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Abstract

:

Emerging evidence highlights the important impact of early-life exposures on cancer development later in life. The present study aimed to investigate the impacts of a high-fat diet in early life on the mammary microenvironment in relation to breast tumorigenesis. Forty-four female C57BL/6 mice were fed a low-fat diet (LF, 10 kcal% fat) or a high-fat diet (HF, 60 kcal% fat) for 8 weeks starting at ~4 weeks of age. Twenty-two mice were sacrificed immediately after an 8 week feeding, and the rest of mice were switched to a normal diet for maintenance (Lab Diet, #5P76) for additional 12 weeks. A panel of metabolic parameters, inflammatory cytokines, as well as tumorigenic Wnt-signaling target genes were analyzed. The HF diet increased body weight and exacerbated mammary metabolic and inflammatory status. The disrupted microenvironment remains significant to the later life equivalent to young adulthood (p < 0.05). Mammary Wnt-signaling was elevated right after the HF diet as indicated by the upregulated expression of its downstream genes, whereas it was surprisingly suppressed after switching diets (p < 0.05). In summary, HF-induced overweight/obesity in early life altered the mammary metabolic and inflammatory microenvironments in favor of breast tumorigenesis, although its overall impact to breast cancer later in life warrants further investigation.
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1. Introduction


Breast cancer (BC) is the most common cancer worldwide in women, contributing to a large portion of the global number of cancer deaths [1]. In the United States, approximately 330,250 new cases were diagnosed and ~43,250 women died from BC in 2022, and it represents the second leading cause of cancer deaths [2]. Although the increase in BC incidence in elder women is leveling off, emerging epidemiological evidence indicates a constant increase in BC among young women aged less than 40 years [3,4,5]. Adolescents and young adults (AYAs) aged 15–39 years are experiencing great challenges when confronting BC [3,6]. Therefore, understanding the risk factors for BC is crucial to combating this global health issue, particularly for AYAs.



Among evidential risk factors for BC, overweight and obesity are considered robust risk factors and are also associated with poor prognosis and outcome [7]. Overweight and obesity during adulthood have been shown to have a positive association with post-menopausal BC [8,9]. Studies have demonstrated several mechanisms governing this association. Obesity is associated with adverse remodeling of adipose tissue that predisposes one to metabolic dysregulation, and hypertrophic adipose tissue actively secretes adipokines and pro-inflammatory cytokines in favor of breast tumorigenesis [10,11]. In addition, the histological composition of breast tissue integrated with adipose tissue may specifically precipitate the estrogen-dependent growth and progression of BC cells in a paracrine manner, by which the steroid spreads from adipocytes to interact with estrogen receptors to promote cancer cell proliferation [12]. Elevated levels of sex steroids have been clearly demonstrated to be associated with the risk of postmenopausal BC among obese women [13].



Childhood obesity is a serious health concern in the United States. For children and adolescents aged 2–19 years in 2017–2020, the prevalence of obesity has reached 19.7%, accounting for 14.7 million children and adolescents [14]. About 55% of children with obesity will be obese in their adolescence, and around 80% of obese adolescents will continue to be obese in their adulthood [15]. Emerging evidence indicates early-life (during childhood, adolescence, or young adult years) events including obesity are critical risk factors for a variety of cancers later in life [16,17]. However, accumulating epidemiological studies have been showing that childhood/adolescent body fatness is surprisingly associated with a reduced risk of BC in both pre- and post-menopausal women [17,18,19]. The mechanism(s) responsible for this reverse relationship remain entirely unknown. The present study was specifically designed to characterize the impact of HF-induced obesity in early life, equivalent to childhood/adolescence in humans, on the mammary metabolic and inflammatory environment later in life, similar to young adulthood in humans.




2. Materials and Methods


2.1. Animals and Experimental Design


C57BL/6 mice were originally purchased from Jackson laboratory (Bar Harbor, ME, USA) and bred in our animal facility. Mice were housed under conditions of controlled temperature (22 °C–25 °C) and illumination (12:12 h light–dark cycle: lights on between 7:00 a.m. and 7:00 p.m.) with food and water provided ad libitum. The animal use protocol (#930) was approved by the Institutional Animal Care and Use Committee of the University of Massachusetts, Amherst.



The experimental design is shown in Figure 1A. According to the life history stages in C57BL/6J mice that are comparable to those in human beings [20,21], we fed experimental LF or HF diets only in the second and third month of age (~4–12 weeks of age), which is equivalent to the childhood and adolescence period in human. One half of the animals (22 animals) were sacrificed to determine the impact immediately after the 8 week experimental diet feeding during early life (Early Life). Another half of the animals were terminated after the 8 week HF/LF feeding plus another 12 week feeding with normal standard lab diet for growth and maintenance (LabDiet, Cat.#5P76, St. Louis, MO, USA, which is used in our animal facility) to define the impact of the early-life experimental diet on later-life microenvironment (Later Life), where 24 weeks of age in mice is equivalent to later in young adulthood in humans.



A standard high-fat diet for diet-induced obesity and a low-fat control diet from Research Diets (New Brunswick, NJ, USA) were used (HF: D12492, 60 kcal% fat vs. LF: D12450B, 10 kcal% fat). The HF diet contains 54% of its calories from lard, whereas only 4% of the calories are from lard in the LF. Mice were monitored daily (with one mouse dying during the experiment), and the body weight was measured weekly. After the 8 week experimental diet feeding (Early Life) or after the additional 12 week normal diet feeding (Later Life), mice were euthanized by CO2 asphyxiation followed by cervical dislocation. Exsanguination was performed by cardiac puncture and whole blood was collected into a blood collection tube containing EDTA (Govidien MonojectTM). After the abdomen was opened, inguinal mammary tissue (iMT) and visceral white adipose tissue (VAT) were collected into foil after removing the lymph nodes, and frozen in liquid nitrogen for subsequent biological assays.




2.2. Real-Time PCR for Gene Expression


Total RNA was extracted from inguinal mammary tissue and visceral white adipose tissue using the Trizol reagent (Invitorgen, Carlsbad, CA, USA). The concentration and purity of the RNA samples were determined using a NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA). Subsequently, 2 µg total RNAs was reverse transcribed into the first-strand cDNAs using QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA). Real-time PCR was performed with the ViiATM 7 Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) using the SYBR green PCR reagent kit (Invitrogen, Carlsbad, CA, USA) and with the following thermal cycling conditions: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. The cycle threshold (Ct) values were defined as the fractional cycle number at which the fluorescence passes an arbitrarily set threshold.




2.3. Western Blot Analyses


Protein was isolated from both inguinal mammary tissue and visceral white adipose tissue using RIPA lysis buffer (EMD Millipore Corp, Billerica, MA, USA) with Protease and Phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL, USA). The total protein concentration was determined using a commercially available PierceTM BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Protein samples of 20–40 μg from each group were separated by either 8 or 10% SDS-PAGE gels and transferred onto a PVDF membrane. After blocking with 5% BSA in TBST solution, membranes were then probed with specific primary antibodies overnight at 4 °C, followed by incubation with the secondary antibody. The chemiluminescence from ClarityTM Western ECL Substrate (Bio-Rad, Hercules, CA, USA) was detected using an Odyssey FC Imaging System (Li-Cor). The band density was analyzed using Image J. The relative density of protein was calculated after normalizing to GAPDH.




2.4. Plasma and Mammary Inflammatory Cytokine and Metabolic Hormone Assays


The inflammatory cytokines and metabolic hormones were measured by a chemiluminescence assay using the QuickPlex SQ 120 (Meso Scale Discovery, Rockville, MD, USA). Assays were performed according to the manufacturer’s instructions. Briefly, the protein samples including inflammatory cytokines and metabolic hormones were isolated from inguinal mammary tissue with lysis buffer provided in the kit from Meso Scale Discovery (Rockville, MD, USA). Protein samples, plasma, or calibrator standards (25 µL) were added to each well of a 96-well plate. Antibodies for cytokines (TNF-α, IL-6, CCL2, and MCP-1) and metabolic hormones (Insulin, Leptin, and VEGF-A) were coated on the bottom of the 96-well plates. After washing 3 times, 50 µL of the detection antibody solution was added to each well. A four-parameter logistic fit curve was generated for each analyte using the standards, and the levels of inflammatory cytokines and metabolic hormones in the samples were calculated accordingly. Cytokines and metabolic hormones from inguinal mammary tissue are expressed as ng of analyte per mg protein. Cytokines and metabolic hormones from plasma are expressed as ng of analyte per milliliter. All standards and samples were measured in duplicate.




2.5. Statistical Analysis


All data were expressed as means ± SEM. For the statistical analysis, a two-tailed Student’s t-test was performed between the two treatment groups in both early life and later life using SAS (Version 9.4, SAS Institute, Cary, NC, USA). The gene expression was normalized to the housekeeping gene GAPDH (ΔCt = Ct-Target Gene − Ct-GAPDH), and statistical analyses were performed based on ΔCt. Relative expression is reported as 2−ΔΔCt, where ΔΔCt = ΔCt-Experiment − ΔCt-Control. Volcano plots were drawn in RStudio version 2022.12.0 (Rstudio, Boston, MA, USA) with ggplot2 and ggrepel packages. Values of p < 0.05 were considered statistically significant among the comparisons.





3. Results


3.1. High-Fat Diet Feeding in Early Life Increased Body Weight Gain, Which Is Retained at a Reduced Magnitude in Later Life of Young Adulthood


After an 8 week feeding during ~4–12 weeks of age, the HF diet significantly induced body weight gain (p < 0.05, Figure 1B(a),E). The body weight gains for the mice sacrificed immediately after the 8 week experimental diet feeding are 147% for LF group and 169% for HF group (Early Life, Figure 1C).



After switching from the HF diet to a normal diet for 12 weeks (up to 24 weeks of age), the body weight in the HF group remained significantly higher than that in the LF group (p < 0.05, Figure 1B(b),E), though the magnitude was reduced. The body weight increased by 7% (107%) for the LF group, whereas it decreased by 2% (98%) in the HF group when compared to the body weight immediately after the experimental diet feeding at the age of 12 weeks (Figure 1D).




3.2. Influence of Early-Life High-Fat Diet Feeding on Mammary Metabolic Microenvironment


3.2.1. High Fat Diet in Early Life Promoted Adipocyte Dysfunction in Later Life


To investigate the impact of the high-fat diet in Early Life on adipogenesis, we measured the expressions of a group of adipogenesis-related genes, including Pparγ, Cebpα, Adiponectin (Adipoq), Adiponectin Receptor 1 (AipoqR1) and Adiponectin Receptor 2 (AipoqR2), in iMT and VAT. In early life, immediately after the 8 week HF diet feeding, we observed a mixed pattern of mRNA and protein expressions of those genes in iMT and VAT. The protein level of PPARγ and CEBPα in iMT was higher (p < 0.01) in the LF group than in the HF group (Figure 2B), whereas this pattern was not observed in VAT (Figure 2F). Consistent results were observed for the mRNA and protein expressions of those genes in both iMT (Figure 2C,D) and VAT (Figure 2G,H) in the later life equivalent to young adulthood. The HF diet feeding during early life resulted in decreased expressions of the majority of those adipogenesis-related genes in later life, even after returning to a normal diet for 12 weeks.




3.2.2. High-Fat Diet in Early Life Promoted Pro-Estrogenic Microenvironment in Later Life


To investigate the impact of a high-fat diet in early life on the mammary hormonal microenvironment later in life, the transcriptional expression level of a panel of hormone-related regulators including Aromatase, Estrogen Receptor α and β (Erα and Erβ), Prostaglandin-endoperoxide synthase 2 (Cox2), and Prostaglandin E2 receptors (PtgeR1 and PtgeR2) were measured in iMT. Immediately after the 8 week experimental diet feeding, the HF diet significantly increased the gene expression levels of Cox2 and PtgeR1 by 3.5-fold (p < 0.01) and 2.2-fold (p < 0.05), respectively, by the age of 12 weeks (Early Life, Figure 3A). After switching to a normal diet for an additional 12 weeks, the levels of Cox2 and PtgeR1 remained elevated. Furthermore, the increase in the expressions of PtgeR2, Aromatase, ERα and ERβ reached a statistically significant level (Later Life, Figure 3B). The up-regulated hormone-related regulators indicated that the HF diet feeding during early life, equivalent to childhood and adolescence in humans, resulted in a promoted pro-estrogenic microenvironment in the period of later life equivalent to young adulthood.





3.3. High-Fat Diet in Early Life Instantly Induced a Pro-Inflammatory Microenvironment, whereas Switching to a Normal Diet Alleviated the Inflammatory Response


To investigate the impact of HF diet-induced obesity in early life on systemic (plasma) and mammary inflammation in later life, the mRNA and protein levels of inflammation-related genes, including Tnf𝛼, Il-6, Ccl2, Ccr2, Il-1β, Cox2, Il-13, and Il-4, were measured in plasma, iMT and VAT. In early life, immediately after the 8 week HF/LF diet feeding, we found that the HF diet is associated with 2.4-fold (p < 0.01), 3.3-fold (p < 0.01) and 1.8-fold (p < 0.01) increases in the transcriptional expression levels of Il-6, Ccl2 and Ccr2 in iMT, and that the protein level of CCL2 increased 1.8-fold (p < 0.01) in the HF group in iMT. The transcriptional expression levels of Tnfα and Cox2 were found to be positively associated with HF diet, with 1.7-fold (p < 0.01) and 1.3-fold (p < 0.05) increases in VAT (Figure 4).



After switching to the normal diet for an additional 12 weeks up to the age of 24 weeks, the transcriptional expression levels of Tnfα, Il-6 and Ccr2 increased 2.7-fold (p < 0.01), 3.5-fold (p < 0.01) and 2.0-fold (p < 0.01) in HF diet group in iMT. However, the HF-induced systemic inflammation was marginally attenuated, as indicated by decreased protein levels of IL6 and CCL2, with 0.4-fold (p < 0.05) and 0.7-fold (p < 0.01) decreases in plasma and no significant difference between groups in VAT (Figure 4).




3.4. High-Fat Diet Merely Elevated the Expression of Wnt-Signaling Downstream Genes and Active Β-Catenin in Early Life


Aberrant Wnt signaling plays a critical role in mammary gland development and breast tumorigenesis [22,23]. STAT3 signaling possesses multifaceted functions in the immune response in the breast tumor microenvironment and has downstream target genes that overlap with the Wnt signaling pathway [24]. Therefore, we measured the transcriptional expression of Wnt signaling downstream genes (Cmyc, Cyclin D1, Axin2), Wnt10b and the protein level of p-STAT3 in iMT. Immediately after the 8 week experimental diet feeding, the HF diet increased transcriptional expression of C-Myc (p < 0.01), Cyclin D1 (p < 0.05), and Wnt10b (p < 0.05) (Figure 5A) and the protein level of phosphor-STAT3 and active β-catenin (p < 0.01) (Figure 5B). Interestingly, after switching to the normal diet for an additional 12 weeks up to 24 weeks of age, which is equivalent to young adulthood, the transcriptional expression of Cyclin D1 (p < 0.05) and Wnt 10b (p < 0.05) and the protein level of p-STAT3 had decreased in the HF group (Figure 5C,D).





4. Discussion


A global burden of disease study indicates that over 4 million people die each year as a result of being overweight or obese, a problem that has reached epidemic proportions [25]. In particular, the prevalence of obesity among children and adolescents continues to rise dramatically: from 2000 to 2018, the prevalence of obesity in persons aged 2–19 years increased from 13.9% to 19.3%, and the prevalence of severe obesity increased from 3.6% to 6.1% [26]. Childhood obesity is a risk for the development and mortality of a variety of cancers [27], whereas accumulating epidemiological studies have pointed out a negative association between childhood/adolescent obesity and both pre- and post-menopausal BC [17,18,19]. To the best of our knowledge, the present study is the first to use an animal model to mimic diet-induced obesity in the periods of early life equivalent to childhood and adolescence in humans, and examine its impact on the mammary microenvironment later in life. According to the lifespan comparison [21], the 8 week experimental diet feeding during 4-12 weeks of age in mice is equivalent to an HF intervention during childhood and adolescence in humans, and the experiment was finished at 24 weeks of age, which is equivalent to young adulthood in humans. Our findings, from the aspect of disrupted metabolic and inflammatory microenvironments, reinforced that obesity in early life remains a risk factor for the development of BC later in life.



In terms of the metabolic environment in iMT and VAT, we observed that the 8 week HF feeding in early life diminished the mRNA or protein expressions of a number of adipogenesis-related genes later in life (Figure 2C,D,G,H). PPARγ and CEBP𝛼 are two critical transcriptional factors, which cooperatively orchestrate adipocyte biology [28]. Emerging evidence indicates that PPARγ also controls cell proliferation in various other tissues and organs including the breasts, and the dysregulation of PPARγ signaling is linked to tumor development in these organs [29,30]. Adiponectin (Adipoq) is best known for modulating a number of metabolic processes including glucose homeostasis and fatty acid oxidation. In addition, adiponectin, via its receptors AipoqR1 and AipoqR2, also plays a potent suppressive effect on the growth of breast cancer cells by cancer-specific fatty acid metabolic reprogramming [31]. The disrupted metabolic homeostasis, indicated by diminished expressions of adipogenesis-related genes such as PPARγ and Adipoq suggested that the HF-induced obesity in early life leads to adipogenesis dysfunction in iMT and potentially promotes breast tumorigenesis.



PPARγ has been shown to inhibit aromatase transcription, which is responsible for estrogen production via prostaglandin E2 (PGE2) [32,33]. Cyclooxygenase-2 (COX-2), which converts arachidonic acid to prostaglandins, also contributes to the production of aromatase in mammary tissue [34]. Aromatase is an enzyme responsible for a key step in the biosynthesis of estrogen, which is a critical risk factor for BC [35]. Findings from our work clearly demonstrated that HF feeding in early life led to the elevated expressions of these hormones in iMT (Figure 3), creating a hormonal microenvironment in favor of the development of tumorigenesis later in life.



Obesity is considered a low-grade chronic inflammatory status with the increased secretion of pro-inflammatory cytokines from adipocytes, including IL-6 and TNFα [36]. In addition, macrophages that have infiltrated into hypertrophic adipose tissue secrete an array of inflammatory cytokines, such as IL-1β, IL-6 and TNFα, contributing to both local and systemic inflammation [37]. Chronic inflammation plays a critical role in the initiation and development of BC [38]. In this study, we observed a systemic (plasma) and breast tissue-specific inflammation promoted by HF feeding in early life, evidenced by increased expression of TNFα, IL-6, CCL-2 and CCR-2 (Figure 4). This aggravated inflammation triggered by an HF diet in early life demonstrated that early-life obesity represents a promoting, rather than protecting, factor for the development of BC from the perspective of the inflammatory microenvironment in mammary tissue.



Early evidence for the involvement of the Wnt pathway in cancer came from the isolation of Wnt-1, a gene activated by the integration of the mouse mammary tumor virus in a mammary tumor model [39]. It has been reported that Wnt signaling abnormalities are associated with 60% of breast cancers [40,41]. Obesity-associated inflammation is linked to the up-regulation of active β-Catenin, a pivotal component in the Wnt pathway, and several Wnt signaling target genes (Cyclin D1 and Axin 2) [42]. In early life, immediately after the 8 week HF feeding, our results are consistent with the aforementioned reports, demonstrating that the HF diet upregulated Wnt signaling target genes (C-Myc and Cyclin D1) and increased the protein levels of active β-Catenin as well as p-STAT3, an immune response gene that also regulates Wnt signaling target genes [24] (Figure 5A,B). However, in later life, to our surprise, we observed an opposite pattern of alterations of those Wnt signaling-related elements, which collectively indicate decreased Wnt signaling (Figure 5C,D). These observations could not be explained by the disrupted metabolic and promoted inflammatory microenvironment mediated by earlier exposure to the HF diet. Our group previously described a potential epigenetic mechanism, improved folate status and DNA methylation, responsible for the protective effect of early-life obesity on breast tumorigenesis [43]; however, further studies are needed to interpret the apparent protective effect of early-life obesity on BC later in life.




5. Conclusions


In summary, accumulating epidemiological studies have reported that overweight/obesity during childhood/adolescence may exert a protective effect on BC later in life. From the mammary metabolic and inflammatory microenvironment perspective, the present study showed that obesity in early life still imposes a risk on breast tumorigenesis later in life. However, further investigation is warranted to understand the overall impact of early-life obesity on breast tumorigenesis, and to therefore develop better strategies to manage obesity and BC.







Author Contributions


Y.T. conceived and performed the research. T.-C.L. contributed to sample collection throughout the experiment. Z.L. designed and directed the project. Y.T. wrote the first draft of the manuscript and Z.L. edited the manuscript. Z.L., Y.-C.K. and S.C. helped interpreted data and provided critical comments. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported in part by USDA/NIFA AFRI grants (2022-67018-36986, ZL) and a USDA//NIFA Hatch project (MAS00586, ZL). The contents are solely the responsibility of the authors and do not necessarily represent the official views of the USDA or NIFA.




Institutional Review Board Statement


The animal protocol (#930) was approved by the Institutional Animal Care and Use Committee of the University of Massachusetts, Amherst.(Approval code: 2019-0072, 3 October 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article.




Acknowledgments


This study was supported in part by USDA/NIFA AFRI grants (2022-67018-36986, ZL) and a USDA//NIFA Hatch project (MAS00586, ZL). The contents are solely the responsibility of the authors and do not necessarily represent the official views of the USDA or NIFA.




Conflicts of Interest


The authors declare no conflict interest.




References


	



Arnold, M.; Morgan, E.; Rumgay, H.; Mafra, A.; Singh, D.; Laversanne, M.; Vignat, J.; Gralow, J.R.; Cardoso, F.; Siesling, S.; et al. Current and future burden of breast cancer: Global statistics for 2020 and 2040. Breast 2022, 66, 15–23. [Google Scholar] [CrossRef] [PubMed]

	



Giaquinto, A.N.; Sung, H.; Miller, K.D.; Kramer, J.L.; Newman, L.A.; Minihan, A.; Jemal, A.; Siegel, R.L. Breast Cancer Statistics, 2022. CA Cancer J. Clin. 2022, 72, 524–541. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, L.; Mazzara, C.; Pagani, O. Diagnosis and Treatment of Breast Cancer in Young Women. Curr. Treat. Opt. Oncol. 2019, 20, 86. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhary, L.N. Clinical and Psychosocial Challenges of Breast Cancer in Adolescent and Young Adult Women Under the Age of 40 Years. JCO Oncol. Pract. 2021, 17, 317–319. [Google Scholar] [CrossRef]

	



Kehm, R.D.; Yang, W.; Tehranifar, P.; Terry, M.B. 40 Years of Change in Age- and Stage-Specific Cancer Incidence Rates in US Women and Men. JNCI Cancer Spectr. 2019, 3, pkz038. [Google Scholar] [CrossRef]

	



Cathcart-Rake, E.J.; Ruddy, K.J.; Bleyer, A.; Johnson, R.H. Breast Cancer in Adolescent and Young Adult Women Under the Age of 40 Years. JCO Oncol. Pract. 2021, 17, 305–313. [Google Scholar] [CrossRef]

	



Kashyap, D.; Pal, D.; Sharma, R.; Garg, V.K.; Goel, N.; Koundal, D.; Zaguia, A.; Koundal, S.; Belay, A. Global Increase in Breast Cancer Incidence: Risk Factors and Preventive Measures. BioMed Res. Int. 2022, 2022, 9605439. [Google Scholar] [CrossRef]

	



Munsell, M.F.; Sprague, B.L.; Berry, D.A.; Chisholm, G.; Trentham-Dietz, A. Body mass index and breast cancer risk according to postmenopausal estrogen-progestin use and hormone receptor status. Epidemiol. Rev. 2014, 36, 114–136. [Google Scholar] [CrossRef]

	



Neuhouser, M.L.; Aragaki, A.K.; Prentice, R.L.; Manson, J.E.; Chlebowski, R.; Carty, C.L.; Ochs-Balcom, H.M.; Thomson, C.A.; Caan, B.J.; Tinker, L.F.; et al. Overweight, Obesity, and Postmenopausal Invasive Breast Cancer Risk: A Secondary Analysis of the Women’s Health Initiative Randomized Clinical Trials. JAMA Oncol. 2015, 1, 611–621. [Google Scholar] [CrossRef]

	



Boutari, C.; Mantzoros, C.S. Inflammation: A key player linking obesity with malignancies. Metab. Clin. Exp. 2018, 81, A3–A6. [Google Scholar] [CrossRef]

	



Picon-Ruiz, M.; Morata-Tarifa, C.; Valle-Goffin, J.J.; Friedman, E.R.; Slingerland, J.M. Obesity and adverse breast cancer risk and outcome: Mechanistic insights and strategies for intervention. CA Cancer J. Clin. 2017, 67, 378–397. [Google Scholar] [CrossRef] [PubMed]

	



Maccio, A.; Madeddu, C. Obesity, inflammation, and postmenopausal breast cancer: Therapeutic implications. Sci. World J. 2011, 11, 806787. [Google Scholar] [CrossRef] [PubMed]

	



Key, T.J.; Appleby, P.N.; Reeves, G.K.; Travis, R.C.; Brinton, L.A.; Helzlsouer, K.J.; Dorgan, J.F.; Gapstur, S.M.; Gaudet, M.M.; Kaaks, R.; et al. Steroid hormone measurements from different types of assays in relation to body mass index and breast cancer risk in postmenopausal women: Reanalysis of eighteen prospective studies. Steroids 2015, 99 Pt A, 49–55. [Google Scholar] [CrossRef]

	



Stierman, B.; Afful, J.; Carroll, M.D.; Chen, T.-C.; Davy, O.; Fink, S.; Fryar, C.D.; Gu, Q.; Hales, C.M.; Hughes, J.P. National Health and Nutrition Examination Survey 2017–March 2020 Prepandemic Data Files Development of Files and Prevalence Estimates for Selected Health Outcomes. 2021. Available online: https://stacks.cdc.gov/view/cdc/106273 (accessed on 18 January 2023).

	



Simmonds, M.; Llewellyn, A.; Owen, C.G.; Woolacott, N. Predicting adult obesity from childhood obesity: A systematic review and meta-analysis. Obes. Rev. 2016, 17, 95–107. [Google Scholar] [CrossRef]

	



Colditz, G.A.; Bohlke, K.; Berkey, C.S. Breast cancer risk accumulation starts early: Prevention must also. Breast Cancer Res. Treat. 2014, 145, 567–579. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, M.A.; Joshu, C.E. Early Life Exposures and Adult Cancer Risk. Epidemiol. Rev. 2017, 39, 11–27. [Google Scholar] [CrossRef]

	



Oh, H.; Boeke, C.E.; Tamimi, R.M.; Smith-Warner, S.A.; Wang, M.L.; Willett, W.C.; Eliassen, A. The interaction between early-life body size and physical activity on risk of breast cancer. Int. J. Cancer 2015, 137, 571–581. [Google Scholar] [CrossRef]

	



Baer, H.J.; Tworoger, S.S.; Hankinson, S.E.; Willett, W.C. Body Fatness at Young Ages and Risk of Breast Cancer Throughout Life. Am. J. Epidemiol. 2010, 171, 1183–1194. [Google Scholar] [CrossRef]

	



Flurkey, K.; Currer, J.M.; Harrison, D.E. Mouse models in aging research. In The Mouse in Biomedical Research; Academic Press: Cambridge, MA, USA, 2007. [Google Scholar]

	



Dutta, S.; Sengupta, P. Men and mice: Relating their ages. Life Sci. 2016, 152, 244–248. [Google Scholar] [CrossRef]

	



Xu, X.; Zhang, M.; Xu, F.; Jiang, S. Wnt signaling in breast cancer: Biological mechanisms, challenges and opportunities. Mol. Cancer 2020, 19, 165. [Google Scholar] [CrossRef]

	



Abreu de Oliveira, W.A.; El Laithy, Y.; Bruna, A.; Annibali, D.; Lluis, F. Wnt Signaling in the Breast: From Development to Disease. Front. Cell Dev. Biol. 2022, 10, 884467. [Google Scholar] [CrossRef] [PubMed]

	



To, S.Q.; Dmello, R.S.; Richards, A.K.; Ernst, M.; Chand, A.L. STAT3 Signaling in Breast Cancer: Multicellular Actions and Therapeutic Potential. Cancers 2022, 14, 429. [Google Scholar] [CrossRef] [PubMed]

	



Hruby, A.; Hu, F.B. The Epidemiology of Obesity: A Big Picture. Pharmacoeconomics 2015, 33, 673–689. [Google Scholar] [CrossRef] [PubMed]

	



Hales, C.; Fryar, C.D. Prevalence of Obesity and Severe Obesity Among Persons Aged 2–19 Years—National Health and Nutrition Examination Survey, 1999–2000 through 2017–2018. MMWR Morb. Mortal. Wkly. Rep. 2020, 69, 390. [Google Scholar]

	



Nuotio, J.; Laitinen, T.T.; Sinaiko, A.R.; Woo, J.G.; Urbina, E.M.; Jacobs, D.R.; Steinberger, J.; Prineas, R.J.; Sabin, M.A.; Burgner, D.P.; et al. Obesity during childhood is associated with higher cancer mortality rate during adulthood: The i3C Consortium. Int. J. Obes. 2022, 46, 393–399. [Google Scholar] [CrossRef]

	



Lefterova, M.I.; Zhang, Y.; Steger, D.J.; Schupp, M.; Schug, J.; Cristancho, A.; Feng, D.; Zhuo, D.; Stoeckert, C.J., Jr.; Liu, X.S.; et al. PPARgamma and C/EBP factors orchestrate adipocyte biology via adjacent binding on a genome-wide scale. Genes Dev. 2008, 22, 2941–2952. [Google Scholar] [CrossRef]

	



Hernandez-Quiles, M.; Broekema, M.F.; Kalkhoven, E. PPARgamma in Metabolism, Immunity, and Cancer: Unified and Diverse Mechanisms of Action. Front. Endocrinol. 2021, 12, 624112. [Google Scholar] [CrossRef]

	



Augimeri, G.; Giordano, C.; Gelsomino, L.; Plastina, P.; Barone, I.; Catalano, S.; Ando, S.; Bonofiglio, D. The Role of PPARgamma Ligands in Breast Cancer: From Basic Research to Clinical Studies. Cancers 2020, 12, 2623. [Google Scholar] [CrossRef]

	



Pham, D.V.; Park, P.H. Adiponectin triggers breast cancer cell death via fatty acid metabolic reprogramming. J. Exp. Clin. Cancer Res. 2022, 41, 9. [Google Scholar] [CrossRef]

	



Margalit, O.; Wang, D.; DuBois, R.N. PPARγ Agonists Target Aromatase Via Both PGE2 and BRCA1. Cancer Prev. Res. 2012, 5, 1169–1172. [Google Scholar] [CrossRef]

	



Fan, W.; Yanase, T.; Morinaga, H.; Mu, Y.M.; Nomura, M.; Okabe, T.; Goto, K.; Harada, N.; Nawata, H. Activation of peroxisome proliferator-activated receptor-gamma and retinoid X receptor inhibits aromatase transcription via nuclear factor-kappaB. Endocrinology 2005, 146, 85–92. [Google Scholar] [CrossRef] [PubMed]

	



Subbaramaiah, K.; Morris, P.G.; Zhou, X.K.; Morrow, M.; Du, B.; Giri, D.; Kopelovich, L.; Hudis, C.A.; Dannenberg, A.J. Increased levels of COX-2 and prostaglandin E2 contribute to elevated aromatase expression in inflamed breast tissue of obese women. Cancer Discov. 2012, 2, 356–365. [Google Scholar] [CrossRef] [PubMed]

	



Bhardwaj, P.; Au, C.C.; Benito-Martin, A.; Ladumor, H.; Oshchepkova, S.; Moges, R.; Brown, K.A. Estrogens and breast cancer: Mechanisms involved in obesity-related development, growth and progression. J. Steroid Biochem. Mol. Biol. 2019, 189, 161–170. [Google Scholar] [CrossRef] [PubMed]

	



Kolb, R.; Zhang, W. Obesity and Breast Cancer: A Case of Inflamed Adipose Tissue. Cancers 2020, 12, 1686. [Google Scholar] [CrossRef]

	



Han, J.M.; Levings, M.K. Immune regulation in obesity-associated adipose inflammation. J. Immunol. 2013, 191, 527–532. [Google Scholar] [CrossRef] [PubMed]

	



Danforth, D.N. The Role of Chronic Inflammation in the Development of Breast Cancer. Cancers 2021, 13, 3918. [Google Scholar] [CrossRef]

	



Nusse, R.; Varmus, H.E. Many tumors induced by the mouse mammary tumor virus contain a provirus integrated in the same region of the host genome. Cell 1982, 31, 99–109. [Google Scholar] [CrossRef]

	



Lin, S.Y.; Xia, W.; Wang, J.C.; Kwong, K.Y.; Spohn, B.; Wen, Y.; Pestell, R.G.; Hung, M.C. Beta-catenin, a novel prognostic marker for breast cancer: Its roles in cyclin D1 expression and cancer progression. Proc. Natl. Acad. Sci. USA 2000, 97, 4262–4266. [Google Scholar] [CrossRef]

	



Wulf, G.M.; Ryo, A.; Wulf, G.G.; Lee, S.W.; Niu, T.; Petkova, V.; Lu, K.P. Pin1 is overexpressed in breast cancer and cooperates with Ras signaling in increasing the transcriptional activity of c-Jun towards cyclin D1. EMBO J. 2001, 20, 3459–3472. [Google Scholar] [CrossRef]

	



Roubert, A.; Gregory, K.; Li, Y.; Pfalzer, A.C.; Li, J.; Schneider, S.S.; Wood, R.J.; Liu, Z. The influence of tumor necrosis factor-alpha on the tumorigenic Wnt-signaling pathway in human mammary tissue from obese women. Oncotarget 2017, 8, 36127–36136. [Google Scholar] [CrossRef]

	



Frederick, A.M.; Guo, C.; Meyer, A.; Yan, L.; Schneider, S.S.; Liu, Z. The influence of obesity on folate status, DNA methylation and cancer-related gene expression in normal breast tissues from premenopausal women. Epigenetics 2021, 16, 458–467. [Google Scholar] [CrossRef] [PubMed]








[image: Curroncol 30 00320 g001 550] 





Figure 1. Experimental design and effect of high-fat diet in early life on body weight. (A) Experimental design: one half of the animals (22) were sacrificed immediately after the 8 week experimental HF/LF diet feeding at the age of ~12 weeks, which is equivalent to the end of adolescence in humans (Early Life), and another half were terminated after the 8 week HF/LF feeding plus a 12 week normal diet feeding at the age of ~24 weeks, which is equivalent to later in young adulthood (Later Life). (B) Growth curves of mice sacrificed (a) in early life after 8 week HF/LF feeding, and (b) in later life after 8 week HF/LF feeding + 12 week normal diet feeding. (C,D) Effect of high-fat diet in early life on body weight changes (%). (E) Representative pictures of mice sacrificed in early life and in later life. Data are presented as mean ± SEM. n = 10–11/group. #: 0.05 < p < 0.10; *: p < 0.05; **: p < 0.01. 
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Figure 2. Effect of high-fat diet in early life on transcriptional and protein expressions of adipogenesis-related genes. (A–D) mRNA and protein expressions in inguinal mammary tissue in mice immediately after the 8 week experimental HF/LF diet feeding (Early Life, (A,B)) or later in young adulthood (Later Life, (C,D)); (E–H) mRNA and protein expressions in visceral white adipose tissue in mice immediately after the 8 week experimental HF/LF diet feeding (Early Life, (E,F)) or later in young adulthood (Later Life, (G,H)). Data are presented as mean ± SEM, n = 8–11/group. *: p < 0.05; **: p < 0.01. 
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Figure 3. Effect of high-fat diet in early life on the expressions of hormone-related genes in the inguinal mammary tissues from mice sacrificed in early life immediately after the 8 week experimental HF/LF diet feeding at the age of ~12 weeks (A) and in later life after switching to the normal diet for an additional 12 weeks and at the age of ~24 weeks (B). Data are presented as mean ± SEM. n = 8–11 animals/group. *: p < 0.05; **: p < 0.01. 
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Figure 4. Volcano plot for the effect of high-fat diet in early life on inflammatory cytokine profile and metabolic parameters later in young adulthood. Red and blue points mark significantly increased or decreased expression, respectively, in HF (60 kcal % fat) vs. LF groups (10 kcal % fat) (p < 0.05). The x-axis shows log2(fold-changes) in expression and the y-axis shows the log10(p-value). Data represents mRNA or protein expressions in plasma and tissues. iMT: inguinal Mammary Tissue. VAT: Visceral White Adipose Tissue. EL: Early Life groups; LL: Later Life groups. N = 8–11 animals/group. 
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Figure 5. Effect of high-fat diet in early Life on Wnt signaling in inguinal mammary tissue later in life. (A) Transcriptional expression of Wnt signaling target genes and (B) Western blotting of phospho-STAT3 and active β-catenin in early life immediately after the 8 week experimental HF/LF diet feeding. (C) Transcriptional expression of Wnt signaling target genes and (D) Western blotting of phospho-STAT3 in later life after switching to the normal diet for an additional 12 weeks. Data are presented as mean ± SEM. n = 8–11 animals/group. *: p < 0.05; **: p < 0.01. 
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