lowest dose of DEHP during the intrauterine period presented increased mRNA expression and protein content of the beta subunit of TSH in the pituitary.




Figure 6 | Impact of DEHP exposure during intrauterine period in the TRH expression in the hypothalamus of adult F1 male rats. (A) Gene expression (Trh) was evaluated by Real-Time PCR and normalized by the expression of the constitutive gene Rpl19. (B) The protein content of thyrotropin-releasing hormone (TRH) was evaluated by Western Blot and normalized by Ponceau staining of the membranes. Representative western blots are shown in the right panel. Values are expressed as mean ± SEM, in arbitrary units, n = 8-10 animals. * p < 0.05 vs. Control (One-Way ANOVA).






Figure 7 | Impact of DEHP exposure during intrauterine period in the expression of alpha and beta subunits of TSH in the pituitary of adult F1 male rats. (A) Gene expression (Cga, Tshb) was evaluated by Real-Time PCR and normalized by the expression of the constitutive gene Rpl19. (B) The protein content of CGA and TSHB was evaluated by Western Blot and normalized by Ponceau staining of the membranes.. Representative western blots are shown in the right panel. Values are expressed as mean ± SEM, in arbitrary units, n= 13-14 animals. * p < 0.05, ** p < 0.01 vs. Control (One-Way ANOVA).





3.7 Intrauterine exposure to DEHP affects the gene expression and protein content of the F1 male rats’ thyroid gland

Interestingly, the exposure of F1 male rats to DEHP in utero has not significantly altered the mRNA expression of Slc5a5, Tg, Tpo, Tshr, Mct8, Foxe1, Pax8, and Nkx2.1 (Figure 8A). However, DEHP-exposed animals presented a significant decrease in the TSRH protein content in the thyroid (Figure 8B).




Figure 8 | Impact of DEHP exposure during the intrauterine period on thyroid gene and protein expression in the adult F1 male rats. (A) Gene expression (Slc5a5, Tg, Tpo, Tshr, Mct8, Foxe1, Pax8, Nkx2.1) was evaluated by Real-Time PCR and normalized by the expression of the constitutive gene Rpl19. (B) The protein content of NIS, NIS, TG, TPO, and TSHR was evaluated by Western Blot and normalized by Ponceau staining of the membranes (Supplementary Figure 2). Representative western blots are shown in the right panel. Values are expressed as mean ± SEM, in arbitrary units, n=8-10. * p < 0.05 vs. Control. (One-Way ANOVA).





3.8 Intrauterine exposure to DEHP doesn’t alter the gene expression of the F1 male rats’ liver

The mRNA expression of Dio1, Dio3, Ugt1a, Ugt1a6, and Ttr were not altered in the liver of adult F1 DEHP-exposed male rats compared to the control group (Figure 9).




Figure 9 | Impact of DEHP exposure during intrauterine period in the liver gene expression in adult F1 male rats. Gene expression (Dio1, Dio3, Ugt1a, Ugt1a6, Ttr) was evaluated by Real-Time PCR and was normalized by the expression of the constitutive gene Rpl19. Values are expressed as mean ± SEM in arbitrary units, n=7-10 animals. p > 0.05 (One-Way ANOVA).



In summary, Figure 10 presents a schematic representation of the deleterious effects of intrauterine exposure to DEHP in the HPT axis function of F1 offspring during adulthood.




Figure 10 | Schematic representation of DEHP effects in the HPT axis of adult F1 female and male offspring animals. In summary, intrauterine exposure to DEHP induced hypothyroidism in adult female offspring rats and subclinical hypothyroidism in adult male offspring rats. Created with BioRender.com.






4 Discussion

The data presented in this study demonstrated that intrauterine exposure to DEHP disrupts the HPT axis of the offspring rats during adulthood. Our results also suggest that the male and female offspring present different sensitivity to DEHP exposure.

The disruptive effects of DEHP exposure in the HPT axis were previously reported in the literature (38–40). However, although these studies were very elucidative about the deleterious effects of DEHP on thyroid function, the studied doses were much higher than those used herein. Moreover, most of the previous studies were performed in male rats. It is well known that the prevalence of thyroid diseases is higher in women than in men (41). For that reason, we aimed to evaluate the consequences of DEHP exposure in both genders. Therefore, our study was the first to describe the effects of intrauterine exposure to DEHP in the programming of the HPT axis both in male and female offspring.

The adverse effects triggered by intrauterine exposure to DEHP were previously reported in the reproductive function and neurobehavioral of the offspring (32, 42). However, the impact of this exposure directly on thyroid function is poorly described (33, 43). Therefore, this is a limitation of the present study since it is difficult to compare the obtained results with those presented in the literature.

In the hypothalamus of the adult F1 female rats, there was no alteration in the gene/protein expression of TRH. Contrary to these results, the male offspring rats presented increased Trh mRNA expression in the lowest treatment dose without significant alterations in the TRH protein content. Sun et al. also observed increased TRH content in the hypothalamus of male rats directly exposed to high doses of DEHP (50 to 500 mg/kg/day) (39).

It is well described that thyroid hormones exert a negative feedback loop in the hypothalamus and pituitary (44). Therefore, our data suggest an impairment in the HPT axis function both in the male and female offspring since there was an increased expression of Trh in the hypothalamus of the male rats even in the absence of thyroid hormones alterations, and the Trh expression was not upregulated in the females with reduced T4 levels.

In the pituitary, the adult F1 female rats presented increased gene/protein expression of CGA, especially in the lowest dose of DEHP treatment. It is well known that the glycoprotein hormones, such as TSH, FSH, and LH, are composed of a common alpha-subunit and a specific beta-subunit, which confers biological specificity to these hormones. (45). Therefore, the increased expression of CGA in the female offspring rats’ pituitary suggests that the synthesis and secretion of FSH and LH are potentially altered in the DEHP-exposed animals. These results follow previous data about the disruptive effects of DEHP exposure, including during the intrauterine period, in the hypothalamus-pituitary-ovary axis function and the reproductive outcomes in female rats (35, 42). Interestingly, the exposure to DEHP during the intrauterine period decreased TSH levels only in the F1 female offspring exposed to the highest dose of treatment

The exposure to DEPH increased the content of the TSHB in the adult F1 male rats. This result was consistent with the increased TSH serum levels that were observed in the DEHP-exposed animals. Even though the effects of DEHP exposure on the expression/secretion of TSH are still controversial, Dong et al. demonstrated that the perinatal exposure to DEHP (30 to 750 mg/kg/day) increased the TSH serum levels of the pups at PND 7, PND 14, and PND 21 (43). The results also agree with previous results that demonstrated increased TSH levels in the male offspring rats of rat dams exposed to 600 mg/kg/day of DEHP (33). Moreover, our results are consonant with previous studies carried out in zebrafish that reported a significant increase in the Tshb expression MEHP-exposed animals (40 and 200 μg/L) (46). Nevertheless, studies performed with male rats chronically exposed to DEHP (600 mg/kg/day) presented decreased levels of TSH. (40). These discordant results indicate that the exposure period is crucial to determine the DEHP-triggered effects on the TSH expression in the pituitary.

TSH is the primary regulator of thyroid morphology and all the steps involved in thyroid hormone synthesis. TSH triggers its effects through the binding in the TSHR expressed in the basolateral membrane of thyrocytes (47). As described herein, the intrauterine exposure to DEHP triggered different results in the thyroid of the adult F1 female and male offspring rats. In the F1 female rats, there was a significant reduction in the expression of genes/proteins involved in the synthesis and secretion of thyroid hormones in both studied doses of DEHP, which was consistent with the reduced serum levels of T4 in these animals. However, in the males, thyroid gene expression was not altered by DEHP exposure, although TSHR expression was reduced in these animals. Moreover, the thyroid hormone levels were not changed in the adult F1 males, although TSH levels were significantly increased in both studied doses.

The disruptive effect of DEHP on TSH, TSH signaling pathway, and thyroid hormone levels have been previously reported, especially in male rats. Indeed, it has been demonstrated that the exposure of rats to high doses of DEHP (50 and 500 mg/kg/day) for two weeks reduced T3 and T4 levels and the Tshr mRNA expression in the thyroid gland (48). Rats chronically and directly exposed to DEHP (250, 500, or 750 mg/kg/day) presented reduced levels of thyroid hormones or increased levels of TSH (26, 27, 49).

Indeed, thyroid transcription factors are regulated by TSH and are critical to maintaining thyroid function and controlling the expression of thyroid differentiation genes (50, 51). Thus, the significant reduction of Pax8, Nkx2.1, and Foxe1 mRNA in the thyroid of F1 female rats could justify the decrease in the expression of the other thyroid genes. Additionally, the reduced TSH serum levels observed in the females exposed to the highest dose of DEHP could also contribute to the reduced thyroid transcriptional activity. Therefore, in the males, the absence of thyroid gene expression regulation, even with high serum circulating levels of TSH, suggests that the thyroid gland is hypofunctional in these animals. This hypothesis is strengthened by the reduced expression of TSHR in the thyroid of DEHP-exposed animals.

The impact of DEHP exposure on thyroid gene expression and function is still inconclusive. In fact, previous studies demonstrated that chronic exposure to high doses of DEHP (150, 300, 600 mg/kg/day) induced a stimulatory effect on Slc5a5, Tpo, Tshr, and Tg mRNA expression in rats (40). In agreement, rats perinatally exposed to DEHP also presented increased expression of genes/proteins involved in the biosynthesis of thyroid hormones (43). On the other hand, Kim et al. demonstrated reduced expression of TSHR in male rats exposed to DEHP (50 and 500mg/kg/day) for 14 days (48). These results are in accordance with previous studies that demonstrated reduced expression of NIS and TPO in rats chronically treated with high doses of DEHP (500 and 750 mg/kg/day) (27). Although this is the first study to evaluate the impact of in utero DEHP exposure in the thyroid gene/protein expression of the offspring during adulthood, previous studies have clearly demonstrated impairment in the thyroid hormones secretion and action in DEHP-exposed animals during critical windows of susceptibility (32, 33, 52). These data reinforce that gender, the treatment dose, and the period of exposure are crucial to determining the effects of DEHP on the HPT axis.

Although the female rats presented decreased expression of genes/proteins involved in thyroid hormone production, T3 levels were increased in the lowest treatment dose. Previous data indicated increased T3 serum levels and decreased T4 levels in animals exposed to DEHP (300 mg of DEHP/kg/day) (40, 53).

Thyroid hormone serum levels depend on the thyroid secretion rate and the expression/activity of deiodinases in the peripheral tissues (54). Therefore, the increased expression of Dio1 mRNA in the liver of F1 female rats could contribute to the increased circulating levels of T3. Conversely, there were no significant alterations in the Dio1 mRNA expression in the liver of adult F1 male rats, suggesting a sexually different response in the liver of DEHP-exposed animals.

The regulation of deiodinases expression by DEHP has already been reported in the literature. Indeed, the exposure of male rats to DEHP (600 mg/kg/day) for six months increased the Dio1 mRNA expression in the liver (55). Perinatal exposure to DEHP was also related to increased Dio1 mRNA levels in PND14 and PND21 rats (43). Furthermore, zebrafish exposed to significant environmental concentrations of DEHP presented increased expression of Dio1 and Dio 2 transcripts (46).

Transthyretin (Ttr) is the main transport protein of thyroid hormones in rats (56). In the present study, in-utero exposure to DEHP increased the Ttr mRNA expression in the liver of female offspring but not in the male one. In contrast, previous studies have demonstrated a suppressive effect of chronic DEHP exposure in the TTR expression, which was associated with decreased thyroid hormone serum levels (27). Future studies are needed to unravel the sexually dimorphic response of Ttr mRNA expression in DEHP-exposed animals and elucidate the molecular mechanisms involved in the differential regulation of Ttr mRNA expression in animals exposed during critical periods of development or during adulthood.

Finally, UDP-glucuronyltransferases (UGTs) enzymes catalyze the glucuronidation and peripheral degradation of thyroid hormones (56). The regulation of the expression of these enzymes presented a different response in the DEHP-exposed male and female offspring. Future studies might elucidate the molecular pathways in regulating these crucial enzymes in DEHP-exposed animals.

This study has some limitations. First, although we reported several alterations in the gene/protein expression in the HPT axis glands, we couldn’t wholly elucidate the molecular mechanisms involved in this disruption. We have preliminary data suggesting the participation of epigenetic mechanisms in regulating thyroid transcriptional activity, but additional studies will be needed to elucidate their involvement in the disruption of thyroid gene transcription. Moreover, the morphological analysis of the thyroid gland would contribute to understanding if the disruption of the thyroid function in the offspring animals is related to the impairment of the follicle’s structure.

In summary, the data presented herein indicated, for the first time, that intrauterine exposure to DEHP causes long-term damage in the HPT axis function both in the male and female offspring. Furthermore, the results suggest that exposure to DEHP programs the offspring’s thyroid function, increasing their susceptibility to developing thyroid dysfunctions during adulthood.
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VARIABLE BOYS GIRLS
(N =210) (N = 228)
Mothers’ characteristics
Age at delivery (mean, min, max) 32.0 (16.2, 32.0(15.1,
45.1) 44.8)
Geographic origin
Caribbean Islands 204 (97.1) 219 (96.0)
Europe 6(2.9 9 (4.0)
BMI in early pregnancy (mean, min, max) 248 (171, 25.7 (15.6,
40.7) 50.0)
Weight gain during pregnancy (n, %)
Insufficient 66 (32.2) 58 (25.8)
Normal 28 (13.7) 26 (11.5)
Excessive 53 (25.8) 78 (34.7)
Very excessive 58 (28.3) 63 (28.0)
Education level (n, %)
< 12 years schooling 112 (53.3) 117 (61.3)
> 12 years schooling 98 (46.7) 111 (48.7)
Smoking during pregnancy (n, %) 6(2.9 7(3.1)
Alcohol during pregnancy (n, %) 4(2.0 5(2.3)
Childs’ characteristics
Age (mean, min, max) 7.7(71,81) 7.6(7.1,82
Z-score height (mean, min, max) 09(-1.9,38 1.0(-1.4,3.6)
Z-score BMI (mean, min, max) 0.2(-3.8,3.7) 0.3(-3.1,2.9)
Prematurity (n, %) 29 (13.8) 28 (12.3)
Small for gestational age (n, %) 24 (11.4) 17 (7.5)
Breastfeeding (n, %) 183 (87.1) 192 (84.2)
Total cord blood lipids (mean, interquartile 2.24 (1.82, 2.29 (1.75,
range) (g/L) 2.41) 2.55)
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Organochlorine

Cord blood
Chlordecone
Boys
Girls
DDE
Boys
Girls
PCB-153
Boys
Girls
Child blood
Chlordecone
Boys
Girls

124
161

127
159

127
159

210
225

Detection frequency (%)

79.0
76.4

79.5
84.9

56.7
522

738
71

Minimum

<DL

<DL

<DL
<DL

<DL
<DL

<DL
<DL

p5

<DL

<DL

<DL
<DL

<DL
<DL

<DL
<DL

p25

0.08
0.07

0.09
0.10

<DL
<DL

<DL
<DL

p50

0.25
0.21

0.22
0.31

0.07
0.06

0.06
0.05

P75

0.41
0.37

0.64
0.74

0.15
0.14

0.11
0.11

p95

1.46
1.44

271
322

0.46
0.57

0.37
0.30

Maximum

125
29.8

7.78
125

1.31
1.75

7.01
215

0.46

0.26

0.69

0.37

DL, Detection limits. Cord chlordecone: 0.06 ug/L, cord DDE: 0.05 pig/L, cord PCB-153: 0.05 ug/L, child chiordecone: 0.02 pig/L.

Mann-Whitney U test.
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Hormone

IGF-1 ° (ng/mL) (log10)

Adiponectin © (ug/mL) (logso)

Leptin ° (<LOD vs > LOD)

Leptin ® (ng/mL) (og1o)

Sex (N)

Boys (124)

Girls (161)

Boys (124)

Girls (161)

Boys (124)

Girls (161)

Chlordecone (ug/L)

<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10

Unadjusted Adjusted ®
8° or OR® 95% Cl P 8° or OR® 95% Cl P

Ref. Ref.

479 -24.6; 34.2 0.75 -7.20 -35.41; 21.01 0.61
792 -19.2; 35.1 0.57 -1.96 -27.14; 23.23 0.88
165 -26.1; 29.4 0.91 -3.34 -28.79; 22.11 0.80
1.63 -5.26; 8.51 0.64 -0.22 -6.57; 6.13 0.95
Ref. Ref.

-16.1 -49.1;16.9 0.34 -15.6 -47.0;16.8 0.33
-13.1 -45.6; 19.3 0.42 -16.3 -47.6; 14.9 0.30
-9.4 -42.8; 24.1 0.58 -16.8 -49.1;16.4 0.31
0.35 -8.03; 8.73 0.93 -3.51 -11.6; 4.54 0.39
Ref. Ref.

062 -0.29; 1.53 0.18 079 -0.14,1.72 0.10
0.52 -0.32; 1.36 0.23 067 0.12
0.62 -0.24; 1.48 0.16 0.68 0.12
0.15 -0.06; 0.36 0.17 0.18 0.1
Ref. Ref.

-0.32 -1.05; 0.41 0.39 -0.36 -1.08; 0.37 0.34
-0.35 -1.07; 0.36 0.33 -0.32 -1.04; 0.39 0.37
0.06 -0.68; 0.80 0.87 0.06 -0.68; 0.79 0.88
0.03 -0.15; 0.22 0.72 0.04 -0.15; 0.22 0.68
Ref. Ref.

1.75 0.45; 6.84 0.42 0.82 0.81
072 0.24;2.19 0.57 0.36 0.15
073 0.24;2.26 0.59 0.40 k 0.21
0.86 0.65;1.15 0.32 074 0.50; 1.08 0.12
Ref. Ref.

0.29 -0.16; 0.75 0.20 0.10 -0.15; 0.36 0.42
0.30 -0.14; 0.75 0.18 0.02 -0.24; 0.27 0.91
0.29 -0.17,0.75 0.22 0.004 -0.26; 0.26 0.98
0.10 -0.02; 0.21 0.10 -0.003 -0.07; 0.06 0.94

The covariates for which we adjusted: For IGF-1 boys: geographical origin, mothers’ age at delivery, z-BMI; For IGF-1 girls: geographical origin, mothers’ age at delivery, mothers’ BMI in
early pregnancy, child z-score BMI; For Adiponectin boys: geographical origin, child z-score BMI; For Adiponectin girls: breastfeeding; For Leptin boys: mothers age at delivery, mothers
education level, child z-score BMI; For Leptin girls: geographical origin, child z-score BMI.

“Beta coefficient of regression;
Odds ratio.
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Hormone Sex(N)

DHEA ° (nmol/L) (log1o) Boys (124)
Girls (161)

DHT °(<LOD vs > LOD) Boys (124)
Girls (161)

Testosterone °(<LOD vs > LOD) Boys (124)

Girls (161)

Estradiol °(<LOD vs > LOD) Boys (124)

Girls (161)

Chlordecone (ug/L)

<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10
<0.07
0.07-0.19
0.20-0.40
>0.40
Log10

Unadjusted Adjusted®
B8° or OR® 95% Cl P B8° or OR® 95% Cl P

Ref. Ref.

0.20 -0.31; 0.72 0.44 0.26 -0.24;0.75 0.30
0.54 0.06; 1.03 0.03 0.54 0.08; 1.01 0.02
0.37 -0.12; 0.86 0.13 0.39 -0.08; 0.86 0.1
0.05 -0.08; 0.17 0.47 0.04 -0.08; 0.16 0.51
Ref. Ref.

0.20 -0.16; 0.55 0.27 0.18 -0.17; 0.52 0.32
0.41 0.06; 0.75 0.02 0.36 0.02; 0.71 0.04
0.29 -0.07; 0.64 0.1 0.22 -0.13; 0.57 0.21
0.09 0.004;0.18 0.04 0.08 -0.01; 0.16 0.09
Ref. Ref.

1.97 0.67;5.78 0.22 1.81 0.61; 5.39 0.29
3.69 1.29; 10.56 0.02 3.70 1.29; 10.6 0.02
1.16 0.43; 3.15 0.77 117 0.43; 3.19 0.76
0.99 0.77;1.28 0.96 0.99 0.77;1.28 0.96
Ref. Ref.

0.80 0.31;2.03 0.63 0.81 0.31; 217 0.68
264 0.88; 7.90 0.08 3.20 1.01;10.2 0.05
1.05 0.40;2.79 0.92 1.13 0.41;3.15 0.81
1.07 0.83; 1.37 0.63 1.08 0.83; 1.41 0.57
Ref. Ref.

1.02 0.34; 3.04 0.97 1.07 0.32; 3.58 0.91
229 0.84; 6.23 0.1 3.22 1.08; 9.58 0.04
0.94 £ 0.90 1.33 0.43; 4.07 0.62
1.03 0.80; 1.33 0.82 1.12 0.85; 1.47 0.43
Ref. Ref.

1.67 0.68; 4.06 0.26 1.89 0.76; 4.72 0.17
3.1 1.27;,7.62 0.01 3.28 1.32;8.17 0.01
2.09 0.83; 5.09 0.12 1.96 0.78; 4.88 0.15
1.27 1.01;1.61 0.04 1.25 0.98; 1.59 0.07
Ref. Ref.

0.70 0.17;2.81 0.61 0.65 0.16; 2.65 0.55
1.10 0.88 1.14 0.34; 3.81 0.83
1.03 0.96 1.05 0.30; 3.61 0.94
0.99 0.73; 1.36 0.96 1.00 0.73; 1.37 0.99
Ref. Ref.

0.67 0.27;1.62 0.37 0.72 0.29;1.77 0.47
1.26 0.53; 3.00 0.60 1.36 0.56; 3.26 0.50
0.90 0.37;2.19 0.82 0.88 0.36; 2.16 0.78
1.06 0.84; 1.31 0.70 1.03 0.82; 1.30 0.78

“The covariates for which we adjusted: For DHEA boys: child z-score BMI; For DHEA girls: geographical origin; For DHT boys: breastfeeding; For DHT girls: mothers’ age at delivery,
smoking during pregnancy, child z-score BMI; For Testosterone boys: geographical origin, alcohol during pregnancy, breastfeeding; For testosterone girls: geographical origin, mothers’
age at delivery; For Estradiol boys: mothers’ BMI in early pregnancy; For estradiol girls: mothers’ age at delivery.

“Beta coefficient of regression;
Odds ratio.
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Hormones

TSH (mUIL)
Boys
Girls

FT3 (pmol/L)
Boys
Girls

FT4 (pmol/L)
Boys
Girls

DHEA (nmol/L)
Boys
Girls

DHT (pmol/L)
Boys
Girls

TT (pmol/L)
Boys
Girls

E2 (pmol/L)
Boys
Girls

IGF-1 (ng/mL)
Boys
Girls

Leptin (ng/mL)
Boys
Girls

Adiponectin (ug/mL)
Boys
Girls

N

210

226

210
228

210
228

203
219

203
219

203
219

203
219

210
228

210
228

210
228

Detection frequency (%)
100
100

100
100

100
100

94.1
99.1

61.1
726

36.0
46.1

14.3
43.4

100
100

70.0
91.7

100
100

Minimum

0.59

0.35

2.90
3.70

132
183

<DL
<DL

<DL
<DL

<DL
<DL

<DL
<DL

97
113

<DL
<DL

2.05
2.05

p5

0.99
0.85

4.90
4.70

14.9
14.6

<DL
1.00

<DL
<DL

<DL
<DL

<DL
<DL

144
151

<DL
<DL

2.65
3.15

p25
1.49
1.44

5.50
5.60

159
156

1.63
223

<DL
<DL

<DL
<DL

<DL
<DL

174
206.5

<DL
1.96

3.90
4.05

P50
210
2.00

6.20
6.40

16.9
16.85

293
3.44

38.9
55.2

<DL
<DL

<DL
<DL

2185
253.5

1.70
3.68

4.73
5.00

p75
2.88
263

6.90
7.10

18
18.2

5.03
5.69

76.9
108.1

112.2
140.1

<DL
7.50

254
303.5

3.41
8.48

5.75
6.08

P95
4.19
4.28

8.10
9.40

20
203

8.94
101

176.5
270.3

261.7
264.4

7.06
154

318
415

143
232

8.00
8.15

Maximum

715

6.63

127
12.8

21.6
26.9

19.9
29.0

959.0
11123

4389
712.2

13.7
34.8

440
529

36.0
45.6

1.3
124

0.22

0.05

0.70

0.01

0.002

0.02

<0.0001

<0.0001

<0.0001

0.13

DL, Detection limits. DHEA: 0.3 nmol/L, DHT: 28.3 pmol/L, testosterone 81.3 pmol/L, estradiol: 5.1 pmol/L, leptin: 1.0 ng/mL.

Mann-Whitney U test.
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Hormone Sex (N) Chlordecone (ug/L) Unadjusted Adjusted®
8° 95% CI P 8° 95% Cl P
TSH ° (MIU/L) (Iog10) Boys (124) <0.07 Ref. Ref.
0.07-0.19 0.12 -0.12;0.36 0.32 0.20 -0.04; 0.44 0.10
0.20-0.40 0.01 -0.21;0.23 092 0.05 -0.17; 0.26 0.68
>0.40 0.02 -0.20; 0.24 0.85 0.10 -0.13; 0.33 0.38
Log10 -0.01 -0.07; 0.04 0.71 -0.01 -0.05; 0.06 0.82
Girls (159) <0.07 Ref. Ref.
0.07-0.19 0.10 -0.11;0.32 0.34 0.10 -0.11;0.32 0.51
0.20-0.40 0.19 -0.02; 0.40 0.08 0.22 0.01; 0.44 0.04
>0.40 0.05 -0.16; 0.27 0.63 0.08 -0.15; 0.30 0.50
Log10 0.02 -0.04; 0.07 0.58 0.02 -0.03; 0.08 0.39
FT3° (omol/mL) (logso) Boys (124) <0.07 Ref. Ref.
0.07-0.19 -0.32 -0.93;0.28 0.29 -0.22 -0.76; 0.32 0.43
0.20-0.40 0.14 -0.42;0.70 0.62 0.03 -0.46; 0.52 0.92
>0.40 0.24 -0.33; 0.81 0.41 -0.06 -0.57; 0.44 0.80
Log10 0.11 -0.03; 0.26 0.11 0.05 -0.08; 0.17 0.45
Girls (161) <0.07 Ref. Ref.
0.07-0.19 0.30 -0.23; 0.83 027 0.32 -0.21; 0.85 0.24
0.20-0.40 0.37 0.16 0.42 -0.11; 0.94 0.12
>0.40 0.18 0.52 0.18 -0.36; 0.73 0.51
Log10 0.07 -0.07; 0.20 0.33 0.08 -0.06; 0.22 0.27
FT4 ° (omol/mL) (logio) Boys (124) <0.07 Ref. Ref.
0.07-0.19 -0.32 -1.15;0.50 0.44 -0.22 -1.08; 0.63 0.61
0.20-0.40 -0.18 -0.95; 0.58 0.63 -0.25 -1.00; 0.51 0.52
>0.40 -0.28 -1.06; 0.50 0.48 -0.35 -1.12; 041 0.36
Log10 0.04 -0.15;0.23 0.69 0.02 -0.17;0.21 0.83
Girls (161) <0.07 Ref. Ref.
0.07-0.19 -0.22 -1.06; 0.62 0.60 -0.13 -0.95; 0.69 0.76
0.20-0.40 0.08 0.86 0.21 -0.61; 1.02 0.61
>0.40 0.35 -0.50; 1.20 0.42 0.52 -0.32; 1.35 0.23
Log10 0.11 -0.10; 0.32 0.30 0.17 -0.04; 0.38 0.12

*The covariates for which we adjusted: For TSH boys: mothers’ BMI in early pregnancy, alcohol during pregnancy; For TSH girfs: alcohol during pregnancy, breastfeeding; For FT3 boys:
geographic origin, mothers' age at delivery, breastfeeding, alcohol during pregnancy; For FT3 girls: geographic origin, mothers age at delivery, alcohol during pregnancy; For FT4 boys:
mothers’ age at delivery, breastfeeding, z-BMi; For FT4 girls: z-BMI.

bBeta coefficient of regression.
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Pace (2019) — > 1.39(1.03, 1.88)

Peng (2019) 1.39 (1.12, 1.72)
Han (2018) 1.27 (1.05, 1.53)

Bejaimal (2016) 1.24 (1.06, 1.46)

Overall (lI-squared = 0.0%, p = 0.813) 1.30 (1.17, 1.43)

NOTE: Weights are from random effects analysi
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Year

2019

2019

2019
2018
2019

2018

2018

2016

2016

2016

2016

2015
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2011

2010

2011

2010

1991

2010

Country Diabetes
type

Lithuania

Canada

China
Finland
China

China

Korea

Denmark

USA
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China

China

USA

USA
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Canada

Israel

Sweden
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T2D

GD

T2D
T2D
GD

T2D

GD

TID

T2D

T2D

GD

T2D

T2D

T2D
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diabetes

Untyped
diabetes
T2D
T2D
Untyped

diabetes
T2D

Sample Thyroid Mean
cancer
cases

127,290

68,588

410,191
428,326
990,572

51,324

102,900

39
million
person-
years

147,934

1,152,122

149,049

36,379

1,790,868

674,491

496,548

4,501,578

370,200

100,595

51,008

125,126

232

221

510
600
1,514

141

1,953

NR

391

833

632

29

1,309

818

525

1,053

126

114

71

ageat

baseline

<30

61.8
=230
3161/

28.83
60

28.25/
27.28

<40

63.2/63

21-89

32

5844/
59.37

60.5/60.4

60

62

57.5/51.5

61

up

years
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13.1

13
13

10
10

15.9

11

10

378

35

10.5

(median)

10

10.5-

119

4.3

52

5

Mean Diagnosis
follow- of thyroid

cancer

ICD-10

ICD-10

ICD-10
ICD-10
ICD-9

ICD-10

ICD-10

ICD-10/
ICD-7

NR

ICD-
Oncology
NR
ICD-10

ICD-9

ICD-
Oncology

1CD-
Oncology
ICDA-8/ICD-
9
ICD-9
ICD-9

ICD-7

ICD-7~10

Confounders adjusted

NR

Race, BMI, maternal age at delivery, year
of delivery, and ethnicity

Sex and age
NR

Age, infertility and kidney disease,
dyslipidemia, liver disease, and
hypertension

NR

Smoking, maternal age, FBG, and BMI
before pregnancy

NR

Age, ethnicity, education, smoking status,
recreational physical activity, alcohol
intake, history of hormone therapy use,
and previous thyroid disease

Age, ethnicity, and socioeconomic status

Number of physician visits in 3 years
before the index date and income

Age and sex

Age, sex, urbanization, hypertension, and
hyperlipidemia

Race, education, sex, smoking, marital
status, alcohol intake, BMI, cigarette, and
cohort

Age, sex, smoking status, education, BMI,
family history of cancer, and race/ethnicity

Race, Age, latency, time, and alcohol-
related conditions, number of visits,
COPD, and obesity

Sex, birth year, and index year
Age, history of cardiovascular diseases,
region, BMI, and SES level

Age and sex

Obesity

NOS
scores

ICD, International Classification of Diseases; T2D, type 2 diabetes; T1D, type 1 diabetes; GD, gestational diabetes; NR, no report; FBG, fasting blood glucose; BMI, body mass index; COPD,

chronic obstructive pulmonary disease.
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DEHP 0.48 mg/kg/day DEHP 4.8 mg/kg/day*

Body weight 221 £42 216 £ 6,9 227 £4,9 ‘
T; (ng/dL) 1,20 + 0,05 1,36 + 0,02* 1,19 £ 0,02 ‘
T, (ng/dL) 5,90 + 0,38 501 £ 0,13@ 4,14 + 0,18*

TSH (ng/mL) 10,63 + 1,0 10,72 £ 2,1 5,05+ 0,8*

Results are expressed by means + SEM, n = 5-7 per group. @P = 0.06, * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Control.
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DEHP 0.48 mg/kg/day

DEHP 4.8 mg/kg/day

Body Weight 381 £9,4
T; (ng/dL) 1,15 £ 0,02
T, (ug/dL) 7,20 + 0,36
*TSH (ng/mL) 7,71 £0,8

Results are expressed by means + SEM, n = 5-12 per group. *P < 005 vs. Control.

365 £ 10,1

1,18 + 0,03

7,20 £ 0,31

16,08 + 5,2*

398 +7,7
1,19 + 0,02
6,31 + 0,44

15,14 £2,2*
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Endemic cretins (N=31) Control (N=85)
n (%) n (%)

Hypothyroxinaesmia

Yes 0(0.0) 1(1.2)

No 31 (100.0) 84 (98.8)
Overt hypothyroidism

Yes 39.7) 1(1.2)

No 28 (90.3) 84 (98.8)
Subclinical hypothyroidism

Yes 8(25.8) 7(8.2)

No 23 (74.2) 78 (91.8)
Overt hyperthyroidism

Yes 182 2(2.4)

No 30 (96.8) 83 (97.6)
Subclinical hyperthyroidism

Yes 0(0.0) 1012

No 31 (100.0) 84 (98.8)
Autoimmune thyroid disease

Yes 7(22.6) 10 (11.8)

No 24 (77.4) 75 (88.2)
Thyroid nodule

Yes 17 (64.8) 14 (16.5)

No 14 (45.2) 71(83.5)
Goiter

Yes 132 3(3.5)

No 30 (96.8) 82 (96.5)

*P < 0.05 and the difference between groups was statistically significant.

P Value

1.000

0.100

0.029*

1.000

1.000

0.246

<0.0001*

0.720
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Model B S, Wald 22 OR (95%Cl) P Value

Subclinical hypothyroidism
Endemic cretinism

No Ref
Yes 1 2123 0.757 7.864 8.353 (1.895, 36.823) 0.005
2 1.484 0.601 6.097 4.412 (1.358, 14.334) 0.014

Thyroid nodule
Endemic cretinism

No Ref
Yes 1 2.056 0.557 13.637 7.812 (2.624, 23.260) <0.0001
2 1.861 0.520 12.825 6.433 (2.323, 17.816) <0.0001

Binary logistic regression analysis was performed to estimate odds ratio for endemic cretinism for subjects in two models: model 1 (unadjusted) and model 2 (adjusted for age, gender).
OR. odds ratio: 95% CI, 95% confidence interval.
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Characteristics Total Endemic cretins (n=31) Control (n=85) P Value

Gender n (%)

Male 47 (40.5) 17 (54.8) 30(35.3) 0.058
Female 69 (59.5) 14 (45.2) 55 (64.7)

Agelyears) n (%)
41-50 31(26.7) 7(22.6) 4 (28.2) 0.127
51-60 42 (36.2) 8(25.8) 34 (40.0)
61-70 29 (25.0) 11(35.5) 8(21.2)
71-79 4(12.1) 5(16.1) 9(10.6)

Height (cm) X + s
Total 159.62 + 8.21 157.71 £ 8.45 160.39 + 8.05 0.126
Male 165.95 + 5.89 163.18 + 5.60 167.70 + 5.45 0.013*
Female 156.27 + 6.61 151.07 + 6.28 156.44 + 6.26 0.006*
P Value <0.0001* <0.0001* <0.0001*

Weight (kg) X +s
Total 61.95 + 11.08 59.01 + 10.92 63.13 + 10.99 0.080
Male 66.08 + 11.41 61.72 + 9.60 68.82 + 11.77 0.043*
Female 59.11 + 9.98 55.71 + 11.86 60.06 + 9.30 0.151
P Value 0.001* 0.130 0.001*

BMI (kg/m?) X s
Total 2425 + 3.53 23.69 + 3.74 2447 + 3.44 0.299
Male 23.92 + 3.46 2315+ 3.02 24.41 + 3.68 0.245
Female 2447 + 3.58 24.35 + 4.50 2451 + 3.33 0.882
P Value 0.427 0.384 0.903

BMI, boy mass index; A t-test was used for height, weight and BMI; the Mann-Whitney U test was adopted for age; a i test was used for gender.
*P < 0.05 and the difference between groups was statistically significant.
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Characteristics Total Endemic cretins (n=31) Control (1=85) P Value

UIC (ug/) M, Q] 169.90 (123.65,243.89) 168.92 (123.95,202.39) 175.86 (123.65,263.35) 0378
SIC (ug/) M, Q] 63.60 (54.03,71.69) 62.39 (54.63,71.70) 63.82 (53.85,71.68) 0.830
FTs (omol/) [M, Q] 5.40 (4.95,5.82) 5.60 (5.34,5.90) 5.29 (4.89,5.80) 0070
FT4 (pmol/) (M.QI 16.27 (14.97,18.30) 15.94 (14.96,18.09) 16.39 (14.92,18.57) 0518
TSH (uIU/mi) (M, Q1 2.33 (1.26,3.67) 3.35 (1.42,5.10) 2.06 (1.24,3.25) 0.009*
Tg (ng/mi) M, QI 11.84 (5.57,34.05) 23.97 (7.77,58.39) 10.68 (5.07,25.53) 0.060
TPOAD (+), 1 (%) 13 (11.2) 5 (16.1) 8(9.4) 0.495
ToAD (+), 1 (%) 12 (10.3) 5 (16.1) 782 0373

[M, QJ, [median, inter-quartile range]; UIC, urinary iodine concentration; SIC, serum iodine concentration; FTs, free triodothyronine; FT, free thyroxine; TSH, thyroid stimulating hormone;
Tg, thyroglobulin; TPOAb (+), thyroid peroxidase antibody-positive; TgAb (+), thyroglobulin antibody-positive.

Mann-Whitney U test was adopted for UIC, SIC, FTs, FT4, TSH, Tg; 1 test was used for TPOAD (+) and TgAb (+). The normal reference ranges were obtained from the manufacturer:
FT3, 3.10-6.80 pmol/L; FT4, 12.00-22.00 pmol/L; TSH, 0.27-4.20 miU/L; TPOAb, 0-34 IU/mL; TgAb, 0-115 IU/mL; Tg, 3.5-77 ng/ml.

*P < 0.05 was considered significant.





OPS/images/back-cover.jpg
Frontiers in
Endocrinology

Explores the endocrine system to find new.
therapies for key health issues

The second most-cited endocrinology and
metabolism journal, which advances our
understanding of the endocrine system. It
uncovers new therapies for prevalent health issues
such as obesity, diabetes, reproduction, and aging

Discover the latest
Research Topics






OPS/images/fendo.2022.971213/fendo-13-971213-g001.jpg
Records identified from

databases
(n = 2444)

'

Records excluded by checking
Records screened duplicates
(n=2117) (n = 327)

Reports sought for retrieval Records excluded by
(n = 42) reviewing the title summary

(n =2075)

Reports assessed for eligibility Reports excluded:
(n = 42) Non-diabetic population

(n=4)

Non-cohort study (n = 8)
Risk of diabetes (n = 3)
Risk of cancer mortality
(n =2)
Studies included in this review Conference abstract or
(n =20) erratum (n = 5)





OPS/images/fendo.2022.971213/fendo-13-971213-g002.jpg
Study
1D

Male :

Linkeviciute (2019) ——

Saarela (2018) ——
Qi (2019)

Fang (2018)

Carstensen (2016)

Xu (2013)

Kitahara (2012)

Briseis (2011)

Atchison (2010)

Chodick (2010)

Adami (1991)

Subtotal (l-squared = 37.6%, p = 0.099)

Female
Linkeviciute (2019)

Saarela (2018)
Qi (2019)

Peng (2019) ——

Fang (2018) ——
Han (2018) ——
Carstensen (2016) ——
Luo (2016)

Bejaimal (2016) —r
Xu (2013)
Kitahara (2012)
Briseis (2011)
Chodick (2010)
Adami (1991) -
Subtotal (l-squared = 76.6%, p = 0.000) s’.,:')

':C]verall (I-squared = 68.9%, p = 0.000) Q

NOTE: Weights are from random effects analysis

A73 1

|

]

|

|

|
<>

|

|

Pace R (2019) —_—

|

-.-l

ES (95% Cl)

1.83(1.32, 254)
1.27 (1.10, 1.46)
152 (1.29. 1.79)
1.03 (0.66, 1.61)
1.25(0.97. 161)
0.71(0.17, 2.91)
0.96 (0.65, 1.42)
1.04 (0.69, 157)
1.12(0.93, 1.34)
0.83 (0.28. 2.49)
1.30 (0.55, 3.08)
1.26 (1.12, 1.41)

1.39 (1.03, 1.88)
1.40 (1.21, 161)
1.20 (1.09, 1.32)
1.95 (1.76, 2.16)
139(1.12,1.72)
1.37 (1.13, 1.66)
1.27 (1.05, 153)
151(1.33,1.71)
1.09 (0.79, 151)
1.24 (1.06, 1.46)
1.29 (0.86, 1.94)
1.19 (0.84, 1.69)
1.46 (1.01, 2.11)
1.46 (0.83, 2.56)
1.00 (0.58, 1.73)
1.36 (1.22, 152)

1.32 (1.22, 1.44)

577

%
Weight

3.40
2.99
2.64
2 352
433
0.33
277
258
2.38
0.93
0.82
34.09

3.68
6.01
6.69
6.95
489
2.23
2.29
6.25
3.40
2.73
262
3.7
3.00
1.66
1.73
65.91

100.00





OPS/images/fendo.2022.971213/fendo-13-971213-g003.jpg
Study
ID

Male

Linkeviciute (2019)
Saarela (2018)

Qi (2019)

Fang (2018)

Xu (2015)
Kitahara (2012)
Chodick (2010)
Adami (1991)

Subtotal (l-squared =41.0%, p =0.105)

Female
Linkeviciute (2019)
Saarela (2018)

Qi (2019)

Fang (2018)

Luo (2016)
Kitahara (2012)
Chodick (2010)

Subtotal (lI-squared = 91.8%, p = 0.000)

Overall (l-squared = 83.5%, p = 0.000)

oy

-

1
I
1
!
[

<>

<5

NOTE: Weights are from random effects analygis '

73

——

ES (95% Cl)

1.83 (1.32, 2.54)
1.27 (1.10, 1.46)
1.52 (1.29, 1.79)
1.03 (0.66, 1.61)
0.71 (0.17, 2.91)
0.96 (0.65, 1.42)
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1.40 (1.21, 1.61)
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Nthy-ori 3-1
6.5 ug/L 49% + 1.5
65 ng/L 38% + 3.7
160 pg/L 43% + 92
830 pug/L 35% + 8.4
6500 g/L 53% + 3.0

24 hours
p value

0.5000
0.2500
0.5000
1.0000
0.2500

TPC-1

54% £ 9.5
63% + 8.9
50% + 7.5
58% + 3.7
57% + 9.6

p value

0.5000
0.5000
1.0000
0.2500
0.5000

48 hours
Nthy-ori 3-1

26% + 12.6
34% = 5.7
33% + 15.1
18% + 3.8
23% + 3.8

p value

1.0000
0.5000
0.5000
0.2500
0.5000

TPC-1

22% + 6.0
31% + 4.8
33% + 4.9
37% + 14.7
15% + 1.7

p value

0.5000
0.5000
0.2500
0.5000
1.0000

Values are presented as mean + SE. The p value refers to the comparison between the number of viable cells exposed to the herbicide and the number of viable control nonexposed cells.
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6.5 ug/L
65 ng/L
160 pg/L
830 pg/L
6500 ug/L

Values are presented as mean + SE.

Nthy-ori 3-1
24 hours

113% + 13.44
104% + 7.55
87% + 3.60
87% + 5.36
86% + 6.23

48 hours

101% + 1.20
102% + 1.73
84% + 4.18
91% + 4.48
92% + 1.76

24 hours

105% + 15.3
94% + 6.6
88% + 6.6
97% £ 11.1
91% + 6.9

TPC-1

48 hours

79% + 24.8
79% + 16.2
100% + 7.83
82% + 12.3
106% + 4.93
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Il

Control
6.5 g/l
65 ug/L
160 pg/L
830 ug/L
6500 pg/L

24 hours

ABS

0.204 £ 0.0
0.097 + 0.01
0.248 + 0.03
0.140 + 0.02
0.166 + 0.04
0.116 + 0.02

Values are presented as mean + SE.

Nthy-ori-3-1

%

100
34
124
60
75
46

48 hours

ABS

0.134 +£ 0.0
0.341 £ 0.02
0.220 + 0.10
0.206 + 0.05
0.147 £ 0.03
0.218 £ 0.10

%

100
321
192
178
114
190

24 hours

ABS

0.541 £ 0.0
1.128 + 0.6
1.146 + 0.34
0.865 + 0.39
0.536 + 0.04
0.587 + 0.13

%

100
210
214
159
96
106

TPC-1

48 hours

ABS

0.229 + 0.0
0.384 + 0.6
0.193 £ 0.03
0.206 + 0.03
0.264 + 0.09
0.586 + 0.24

%

100
208
75
85
125
349
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Acceptable daily intake.

0.5 mg/kg (ADI) x 70 kg (average adultbody weight)
42 L (total body weight weter)
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Large goiters
(<250 g) (n = 153)

Transient hypoparathyroidism, n (%) 39 (25.5)
Permanent hypoparathyroidism, n (%)

Transient RLN palsy, n (%) 5
Permanent RLN palsy, n (%) 1
Surgical reintervention for bleeding, n (%) 2
Wound infection, n (%) 5
ICU admission, n (%) 11(7.

0
3.
0.
1

3.

L

D

RLN, recurrent laryngeal nerve; ICU, intensive care unit.
*Fisher's exact test.

Massive goiters
(>250 g) (n =74)

31(41.9)
1(1.4)
8(108)
3(4.1)
4(54)
3(4.1)
19 (25.7)

0.012
0.326*
0.032*
0.108*
0.090*
0.718*
<0.001
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Thyroidectomy for
nodular goiter
(n=452)

Did not meet the inclusion criteria
(n=188)

Thyroidectomy for
large goiter
(n=264)

Incomplete patient records (n = 14)

Absence of preoperative CT (n = 9)
Absence of records of goiter weight (7 =12)
Ectopic goiters (n =2)

Patients included in analysis
(n=227)
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n =227

Age at presentation (y), median (range)
Gross thyroid weight (g), mean + SD
Gender, n (%)
Male
Female
Preoperative thyroid function, n (%)
Euthyroidism
Hyperthyroidism
Hypothyroidism*
Hashimoto thyroiditis, n (%)
Preoperative symptoms, n (%)
Dyspnea
Dysphagia
Hoarseness
Neck pain
Retrosternal extension, n (%)
Surgical procedure, n (%)
Lobectomy
Dunhil’'s operation®
Total or near total thyroidectomy
Completion thyroidectomy
Central lymph node dissection
Sternotomy
Pathology, n (%)
Benign
Malignant
Length of hospital stay (d), mean + SD

58 (17-87)
284.2 + 54.6

56 (24.7)
171 (75.3)

159 (70.0)
21(9.3)
47 (20.7)
35 (15.4)

102 (44.9)
49 (21.6)
13 (5.7)
35(15.4)
108 (47.6)

62 (27.9)
29 (12.8)
93 (41.0)
43 (18.9)
21(9.3)
11 (4.8)

204 (89.9)
23 (10.1)
8.7 +2.6

SD, standard deviation.
“including subclinical hypothyroidism.

*Dunhill’s operation: one side lobectomy and one side subtotal thyroidectomy.
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Large goiters (<250 g) (n = 153) Massive goiters (>250 g) (n = 74) P
Age at presentation (y), median (range) 54 (17-72) 63 (26-87) 0.526
Gender, n (%) 0.119
Male 46 (30.1) 15 (20.3)
Female 107 (69.9) 59 (79.7)
BMI (kg/m?) 0.408
<25 74(36) 40(4)
>25 43 30
Duration of goiter (y), mean + SD 43123 105+5.2 <0.001
Resident region, n (%) 0.032
Urban 66 (43.1) 21 (28.4)
Rural 87 (56.9) 53 (71.6)
Hypothyroidism?*, n (%) 23 (15.0) 24 (32.4) 0.002
History of thyroidectomy®, n (%) 19 (12.4) 24 (32.4) <0.001
Hashimoto thyroiditis, n (%) 23 (15.0) 9(16.2) 0.817
Retrosternal extension, n (%) 47 (30.7) 61 (82.4) <0.001
Dyspnea 41 (26.8) 61 (82.4) <0.001
Dysphagia 24 (15.7) 25(33.8) 0.002
Hoarseness 5(3.3) 8(10.8) 0.032"
Sternotomy, 1 (%) 2(1.3) 9(12.2) <0.001
Postoperative pathology, n (%) 0.002
Benign 144 (94.1) 60 (81.1)
Malignant 9 (5.9 14 (18.9)
Length of hospital stay (d), mean + SD 79+24 98+25 <0.001

SD, standard deviation.
*Including subclinical hypothyroidism.

SIncluding lobectomy and subtotal thyroidectomy.

tEsher's exact test.
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Author Type of Study Nation Year of Publication With HT/without HT Pathological Type NOS Quality Assessment Scale Reference Number

Kim SS Retrospective  Korea 2011 146/254 PTC 7 (21)
Kim HS Retrospective  Korea 2010 106/218 PTMC(>6mm) 6 (22)
Huang BY Retrospective  China 2011 85/1,703 PTC 7 (23)
Ahn D Retrospective  Korea 201 58/211 PTC 8 (24)
Jeong JS Retrospective ~ Korea 2012 359/998 PTC 7 (25)
Kim YS Retrospective  Korea 2013 316/931 PTC 5 (26)
Cordioli MI Retrospective  Brazil 2013 35/59 PTC 8 27)
Jara SM Retrospective ~ America 2013 226/269 PTC 6 (28)
Marotta V Retrospective  Italy 2013 54/92 PTC 6 (16)
Lim JY Retrospective  Korea 2013 964/1,983 PTC 6 (29)
Lang BH Retrospective  Korea 2014 331/514 PTC (<2cm) 6 (30)
Kwak HY Retrospective  Korea 2014 40/306 PTC i (31)
Konturek A Retrospective  Poland 2014 130/643 PTC 7 (32)
Kim SK Retrospective  Korea 2015 1006/2,326 PTC T 33)
Kim SJ Retrospective ~ Korea 2016 204/1,576 PTC 6 (34)
Carvalho MS ' Prospective Brazil 2016 191/442 PTC 7 (14)
Dobrinja C Retrospective  Italy 2016 70/90 PTC 7 (35)
Zhang Y Retrospective  China 2014 247/1,488 PTC 6 (36)
Girardi FM Retrospective  Brazil 2015 148/269 PTC 6 (37)
Cortes MCS  Prospective Brazil 2018 45/68 PTC 8 (38)
Lee | Retrospective ~ Korea 2020 1,174/1,754 PTC 7 (15)
Yang Y Retrospective ~ China 2014 92/199 PTMC 7 (39)
Zeng R-C Retrospective  China 2016 222/397 PTC 8 (40)
Yoon YH Retrospective  Korea 2012 56/139 PTC 7 41)
Paulson LM Retrospective ~ America 2012 61/78 PTC 8 (42)
Park JY Retrospective ~ Korea 2014 169/484 PTC T (43)
Ding J Retrospective  China 2020 233/1,106 PTC 8 (44
Zhu F Retrospective ~ China 2016 129/105 PTC 7 (45)
Song E Retrospective  Korea 2018 305/1,064 PTC 8 (46)
Nam HY Retrospective  Korea 2016 22/15 PTC 6 47)
Giagourta|  Retrospective  Greece 2013 441/939 PTC 7 (48)
Consorti F Retrospective  Italy 2010 24/76 PTC 6 (49)
Jackson D Retrospective ~ America 2019 52/307 TC 6 (50)
Kim ES Retrospective ~ Korea 2010 41/201 PTC 6 (561)
LunY Retrospective ~ China 2013 256/2,222 PTC 6 (55)
Vasileiadis | Retrospective ~ Greece 2014 246/590 PTC 6 (53)
Zhang L Retrospective  China 2012 653/5,456 PTC 6 (54)
Paparodis R Retrospective ~ America 2013 567/2,151 DTC g (55)
Zeng, Rong  Retrospective  China 2016 30/1,168 PTC 8 (56)

HT, Hashimoto's thyroiditis; PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma; TC, thyroid carcinoma; DTC, differentiated thyroid carcinoma.
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Patient

No.

0N oA~ N

10
1
12
13
14
15
16
17
Total
(M)

N O~ =

10
1
12
13
14
Total

Total

Sex

F/M

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M=

BT et B e e e e e e T 4 e 1 1

F=14

31

Age

(yr)

73
44
51
71
66
68
65
62
43
46
71
67
57
64
48
48
43

17  58.06

&

11.04

54
61
58
61
50
74
58
56
60
70
Il
64
70
51
61.29
+7.61

59.52
+9.63

Height

(cm)

162
160
176
156
164
165
169
156
162
166
163
153
165
164
158
166
169
163.18
+5.60

165
145
156
154
160
145
165
151
141
144
157
159
148
145
151.07
+6.28

167.71
+8.45

Intellectual
disability
+Slight

++Moderate

+++Severe

+H+
-+
+
+H+
+
++
+
++
+
++
++
++
++
++
++
+
+
+=6
++=8
+++=3

+H+
++
++
++

++

++
e

e+
+=6
++=5
+++=3

+=12
++=13
+++=6

Deafmutism

+Deafness mutism/ =
Moderate impaired/
Normal

NA=2
+=3
+=8

Normal=4

+
+
+
Normal
¥

+ Ko+ W

Normal

+

*

+
+=6
+=6

Normal=2

NA=2
+=9
+=14
Normal=6
NA: Not Assessed

Neurological signs

Paralysis A /Motor
spasticity and Gait
disorder #

=

=
[

M T I ST 3
a N

I R o

N

Facial
features
A:Laugh
stupidly
B:ocular

hypertelorism
C:flat nose
D:salivation

ABCD
BC
BC

ABC
Normal
AB
BC
BCD
BC
ABD
B
BC
AB
BC
BC
BC
BC
A=5
B=16
C=12
D=3
Normal=1
BC
ABC
BC
BC
BC
BC
BC
BC
ABCD
ABC
ABC
ABC
BC
ABC
A=6
B=14
C=14
D=1
A=11
B=30
C=26
D=4
Normal=1

thyroid
ultrasonography
Thyroid Thyroid
Volumes  nodulex
(Goiter@)
10.57 =
14.13 -
5.65 -
7.74 *
6.13 _
9.49 *
14.13 _
18.84 *
5.66 _
9.34 _
7.86 *
8.92 *
8.63 *
8.39 *
4.93 *
5.06 -
4.93 *
8.85+3.83 %=9
-=8
5.13 -
6.32 *
8.05 _
12.50 *
7.00 =
©) *
9.31 -
8.40 _
6.99 *
8.28 *
16.47 -
10.37 *
15.03 *
10.10 *
9.46 + 3.20 %=8
-=6
9.11+£3.62 %=17
-=14

TSH

miu/L
(0.27-4.2)

221

3.95
4.53
4.80
0.96
5.68
2.75
5.60
3.35
3.10
20.97
25.44
345
1.42
315
247
0.69

5.56 + 6.84

4.59
257
1.52
1.08
4.28
1.15
1.15
5.10
30.66
0.70
0.75
0.10
3.70
592
4.52 £7.76

5.09 +7.16

Intellectual disability: +Mid (IQ, 40-54); ++Moderate (IQ, 25-39); +++Severe (IQ <25).
@: Goiter, beyond the measuring range of the instrument.
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Treatment T, (ng/mg) TT, (nmol/g) FTa (pg/mg) FT, (pg/mg)

TCS exposure levels (ng/mL)  mean = SD B (95% CI) mean = SD B (95% CI) mean = SD B (95% CI) mean x SD B 95 % CI)

0 (control) 039+0.06 Reference 224038 Reference 2853+ 198 Reference 072020 Reference

3 0.19 £ 0.08 -0.199 (-0.347, -0.050)" 1.74 £ 0.67 -0.493 (-1.253, 0.267) 25.82+0.24 -2.708 (-8.626, 3.210) 0.63 +0.20

30 018+0.11  -0.206(0355, 0058  184+0.36  -0.396(1.156,0363 1904+510  -0.495(15.418,-3577)"  0.43+0.20

100 018:008  -0203(0362,-0054) 205:0.36  -0.188(0948,0572)  17.79+363  -10.745 (16663, -4.827)* 0556022

300 0.19+0.08 -0.192 (-0.341, -0.044)" 161013 -0.629 (-1.389, 0.130) 19.21 £ 3.13 -9.326 (-15.244, -3.408)" 0.38 +0.14 .693. 0.01 2
P for trend 0.04* 0.23 0.0013* 0.04*

100 larvae in each exposure group for one measurement (1=3, with 100 larvae per n). *P < 0.05 **P < 0.01.

Bold values mean statistical signiicant.
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Treatment

Fertilized eggs

Number of larvae hatched

n Up to 48 hpf Up to 72 hpf
TCS exposure n (%) n (%)
levels (ng/mL)
0 (control) 600 252 (42.0%) 575 (95.8%)
3 600 287 (47.8%) 580 (96.7%)
30 600 207 (34.5%) 563 (93.8%)
100 600 141 (23.5%) 561 (93.5%)
300 600 169 (28.2%) 521 (86.8%)
900 600 26 (4.3%) 110 (18.3%)
P <0.01* <0.01*

Chi-square” test was used to test the difference; hpf, hours post fertilization.
Bold values mean statistical significant.
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Treatment Larvae hatched Larvae death Number of larvae alive Larvae death
—_— within 3 dpf within 7 dpf at the beginning of 8 dpf* during 8 to 14 dpf
TCS exposure levels (ng/mL) n n (%) n n (%)

0 (control) 575 36 (6.3%) 389 16 (4.1%)

3 580 41 (7.1%) 389 18 (4.6%)

30 563 50 (8.9%) 363 18 (6.0%)

100 561 72 (12.8%) 339 9 (2.7%)

300 521 45 (8.6%) 326 9(2.8%)

900 110 110 (100%) - S

P <0.01* 0.16

dpf, days post fertilization.
* Chi-square test was used.

* number of larvae at the beginning of 8 dpf = total hatched larvae in 3 dpf number of larvae death up to 7 dpf - 150 larvae used for measuring thyroid hormones at the 7th day (i.e., 50

larvae/measure x 3 measures = 150 larvae for each exposure group).
Bold values mean statistical significant.
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