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As the most common cancer in women globally, breast cancer poses a significant public health concern. More concerning is its rising incidence rates in certain areas of the world, including Australia, New Zealand, Western Europe, and North America. Exposure to environmental endocrine-disrupting chemicals may play a role. One such chemical is atrazine (ATZ), a man-made herbicide highly prevalent in the environment and detectable in drinking water, with reported levels ranging from 0.026 to 1.29 micrograms per liter (µg/L) in surface waters in the United States. During the development of breast cancer, many factors are involved, in particular the female sex hormone estrogen. Estrogen signaling fuels the proliferation and migration of estrogen receptor (ER)-positive breast cancer. The current review presents multiple lines of qualitative evidence from in vitro, in vivo, and epidemiological studies connecting ATZ exposure to processes important for breast cancer development. Specifically, ATZ’s stimulatory effect on breast cancer is mediated, at least partially, through enhanced CYP19A1 activity, the key enzyme converting testosterone to estradiol. ATZ stimulates CYP19A1 activity via parallel pathways, as evidenced by in vitro studies, potentially leading to elevated estradiol levels and estrogen signaling, which would then drive the development of ER-positive breast cancers. Beyond estrogen signaling, ATZ taps into the epidermal growth factor (EGF) signaling pathway to stimulate uncontrolled proliferation in human cell lines. We then show how curcumin, a phytochemical in turmeric, may counteract ATZ’s effect on the aforementioned processes. Once curcumin passes through the ADME process and becomes available in the human body, curcumin may possess effects to counter ATZ’s toxicity. Curcumin induces CYP3A4, as demonstrated by in vitro and in vivo studies, which catalyzes the degradation of steroid hormones, including estrogen. Curcumin downregulates the basal level of CYP19A1 in human cell lines via miRNA-125a and estrogen-related receptor alpha (ERRα), indicating an ability to dampen estrogen signaling. In addition, curcumin has been shown to inhibit the EGF receptor in human cell lines, thus blocking the EGF signaling cascade at the receptor level. Furthermore, curcumin may reduce ATZ’s overall bioavailability. ATZ and its metabolites undergo glutathione (GSH) conjugation followed by renal excretion. Curcumin helps maintain the GSH pool and activates glutathione-S-transferase (GST) in rats, thereby potentially facilitating the detoxification and elimination of ATZ. In conclusion, we propose that curcumin’s ability to induce CYP3A4, suppress CYP19A1, inhibit EGF signaling, and promote detoxification and elimination of ATZ makes curcumin a promising candidate for a mechanism-based antidote to ATZ toxicity.
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Introduction

Breast cancer, a disease of pivotal significance to women’s health, is the most common cancer in women globally (1). Breast cancer is also the second leading cause of cancer-related death in women in the United States (2). With advancements in chemo- and immunotherapy for cancer treatment, the mortality rate of breast cancer is decreasing (3). However, incidence rates of breast cancer are increasing in regions including Australia, New Zealand, Western Europe, and North America (3). Environmental contaminants with endocrine-disrupting properties, i.e., the so-called endocrine-disrupting chemicals, have been proposed to be possible culprits contributing to this rising rate (4, 5). One relevant contaminant is atrazine (ATZ), the second-most used pesticide in the United States (6). ATZ is a synthetic herbicide commonly applied to many crops, including corn, sorghum, and sugarcane (7). ATZ was banned in the European Union in 2003 due to concerns of water contamination, but remains in use in the United States (8). In July 2024, the U.S. Environmental Protection Agency (EPA) increased acceptable water levels of ATZ from 3.4 micrograms per liter (µg/L) to 9.7 µg/L (9). As a result, the widespread use of ATZ leads to its accumulation in the environment and its detection in river systems, groundwater, and drinking water (5, 7, 8, 10). Specifically, reported levels of ATZ ranged from 0.026 to 1.29 µg/L in the Chesapeake Bay surface water system, which is significant to the mid-Atlantic region of the United States, where agriculture is a major industry (11). Therefore, obtaining a better understanding of how chronic exposure to ATZ could link to breast cancer is of significant value to public health.

Breast cancer is characterized by uncontrolled cell growth and proliferation in the breast, usually in the lobules or ducts (12). Breast cancers are often carcinomas, which are tumors that start in epithelial cells and later acquire the ability to metastasize to secondary sites (13). During the carcinogenesis of breast cancer, many factors and pathways are involved, including estrogen signaling, which plays a key role in the progression of some types of breast cancer. Estrogen is the principal female sex hormone essential for the establishment of female sexual characteristics, particularly for breast development (14). Clinically, breast cancer is categorized by the presence of certain proteins in the cancer cells, such as the estrogen receptor (ER) (15). If ER is present in breast cancer cells, such breast cancer is categorized as ER-positive (15). In ER-positive breast cancer, elevated estrogen signaling is crucial in fueling the growth and metastasis of tumor cells (15). Abnormally elevated estrogen binding to ER leads to increased estrogen signaling, driving cell proliferation and migration (15). By employing a targeted literature review approach, we present evidence and associated mechanisms of how ATZ stimulates estrogen signaling in various experimental settings and epidemiological studies, potentially contributing to increased breast cancer risk.

Curcumin is a bright yellow phytochemical abundantly present in turmeric, a perennial plant of the ginger family. Widely recognized as an herbal remedy, curcumin has long been used in human history for an array of conditions, including arthritis, metabolic syndrome, pain, and, more recently, oxidative stress related to Alzheimer’s disease (16–18). Curcumin’s low bioavailability may limit its overall effects on the body (19, 20). Curcumin is poorly absorbed in the body and metabolized rapidly (19, 20). Such low bioavailability diminishes curcumin’s effectiveness in the human body (20). This limitation is likely a major factor preventing curcumin’s clinical approval as a treatment for medical conditions, despite evidence supporting its safety at doses as high as 12 grams per day (20). As a result, low bioavailability may hinder curcumin’s usefulness in combating ATZ-induced toxicity as detailed in the discussion below.

In the current review, we first present qualitative evidence connecting ATZ exposure to breast cancer processes and then provide insights on how curcumin may serve as a mechanism-based antidote for ATZ via antagonizing ATZ’s effect on estrogen homeostasis and beyond. Table 1 compares ATZ and curcumin in their key physicochemical properties (7, 8, 16, 17, 21–24).


Table 1 | Comparison between ATZ and curcumin: physicochemical properties and more.
	Property
	Atrazine
	Curcumin



	Ball-and-Stick Structure
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	[image: ]


	Line Formula Structure
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	Formula
	C8H14ClN5
	C21H20O6


	Molecular Weight
	215.683 g/mol
	368.39 g/mol


	Melting Point
	173 ˚C
	183 ˚C


	Boiling Point
	N/A
	N/A


	Water Solubility
	35 mg/L
	7.48 mg/L


	Natural or Man-Made
	Man-Made
	Natural Substance or Synthetic


	Source
	Synthesized in Lab
	Turmeric


	Utility
	Herbicide
	Health Supplement


	Main Route of Exposure
	Contaminated Drinking Water
	Oral Ingestion


	Relevant Toxicity Information
	Reproductive Organs
	None


	Historical Information
	Banned in the EU since 2003, and controversial in the United States
	Used for thousands of years


	Research Focus
	Toxicity to the endocrine system and reproductive system
	Relevance to steroid hormone metabolism pathway


	Research Highlights
	Able to increase steroidogenesis, particularly estrogen production
	Induction of CYP3A4











Methods

We conducted initial searches on PubMed and Google Scholar to gain an understanding of the existing literature on ATZ and curcumin. We then expanded our search to additional databases, including the Human Metabolome Database (HMDB), the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the National Center for Biotechnology Information (NCBI) Gene database. The papers produced by the NCBI Gene database searches are all indexed in PubMed.

We searched for “atrazine” in the NCBI Gene database with the Homo sapiens filter. Four genes were returned: CYP19A1, NR5A1 (also known as steroidogenic factor-1 (SF-1)), ATP5ME, and NPM1P14. We then searched the bibliographies (PubMed papers) of each gene. We screened the bibliography paper titles for “atrazine”, “ATR”, or “ATZ” to identify any reported connection between each gene and ATZ. Specifically, we screened the titles of 833 papers on CYP19A1, 288 papers on SF-1, 74 papers on ATP5ME, and 2 papers on NPM1P14. We found 1 paper for CYP19A1 + ATZ, 2 papers for SF-1 + ATZ, 1 paper for ATP5ME + ATZ, and 1 paper for NPM1P14 + ATZ. The results suggested to us a possible connection between ATZ and estrogen homeostasis encompassing CYP19A1 and SF-1. We then searched the NCBI Gene database for “curcumin”, again with the Homo sapiens filter. This produced 232 genes. However, there was no overlap with the four genes (CYP19A1, SF-1, ATP5ME, NPM1P14) returned from the “atrazine” search. We then refined our search by adding the keyword “estrogen” (i.e., curcumin + estrogen + Homo sapiens), reducing the list to 128 genes. We further refined our search to only include genes/proteins with “estrogen” in their name, which produced four genes: ESR2 (also called estrogen receptor beta (ERβ)), TRPM2, HSPB1, and ERRα. Next, we examined the bibliographies (PubMed papers) associated with each gene, screening paper titles for the words “curcumin”, “steroid”, and/or “estrogen”. We screened the titles of 1,275 papers on ESR2, 166 papers on TRPM2, 797 papers on HSPB1, and 228 papers on ERRα. We found 1 paper on ESR2, 4 papers on TRPM2, 9 papers on HSPB1, and 4 papers on ERRα featuring our keyword(s) in the titles. ERRα was considered a highly relevant gene to the estrogen homeostasis theme, and therefore, the 4 papers on ERRα were selected. Later, when we revisited the 128 genes associated with the “curcumin” search, we identified CYP3A4 as another gene highly relevant to the estrogen homeostasis theme due to its role in estrogen turnover.

Given the relevance of breast cancer in women worldwide and the key role estrogen signaling plays in driving the development of breast cancer, we searched “atrazine”, “curcumin”, and “breast cancer” in PubMed and Google Scholar. We identified several highly relevant papers encompassing in vitro, in vivo, and epidemiological studies. We thoroughly reviewed the papers yielded in the above searches and selected the ones most relevant to the estrogen homeostasis theme, and also reviewed their references within. We then extracted the most relevant findings, performed secondary analysis, and constructed a table and figures that are presented in this review.




ATZ promotes breast cancer development

An initial search was conducted on Google Scholar using the term “atrazine and breast cancer”. In the returned search results, we screened the top ten hits (and references within) encompassing in vitro, in vivo, and epidemiological studies and selected the most relevant papers reporting on the relationship between ATZ exposure, estrogenic effect, and breast cancer (25, 26). We then refined our search terms, focusing on potential mechanisms, and searched the PubMed database, where we identified relevant mechanistic studies that further supported a connection between ATZ and breast cancer. The key evidence showing a correlative relationship between ATZ exposure, estrogenic effect, and breast cancer processes is presented in Figure 1.
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Figure 1 | An overview of ATZ’s effects on breast cancer and estrogen effect.

When the mouse breast tumor cell line 4T1 was exposed to ATZ in doses of 0.01 and 0.1 micromolar (µM), these cells showed increased cell proliferation and migration compared to the control group, which demonstrated ATZ’s ability to stimulate breast cancer cells in vitro (26) (Figure 1A). BALB/C mice with 4T1 breast cancer cell grafts were orally administered ATZ dissolved in maize oil at doses of 20 and 100 mg/kg body weight for 28 days (26) (Figure 1B). The oral administration mimics human exposure to ATZ, which is typically present in drinking water as a result of ATZ accumulation in surface water, groundwater, and estuarine systems (7, 11). ATZ-treated mice showed spleen degeneration, reduced body weight, and suppressed antitumor immunity in a dose-dependent manner, demonstrating that ATZ exposure promoted mammary tumor progression in vivo (26) (Figure 1B). In another preclinical study, ATZ mixed in chow was given to Sprague-Dawley rats at doses ranging from 10 to 1000 parts per million (ppm), which converts to approximately 46 to 4,600 µM (27). Results showed increased amounts of mammary tumors compared to non-exposed rats, suggesting a potential causal relationship (27) (Figure 1C).

Human breast cancer cell line MCF-7 was treated with ATZ at 100 parts per billion (ppb), which resulted in statistically significant alterations in cell morphology and protein expression profile (28). In particular, under-expression of proteins relevant to DNA maintenance, such as ubiquitin-conjugating enzyme E2 N and superoxide dismutase 1, could suggest a causal relationship between ATZ and cancer progression (28). In another study, MCF-7 cells exposed to environmentally relevant concentrations of ATZ displayed increased cell proliferation (29). MCF-10A, a normal human breast epithelial cell line, also displayed increased cell proliferation upon exposure to the same concentration of ATZ, though this proliferation was less than that observed in MCF-7 (29). Such evidence suggests ATZ’s potential involvement in both the onset of breast cancer and the progression of breast cancer (29). MCF-10A cells also exhibited activation of DNA damage repair response, specifically the ATR-Chk1 pathway, upon exposure to ATZ (30). This implies that ATZ has the capability to damage DNA, which could link ATZ to an increased risk of breast cancer initiation. T-47D, another human breast cancer cell line, was exposed to environmentally relevant ATZ concentrations and showed upregulation of CYP19A1, GATA-3, GAT-4, and c-Myc (31). The author speculated that such changes at developmental stages, including prenatal, might increase the risk of breast cancer development (31).

A longitudinal epidemiological study in humans analyzed the levels of diaminochlorotriazine (DACT), a metabolite of ATZ, in 3,938 urine samples of pregnant women from southwestern England to estimate ATZ exposure (32) (Figure 1D). These samples were collected from women with expected delivery dates ranging from April 1st, 1991 to December 31st, 1992 (32). From 1990 to 1992, 10,000 hectares (ha), or 100,000,000 square meters (m2), in southwestern England received approximately 17,000 kg of ATZ annually (32). An inverse correlation between ATZ exposure levels in pregnant women and the age of menarche in their female offspring was established (i.e., the greater the ATZ exposure, the earlier the age of menarche) (32). This correlation was statistically significant for the subset of subjects with complete data who had DACT levels greater than or equal to the median (32). Clinically, early menarche is considered a marker of early puberty and a risk factor for developing breast cancer (33–35). Since ATZ exposure to pregnant women was correlated with early menarche in their female offspring, in-utero ATZ exposure may increase the risk of female offspring developing breast cancer later in life (33–35). We speculate that the underlying mechanism may be increased in-utero estrogenic effects caused by maternal ATZ exposure (see later sections on how ATZ may increase estradiol biosynthesis via CYP19A1 induction to augment estrogen availability and intensify estrogenic effects in the developing fetus). The in-utero exposure to other endocrine-disrupting chemicals, such as polybrominated biphenyls (PBBs) and dichlorodiphenyldichloroethylene (DDE), and their correlations with earlier age of menarche, have also been reported (36, 37). Our hypothesis, focusing on the elevated estrogen signaling and effect as the underlying connection between early menarche age and in-utero ATZ exposure, may point to a promising direction for future research.





Curcumin may serve as an antidote to ATZ via distinct mechanisms




Curcumin counters ATZ’s stimulation of estrogen signaling

ATZ’s stimulatory effect on breast cancer is mediated, at least in part, by elevating estrogen levels, thereby enhancing estrogen signaling intensity (Figure 2A). ATZ increases estrogen levels via two parallel pathways, both converging on the induction of CYP19A1 expression. CYP19A1, also known as aromatase, is an enzyme that catalyzes the last step in estradiol biosynthesis, i.e., the conversion of testosterone to estradiol (38, 39) (Figure 2A). Therefore, the activity of CYP19A1 is essential in determining the amount of estradiol produced and the ratio between testosterone and estradiol. In one pathway, ATZ activates Steroidogenic Factor-1 (SF-1) by direct binding, as observed in H295R human adrenocortical carcinoma cells (40) (Figure 2A left part). In the presence of SF-1-dependent ArPII promoter, SF-1 activation led to the induction of CYP19A1 expression and subsequent activity (40). Human ovarian granulosa-like KGN tumor cells, which lack SF-1, were unresponsive upon exposure to ATZ until SF-1 was added exogenously, confirming that SF-1 is necessary for CYP19A1 induction (41). In the parallel pathway, ATZ inhibits phosphodiesterase, as seen in 51 day old Wistar rat Leydig cells and 50 day old Sprague-Dawley rat anterior pituitary cells, as well as mouse gonadotroph pituitary cell line L-βT2 and rat lacto-somatotroph pituitary cell line GH3 (42). Additionally, ATZ directly bound and inhibited phosphodiesterase at a minimum concentration of 5 nanomolar (nM) – which is a concentration comparable to environmental ATZ exposure levels – in a cell-free assay (43) (Figure 2A right part). Phosphodiesterase hydrolyzes cyclic AMP (cAMP) to 5’-AMP, and by inhibiting phosphodiesterase, ATZ blocked the hydrolysis of cAMP to 5’-AMP, resulting in increased cAMP levels (42, 43). By extrapolating from the above in vitro studies, we conclude that ATZ exposure would lead to elevated cAMP levels due to its inhibition of phosphodiesterase. cAMP is a known inducer of CYP19A1 activity, as it activates Protein Kinase A (PKA) which in turn stimulates the CYP19A1 promoter (44). We speculate that increased intracellular cAMP levels caused by ATZ will lead to increased CYP19A1 activity. Therefore, ATZ can activate CYP19A1 activity via two parallel pathways, and the elevated activity of CYP19A1 leads to increased estradiol levels, which then contributes to a greater risk of breast cancer.

[image: Diagram showing atrazine's effects on estrogen production and breast cancer risk. Part A illustrates atrazine increasing cAMP levels, SF-1, and CYP19A1, leading to elevated estrogen and breast cancer risk. Part B adds curcumin, activating CYP3A4 via PXR, degrading hormones and potentially reducing breast cancer risk.]
Figure 2 | Through promoting estrogen degradation, curcumin may counteract ATZ’s effect on breast cancer development. (A) ATZ may promote breast cancer development via estrogen-dependent mechanisms. (B) Curcumin may antagonize ATZ’s effect by stimulating estrogen degradation.

Curcumin fits in this picture by increasing the degradation of estrogen, thus counteracting ATZ’s effects (Figure 2B). Curcumin induced CYP3A4 in multiple models, including HepG2 cells (45), Sprague-Dawley rats (46), and ACI rats (47). HepG2 human hepatoma cells treated with curcumin (between concentrations of 1 µM and 50 µM) showed a dose-dependent increase in CYP3A4 transcription (45). Additionally, curcumin activated pregnane X receptor (PXR) in human wild-type hepatic progenitor HepaRG cells, primary human hepatocytes, human colon adenocarcinoma LS180 cells, and in animal models including mice and largemouth bass, as evidenced either by induction of PXR target genes (such as CYP3A4) or induction of reporter genes in reporter gene assays (45, 48–51). Furthermore, in the absence of PXR, curcumin failed to induce CYP3A4 mRNA (51). These results led us to hypothesize a mechanism responsible for the above observation: curcumin binds to PXR as an agonist (i.e., an activator or stimulator), and this agonist-receptor complex in turn induces CYP3A4 expression. In male Sprague-Dawley rats, administration of curcumin by gastric gavage at doses of 50 mg/1.0 mL/kg and 100 mg/2.0 mL/kg produced significant increases in CYP3A4 activity based on significantly decreased concentrations of a CYP3A4 substrate (46). In female ACI rats, curcumin administered via either a subcutaneous grafted implant (varying doses over 90 days) or oral administration (approximately 5 mg/kg per day over 90 days), led to activation of CYP3A4 (47). Subcutaneous administration appeared more effective, as it significantly increased CYP3A4 activity after 25 days, while oral administration led to a marked increase in CYP3A4 activity after 4 days of treatment, but returned to normal levels at 12 days of treatment (47). CYP3A4 catalyzes the degradation of steroid hormones, including estrogen (52, 53). Increased CYP3A4 activity following curcumin administration would enhance estrogen degradation. It is worth noting that hepatic CYP3A4 induction can help eliminate circulating estrogens, but its impact on local estrogen levels (i.e., estrogens produced in peripheral tissues, including the breast, via local aromatization and/or deconjugation) is likely to be limited (54). In summary, it seems possible that curcumin could counteract the increased circulating estrogen levels caused by ATZ and, therefore, may mitigate the potential ATZ-induced risk of breast cancer.





Curcumin may reduce CYP19A1 expression levels by suppressing ERRα, a mechanism independent of ATZ

As previously mentioned, CYP19A1 plays a critical role in the last step of estradiol biosynthesis. It is thus not surprising that multiple layers of regulation are in place to fine-tune CYP19A1 activity. In addition to its regulation by SF-1 and cAMP signaling, CYP19A1 is also a target of estrogen-related receptor alpha (ERRα) (55) (Figure 3).

[image: Flowchart illustrating the effects of curcumin on breast cancer development. Curcumin increases miR-125a, which decreases ERRα mRNA translation, reducing ERRα protein activity. This inhibits CYP19A1, estrogen production, and subsequently, breast cancer progression.]
Figure 3 | By decreasing the protein levels of ERRα and, subsequently, CYP19A1, curcumin may inhibit estrogen synthesis and reduce estrogen levels, thereby mitigating breast cancer risk.

ERRα is a transcription factor relevant to breast cancer development. ERRα is expressed in multiple human breast cancer cell lines, including ZR75.1, MDA-MB-231, HS587T, BT549, SK-BR-3, T47D, MCF-7, MDA-MB-448, and BT474 (56). In vitro experiments using human breast adenocarcinoma SK-BR-3 and human breast tumor fibroblast cell line WS3TF showed that ERRα increased the expression of CYP19A1 by binding to a silencer element (i.e., a type of regulatory DNA sequence) named S1, which allowed for promoter I.3 to increase CYP19A1 transcription, resulting in increased activity (55). Subsequently, increased CYP19A1 activity led to elevated estradiol levels (38, 39) (Figures 2A, 3). This phenomenon and associated mechanism may be of tissue-specific nature; nevertheless, the two cell lines employed in the study are of particular relevance to breast cancer development.

By suppressing ERRα, curcumin mitigates breast cancer risk (Figure 3). Specifically, curcumin can stimulate the transcription of microRNA-125a (miRNA-125a), a small RNA species capable of regulating multiple targets post-transcriptionally, including translational suppression of ERRα (57). In human osteosarcoma cell lines U2OS and MG63, treatment with 20 µM curcumin increased the transcription and activity of miR-125a, which subsequently suppressed the translation of ERRα mRNA (57). The decrease in ERRα protein and activity would ensue. If this mechanism also holds true in the breast tissue, curcumin will suppress ERRα, resulting in less induction of CYP19A1 and subsequently less estradiol production. Through suppressing ERRα, curcumin could dampen estrogen signaling intensity and thus mitigate the risk of estrogen-dependent breast cancer in a more general setting.





Curcumin may offset ATZ’s potential breast cancer-progressive effects via the EGF signaling cascade

The mitogen epidermal growth factor (EGF) and its associated signaling cascade are essential in both normal development and the progression of many malignancies (58). Upon activation, the receptor of EGF (EGFR) dimerizes and undergoes autophosphorylation, initiating a cascade of signaling events (59) (Figure 4A). EGFR activation leads to the phosphorylation and activation of downstream enzymes: STAT3, ERK1/2, and Akt (59) (Figure 4A). Phosphorylated STAT3 directly modifies gene expression important for normal development and malignancies (59). Target genes of STAT3 include Bcl-2, an antiapoptotic gene, and IGFBP5, a gene involved in mammary tissue apoptosis (60). Phosphorylated STAT3 also indirectly stimulates cell cycle progression (59). Phosphorylated ERK1/2 indirectly increases cell cycle progression (59). Phosphorylated Akt phosphorylates and activates BAD, a protein that inhibits apoptosis (59). Collectively, these downstream effects contribute to cell proliferation, which is needed for normal development but can also be hijacked during cancer progression.

[image: Diagram showing the effect of atrazine on EGFR signaling leading to uncontrolled cell proliferation. Part A illustrates atrazine increasing EGFR activity, dimerization, and autophosphorylation, which enhances gene transcription, cell cycle progression, and inhibits apoptosis. Part B shows curcumin's intervention, reducing these effects by altering membrane fluidity and disrupting the signaling pathway, leading to reduced proliferation.]
Figure 4 | By decreasing EGFR activation, curcumin may counteract ATZ’s stimulation of cellular proliferation. (A) ATZ may promote the growth of breast cancer cells via the estrogen-independent EGF signaling pathway. (B) Curcumin may reduce ATZ’s stimulation of EGF signaling by inhibiting EGFR activation.

In addition to affecting estrogen signaling, ATZ also influences EGF signaling to promote uncontrolled cell proliferation. In a study employing two human ovarian cancer cell lines, namely BG-1 and 2008, when ATZ and the EGFR inhibitor AG1478 (AG) were co-present, the induction of c-Fos (a known ATZ effect) was prevented (61). Furthermore, the statistically significant stimulation of the proliferation of BG-1 and 2008 cells by ATZ-alone treatment was diminished in the ATZ+AG co-treatment group, suggesting that the EGFR is involved in mediating ATZ’s effects (61). This evidence supports the hypothesis that ATZ taps into the EGF signaling pathway to promote the uncontrolled proliferation of cancer cells (61).

Curcumin comes into play by inhibiting the EGF signaling pathway via distinct mechanisms (Figure 4B). One mechanism occurs at the cell surface and involves the EGFR protein (62). In a preclinical study, human oral squamous carcinoma cell line A-431 treated with curcumin showed disrupted lipid fluidity and increased rigidity of the cell membrane, which also reduced dimerization and autophosphorylation of the EGFR (62). Blocking of EGFR autophosphorylation would prevent downstream phosphorylation of STAT3, ERK1/2, and Akt, a consequence of the inhibition at the receptor level (Figure 4B). Indeed, curcumin administration inhibited STAT3, ERK1/2, and Akt phosphorylation in human oral squamous cell carcinoma cell line SCC-25 and decreased cell proliferation and tumor invasion in a dose-dependent manner (63). These findings demonstrate curcumin’s inhibition of the EGF pathway in certain cell lines. If curcumin can also inhibit the EGF pathway in the breast tissue, this would support its utility in managing EGF signaling-driven breast tumorigenesis, either triggered by ATZ or by other stimuli (Figure 4B).





Curcumin stimulates ATZ metabolism and excretion

Curcumin may play a role in determining ATZ bioavailability in the body. We constructed a summary figure to show how curcumin may potentially speed up the metabolism of ATZ (46, 64–67) (Figure 5). Based on the available studies, we propose that curcumin administration should be able to increase the metabolism of ATZ. ATZ is metabolized by CYP3A4 into two metabolites: desethylatrazine (DEA) and desisopropyl atrazine (DIA) in human liver microsomes and human liver S9 fractions (66). The same ATZ metabolites were also detected in raw (spring water) and finished water (tap and bottled water) (68), but their endocrine-disrupting properties remain to be fully understood (69). Multiple studies reported that CYP3A4 is induced by curcumin (45–47). Therefore, curcumin administration should increase CYP3A4 activity and thus accelerate the CYP3A4-mediated metabolism of ATZ (Figures 2 and 5).

[image: Flowchart illustrating the metabolism of atrazine mediated by curcumin. Curcumin enhances the activity of CYP3A4, converting atrazine to DEA and DIA. It also stimulates GST, leading to GS-ATZ metabolites that are excreted. GSH is increased by curcumin as well.]
Figure 5 | Curcumin may promote ATZ metabolism and excretion via CYP3A4 induction and enhanced GSH conjugation mechanisms.

Furthermore, ATZ and its metabolites, DEA and DIA, all underwent glutathione (GSH) conjugation in human liver microsomes and human liver S9 fractions (66). Studies showed that curcumin helped maintain and replenish the GSH pool as well as stimulated glutathione-S-transferase (GST) activity (64, 67). Male Sprague-Dawley rats treated with either turmeric (curcumin being the principal active ingredient) at doses of 100, 200, or 300 mg/kg body weight, or curcumin at 200 mg/kg, maintained baseline GSH levels despite receiving cytotoxic doses of CCl4, which is a hepatic toxicant that causes oxidative stress in the liver (64). Curcumin concentrations of 5-100 µM increased GST activity in LNCaP prostate cancer cells (67). In a preclinical study to investigate ATZ’s cardiotoxicity, rats orally exposed to ATZ dissolved in corn oil (to mimic human exposure) at 400 mg/kg per day for three weeks exhibited symptoms of oxidative stress in the heart and decreased GSH levels (70). Rats receiving the same ATZ exposure plus curcumin (400 mg/kg per day orally administered) had higher GSH levels, experienced less oxidative stress symptoms, and had overall improved condition of the heart (70). Based on the above findings in the heart, we propose that by ensuring GSH availability and stimulating GST, curcumin can promote ATZ metabolism and elimination and quench oxidative stress, not only in the heart, but also throughout the body, including the breast tissue, thereby mitigating ATZ’s toxicity (Figure 5). In summary, by reducing ATZ’s bioavailability, curcumin is capable of dampening ATZ’s overall toxicity in the body, including its promoting effect on breast cancer.







Summary and Outlook

In the present review, by extracting existing qualitative data from the literature, we formulated a hypothesis aiming to explain the apparent connection between chronic exposure to ATZ and breast cancer development. In addition, we proposed possible mechanisms that may be responsible for the benefit of employing curcumin to counteract the effects of ATZ. Due to the nature of the review, we agree that studies using appropriate models are needed to test the hypotheses and mechanisms proposed. Further experimentation is needed to directly validate the benefits of curcumin counteracting the toxic effects of ATZ, specifically in the setting of breast cancer. Also, much of the evidence regarding ATZ and curcumin is from short-term studies (26, 70). There is a lack of long-term studies regarding these compounds, which limits our knowledge and application. We have proposed some long-term studies below, which will hopefully guide future research on ATZ and curcumin to produce needed data. It was reported that curcumin mitigated oxidative stress and cardiotoxicity caused by ATZ in rats (70). We suggest conducting a similar in vivo experiment in female rats with a focus on breast cancer outcomes. The dosing regimen of ATZ should be a wide range encompassing environmentally relevant exposure and also achieving toxic threshold, i.e., 0.4 mg/kg, 4 mg/kg, 40 mg/kg, and 400 mg/kg. The dosing regimen for curcumin will include (1) curcumin dissolved in corn oil and (2) curcumin formulated with piperine to enhance its bioavailability (19) (see discussion on increasing curcumin's bioavailability later in this section). In addition, instead of dosing for three weeks (70), the exposure duration would be six months or even longer, in accordance with the standard for chronic exposure studies in rodents (71), to mimic chronic exposure in humans. Our hypothesis is that the rats exposed to ATZ would develop more mammary tumors and/or at a faster rate than control rats (without ATZ exposure) after controlling for spontaneous mammary tumor rates. The rats exposed to ATZ and curcumin would develop fewer tumors and/or at a slower rate than those exposed to ATZ alone. Rats exposed to ATZ alone would also have higher estrogen levels and stronger estrogen signaling than the control rats and rats treated with ATZ and curcumin together. Measurable endpoints include the appearance of mammary tumors and estrogen levels in blood samples and in tumor biopsy tissue. We acknowledge that the above proposed study and some of the cited in vivo studies (26, 46, 64, 70) utilized high-dose exposure. It should be noted that this does not necessarily translate to chronic low-level human exposure as typically seen in the general population. Despite the marked differences between the doses used in the cited studies and realistic human exposure levels, high-dose toxicology studies have significant human relevance and have informed risk assessment (such as identifying potential hazards; determining the maximum tolerated dose, MTD; and establishing points of departure, PoD) (72, 73). Dose-response relationships established from such toxicology studies also bring tremendous value to our understanding of the mechanism of action toward the chemical of interest.

An in vitro study examining breast cancer cell proliferation under co-treatment with ATZ and curcumin will be worthwhile. To our knowledge, no studies have examined the effects of ATZ and curcumin administered together on human breast cancer cells. We propose an in vitro study to measure cell proliferation as well as EGF signaling activity in the presence of ATZ alone, EGFR antagonist alone, curcumin alone, ATZ and EGFR antagonist co-treatment, and ATZ and curcumin co-treatment. We predict that breast cancer cells treated with ATZ alone should have a greater proliferation rate associated with stronger EGF signaling activity, while the co-treatment of ATZ+antagonist and ATZ+Curcumin should produce limited proliferation and diminished EGF signaling activity. We also propose to measure CYP19A1 activity in the above treatment groups. We hypothesize that ATZ-alone treatment would increase CYP19A1 activity and estrogen levels (41, 43, 74). However, the increase in estrogen levels should not be significant in the co-treatment of ATZ+curcumin due to the increased degradation of estrogen caused by curcumin’s activation of CYP3A4, partial suppression of CYP19A1 by curcumin via miR-125a’s translational suppression of ERRα, and enhanced metabolism of ATZ by curcumin. Therefore, relevant endpoints to be measured include activities of CYP19A1 and CYP3A4 and levels of miR-125a and estrogen. Should the actual experimental results match our speculation, they would provide evidence supporting the benefits of curcumin for breast cancer, at least with human breast cancer cell lines. With the currently available techniques, the employment of patient-derived breast cancer organoid models would be able to provide even more direct evidence to further support curcumin’s use as a treatment for breast cancer.

A determination of curcumin’s effect on miR-125a would shed light on a point of contention. As previously mentioned, curcumin activates miR-125a in human osteosarcoma cell lines (57), but another study showed that curcumin inhibited miR-125a expression in human nasopharyngeal cancer cell line HONE1 (75). To our knowledge, no study has tested curcumin’s effect on miR-125a in breast tissue. A study examining miR-125a found that its activation inhibited ER-positive breast cancer in vitro and in vivo, although this study was unrelated to curcumin (76). An in vivo study employing rodent models of breast cancer would provide some definite answers to whether curcumin has anti-tumor effects on breast cancer and whether miR-125a and/or ERRα play an important role in this process. Such information is valuable to public health as it would provide mechanistic evidence on curcumin as an adjuvant therapy for breast cancer.

While this review focuses on curcumin in relation to combatting the toxicities of ATZ, curcumin alone also influences estrogenic pathways (77). For example, in a preclinical in vitro study examining curcumin’s effects on endometriosis, curcumin was found to decrease levels of estradiol in human endometrial cells (78). Another in vitro study, using human hepatocellular carcinoma Hepa 1–6 cells, found that curcumin significantly increased estrogen receptor alpha (ERα) gene expression (79). In the same study, curcumin also produced anticancer effects including induction of apoptosis and inhibition of cell growth (79). One in vivo study reported anti-metastasis effects and anti-proliferative effects and of curcumin in mice injected with MDA-MB-231 human breast cancer cells (80). In summary, curcumin alone seems to have modulatory effects on estrogen pathways in specific settings. Furthermore, curcumin also possesses the ability to halt cancer progression via inducing apoptosis, inhibiting proliferation, and hindering metastasis. These findings are in line with the theme of this review that curcumin is a promising potential antidote for ATZ due to its ability to modulate estrogenic effects and anticancer properties.

Curcumin’s low bioavailability may hinder its utility. Studies have suggested methods to enhance curcumin’s bioavailability in the human body (19, 20). One technique is co-administration with piperine, another natural substance (19). In humans, co-administration of 2 g curcumin and 20 mg piperine increased curcumin’s bioavailability by 2000% (19). Other methods to increase curcumin’s bioavailability include using a curcumin phospholipid complex and using curcumin nanoparticles (20). Continued pharmaceutical research to improve curcumin’s bioavailability will broaden its therapeutic utility, including its ability to counteract ATZ’s toxic effects. It has been reported that, upon oral administration to rats, a significant increase in serum tetrahydrocurcumin levels was detected, indicating a rather efficient metabolism converting the parent compound to this major metabolite (81). It is not clear whether this is true in humans and how much tetrahydrocurcumin is contributing to the observed effect ascribed to the parent compound.

An updated epidemiological study exploring the correlation between ATZ exposure and breast cancer is also desirable. The limited available studies on this topic from the PubMed database include a 2011 review paper that relied on older datasets (25) and a 2017 longitudinal study utilizing samples from 1991-1992 (32). This highlights the need for more recent and comprehensive investigations. An especially valuable approach could be to compare populations (matched in age, ethnic background, education, socioeconomic status, with confounders including BMI, comorbidity, and family history of breast cancer accounted for) in Europe and the United States over the past twenty years. ATZ was banned in the European Union in 2003 (8), so if there is a discrepancy in breast cancer rates among women between the United States and Europe, ATZ exposure could be a significant contributing factor. Also, in a long-term study following up on the effect of in-utero ATZ exposure, instead of looking at the correlation between in-utero ATZ exposure and the age of menarche (Figure 1D) (32), the correlation between in-utero ATZ exposure and breast cancer should be examined.

In addition, studies aiming at establishing dose-response relationships of (1) ATZ on CYP19A1 induction/activity, (2) curcumin on ATZ detoxification with ATZ plasma level as the outcome measure, and (3) curcumin on counteracting ATZ’s promoting effect on breast cancer development with breast tissue proliferation index as the endpoint would be extremely valuable in supporting curcumin as a mechanism-based antidote for ATZ exposure. We have proposed a roadmap for curcumin outlining the key steps leading from its laboratory discoveries to potential clinical application (Figure 6).

[image: Flowchart showing three stages of curcumin research. First stage: Formulation Research to improve bioavailability. Second stage: Preclinical Studies (in vitro and in vivo) to assess safety, efficacy, and pharmacokinetics. Third stage: Clinical Trials to assess safety and efficacy.]
Figure 6 | A roadmap outlining the steps leading curcumin from bench to bedside as an ATZ antidote. PK, pharmacokinetics; TK, toxicokinetics; PD, pharmacodynamics; TD, toxicodynamics.

The experiments suggested above should produce results with potentially significant public health implications. The findings could illuminate curcumin as a useful modality for breast cancer treatment and/or prevention, as curcumin is already available as a dietary supplement and abundantly present in the condiment turmeric. We would also learn more about the risk of ATZ exposure and its effects on breast cancer. This could facilitate risk assessment of ATZ and help make an informed decision on whether ATZ should be banned in the United States due to its potential to contribute to breast cancer risk.
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