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Purpose: This study aimed to determine the effect of neoadjuvant chemotherapy (NAC) on circulating levels of reproductive hormones and evaluate the correlation of hormone changes after NAC with hormone receptors expression alterations and relapse-free survival (RFS) outcomes in breast cancer.



Methods: Information from 181 breast cancer patients who received NAC was retrospectively analyzed. For hormones parameters, the median and interquartile range (IQR) were provided at baseline and the end of NAC then was compared by Wilcoxon signed-rank test. Categorical variables were represented as numbers and percentages and were compared via two-sided chi-square and Fisher's tests. The RFS outcomes were compared between patients according to hormone changes using the log-rank test. Univariate and multivariate survival analyses with hazard ratios (HR) and 95% confidence intervals (95% CI) were carried out using Cox regression.



Results: Sex steroids including estradiol, progesterone, testosterone, and dehydroepiandrosterone sulfate (DHEAS) levels decreased significantly after NAC among both premenopausal and postmenopausal patients (all P < 0.05). Decreased estradiol levels were associated with reduced progesterone receptor (PR) expression (P = 0.030). In multivariate survival analysis, the non-decreased progesterone level was strongly associated with worse RFS (non-decreased vs. decreased, HR = 7.178, 95% CI 2.340–22.019, P = 0.001). Patients with decreased progesterone levels exhibited better 3-year RFS compared with those with non-decreased (87.6% vs. 58.3%, log-rank, P = 0.001).



Conclusion: Multiple reproductive hormone levels were influenced by NAC. The change in estradiol level had a positive connection with PR expression alteration. Furthermore, an inverse association between the change in progesterone level and RFS outcomes was found. These findings may provide a theoretical basis for pre-operative endocrine therapy combined with NAC in breast cancer patients.
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Introduction

Female breast cancer, as the leading cause of global cancer incidence in 2020, has been the fifth leading cause of cancer mortality worldwide, with an estimated 2.3 million new cases and 685,000 deaths (1). Neoadjuvant chemotherapy (NAC) as a standard of care for locally advanced breast cancer, is increasingly used for all breast cancer subtypes (2, 3), aiming to reduce tumor size before surgery. However, in young patients, chemotherapy-associated ovarian damage is a major limitation of NAC (4). Several mechanisms lead to chemotherapy-induced ovarian injury and reduction of the ovarian reserve (5, 6), directly affecting endogenous sex hormone concentrations such as estradiol, progesterone, follicle-stimulating hormone (FSH), and luteinizing hormone (LH) (7). Due to the benefit seen in some studies irrespective of the hormone receptors' status, a direct cytotoxic effect of chemotherapy on the ovary and an indirect endocrine effect have been postulated (8, 9).

It is well known that reproductive hormones play a critical role in breast carcinogenesis. Available evidence has demonstrated that endogenous reproductive hormones can sustain tumor growth and are associated with breast cancer risk (10). Our previous works (11) and other studies (12, 13) found an association between pre-treatment hormones and prognosis in patients who received NAC treatment. A recent study has described the association of chemotherapy-induced ovarian failure with the improved outcome regardless of hormone receptor status (14), highlighting the vital role of ovarian function suppression after neoadjuvant/adjuvant chemotherapy in inhibiting disease progression. Although this study reveals the potential role of reproductive hormones in cancer progression, it is not clear the exact effect of hormone changes after neoadjuvant/adjuvant chemotherapy on survival outcomes. To address this question, we evaluated serum reproductive hormone changes after NAC treatment in association with survival outcomes in breast cancer patients.

Most breast malignancies are hormone-dependent, and express hormone receptors such as estrogen receptor (ER) and progesterone receptor (PR). Many studies have suggested that the expression status of ER and PR may differ between the initial diagnostic core biopsies and excisional specimens after NAC (15, 16). The changes in these receptors reveal important clinical significance as clinicians need to make appropriate treatment adjustments according to the status of these biomarkers. However, the mechanisms mediating the changes in hormone receptor expression remain unknown. Although the effect of NAC on hormone receptor expression has been widely studied, the results were controversial.

In this context, we analyzed changes in estradiol, progesterone, testosterone, FSH, LH, dehydroepiandrosterone sulfate (DHEAS), sex hormone-binding globulin (SHBG) levels, and free androgen index (FAI) after NAC treatment in pre- and postmenopausal women diagnosed with invasive breast cancer. The correlation of hormone changes after NAC with hormone receptor expression alterations and relapse-free survival (RFS) outcomes have been investigated.



Methods


Patients

Details of the previous retrospective study on which this research is based have been posted (11). To investigate the relationship between changes in reproductive hormone levels after NAC treatment and survival outcomes, we included people with post-treatment hormone reports from previous study populations. This retrospective study included 181 female patients with breast cancer who were administered NAC between February 2013 and December 2019 at the First Affiliated Hospital of Chongqing Medical University (Chongqing, China). The inclusion criteria were as follows: (a) all enrolled breast cancer patients accepted NAC and subsequent surgery; (b) patients with serum reproductive hormones tests before NAC start and at the end of NAC; (c) patients received standard adjuvant therapy after surgery; (d) all included patients had complete clinical records. The exclusion criteria were as follows: (a) distant metastasis before NAC; (b) synchronous bilateral breast cancer; (c) administration of oral contraceptives or other hormones in the past 6 months; (d) pregnancy or lactation in the previous 6 months; (e) prior cancer diagnosis or serious organ disease; (f) endocrine therapy, radiotherapy or targeted therapy before NAC. Details related to the demographic and pathological characteristics were collected. Meanwhile, information on the serum reproductive hormones before initial NAC and after the last cycle of NAC, including estradiol, progesterone, testosterone, FSH, LH, DHEAS, FAI, and SHBG, was gathered. A total of 91 patients were enrolled in the follow-up group between February 2013 and December 2018, and each participant was followed from the baseline exam until death or February 1, 2021. The hospitalization information system was utilized to obtain the patients' in-hospital information, and outpatient information was obtained through the hospital outpatient system, face-to-face, or by telephone.



Measurements of serum reproductive hormones

Samples were collected at baseline and the end of NAC. Concentrations of estradiol, progesterone, testosterone, FSH, LH, DHEAS, and SHBG were determined using an electrochemiluminescence method on an immunoassay analyzer (DxI 800 Immunoassay System; Beckman Coulter, Brea, CA, United States). FAI was calculated as FAI = (testosterone/SHBG) × 100.



Immunohistochemical staining

All mammary gland malignant tumor specimens from core biopsies and surgical excisions were reviewed by two experienced pathologists. Immunohistochemistry (IHC) was utilized to measure ER, PR, the human epidermal growth factor receptor 2 (HER2) status, and the Ki67 index before and after NAC. The Ki67 was explained as the percentage of tumor cell nuclei between 400 and 500 cells.



Definitions

Menopause was defined as no spontaneous menses over the past 1 year or no menses for <1 year with FSH and estradiol levels in the postmenopausal range or post bilateral oophorectomy. The ER and PR status were defined positive if >1% of cancer cells were stained, and the HER2 status was defined positive if >10% of the cancer cells showed a 3+ score by IHC or a >2.2-fold change compared to the expression of chromosome enumeration probe 17 (CEP17) in cancer cells via fluorescence in situ Hybridization (FISH) (17). The hormone receptors positive was explained as ER and/or PR positive. In accordance with the expression of hormone receptors and HER2 status, the included patients were classified according to the following four subtypes: luminal (ER+ and/or PR+, HER2−), luminal/HER2 (ER+ and/or PR+, HER2+), HER2 (ER− and PR−, HER2+), and triple-negative (ER− and PR−, HER2−). Pathological complete response (pCR) was defined as no remaining invasive tumor lesions in any excised breast tissue and lymph node (ypT0/Tis ypN0) (18). The RFS was explained as the time from the baseline exam to the time of the first event (invasive local recurrence, regional recurrence, distant recurrence, invasive contralateral breast cancer, secondary malignancy, or death for any reason).



Evaluation of neoadjuvant chemotherapy response

The response of the tumor to NAC was evaluated by ultrasound and magnetic resonance imaging. Clinical response was assessed by making a comparison of the change of the primary site. The treatment response of NAC was assessed by imaging examinations based on the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines version 1.1.



Statistical methods

For the non-normally distributed continuous parameters, the median and interquartile range (IQR) were provided at baseline and the end of NAC, then were compared by Wilcoxon signed-rank test. Categorical variables were represented as numbers and percentages and were compared via two-sided chi-square and Fisher's tests. The RFS outcomes were compared between patients according to hormone changes using the log-rank test. Univariate and multivariate survival analyses with hazard ratios (HR) and 95% confidence intervals (95% CI) were carried out using Cox regression. In line with the widely used recommendations (19), variables with a P-value lower than 0.25 in univariate analysis were selected as independent variables and analyzed by multivariate Cox regression. Cases with missing values for any of the variables in the model were excluded from the analysis. The 95% CI was utilized to express ranges within which true parameter values were likely to lie. All statistical tests were 2-sided, and P values less than 0.05 were considered statistically significant. Data analyses were performed using SPSS (version 26.0) software (SPSS Inc., Chicago, IL, United States).




Results


Population characteristics

The clinicopathological characteristics of the study population at enrollment are summarized in Table 1. A total of 181 patients (premenopausal group: 101; postmenopausal group: 80) with invasive breast cancer were included in the study (Figure 1). The median age of the premenopausal and the postmenopausal patients was 44 years (Range, 21–57 years) and 56 years (Range, 45–69 years) respectively. Most the premenopausal patients with a BMI < 24 kg/m2 (71.2%), while most of postmenopausal with a BMI ≥ 24 kg/m2 (62.5%). Most of premenopausal and postmenopausal patients had cT2 (70.3% vs. 72.5%) or cN1/N2 (65.3% vs. 53.8%) disease. In the IHC or FISH of the excised specimens, most of premenopausal and postmenopausal patients were ER-positive (58.4% vs. 57.5%) and HER2-negative (56.4% vs. 61.3%) and had a Ki67 index >14% (81.2% vs. 80.0%). Most patients received 4 chemotherapy cycles (85.1% vs. 78.8% in the premenopausal and the postmenopausal groups respectively). The pCR rate of the premenopausal and the postmenopausal patients was 9.9% and 8.8% respectively.


[image: Figure 1]
FIGURE 1
Flow chart of the patient selection. After exclusions, the final sample size was 181 patients, and a total of 91 patients were enrolled in the follow-up group. NAC, neoadjuvant chemotherapy.



TABLE 1 Baseline clinicopathological characteristics of all patients.
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Serum reproductive hormones changes

Serum reproductive hormones changes after NAC in premenopausal and postmenopausal women with breast cancer as shown in Figure 2 and Table 2. In premenopausal women with breast cancer, a significant decrease in estradiol, progesterone, testosterone, DHEAS, and SHBG (all P < 0.001) levels was found. Meanwhile, we observed a significant increase in FSH and LH (both P < 0.001) levels. However, no significant changes were found in FAI (P > 0.05). In postmenopausal breast cancer patients, we found a significant reduction in progesterone, testosterone, DHEAS levels, and FAI (all P < 0.001). Concurrently, a slightly significant decrease in estradiol and FSH (both P < 0.05) levels was observed. No significant changes were found in LH and SHBG (both P > 0.05) levels.


[image: Figure 2]
FIGURE 2
Changes of various serum reproductive hormones after NAC treatment in premenopausal and postmenopausal women with breast cancer. (A) Estradiol, (B) progesterone, (C) testosterone, (D) FSH, (E) LH, (F) DHEAS, (G) FAI, and (H) SHBG. Values are expressed as medians, and 95% CI are shown by whiskers. *P < 0.05; **P < 0.01; ***P < 0.001 (P-value by Wilcoxon signed-rank test). NAC, neoadjuvant chemotherapy; FSH, follicle stimulating hormone; LH, luteinizing hormone; DHEAS, dehydroepiandrosterone sulfate; FAI, free androgen index; SHBG, sex hormone-binding globulin; 95% CI, 95% confidence intervals.



TABLE 2 Serum reproductive hormones changes after NAC treatment in premenopausal and postmenopausal women with breast cancer.
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Association between serum reproductive hormones changes and alterations of hormone receptors expression

Table 3 summarized reproductive hormone changes with alterations in hormone receptors expression. Decreased estradiol levels associated with reduced PR expression were found (P = 0.030). Similar results were found among patients with hormone receptors positive (Table 4), decreased testosterone (P = 0.043), as well as estradiol (P = 0.042) levels, were associated with reduced PR expression. However, no significant connections between various reproductive hormone changes and alterations of ER expression were observed in all patients as well as patients with hormone receptors positive (all P > 0.05).


TABLE 3 Analysis of reproductive hormone changes associated with alterations of hormone receptors expression in all patients.
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TABLE 4 Analysis of reproductive hormone changes associated with alterations of hormone receptors expression in patients with hormone receptors positive.

[image: Table 4]



RFS outcomes and the association with serum reproductive hormones changes

As of Feb. 1, 2021, we conducted follow-ups among a total of 91 patients (the loss rate of follow-up was 4.4%), and the clinicopathological characteristics of the study population at baseline were summarized in Table 5. The median follow-up time was 33 months (95%CI 31.3–34.7). Among the retrieved variations of reproductive hormone parameters of all patients in the follow-up subgroup, changes in estradiol (P = 0.022) and progesterone (P = 0.001) levels were associated with RFS outcomes (Table 6). These factors were then included in the Cox regression and the results were displayed in Table 7. On univariate analysis the following factors associated with worse RFS outcomes were found: younger age, premenopausal, lower BMI, larger clinical tumor size, hormone receptors negative, higher Ki67 index, decreased estradiol levels, and non-decreased progesterone levels (all P < 0.25). On multivariate analysis, the change of progesterone level (no decrease vs. decrease, HR = 7.178, 95% CI 2.340–22.019, P = 0.001) was an independent significant factor of RFS outcomes rather than the change of estradiol level. Comparison of the 3-year RFS between the decreased and the non-decreased progesterone levels groups were 87.6% and 58.3% respectively (log-rank, P = 0.001; Figure 3A). Similar trends were found among patients with hormone receptors positive, the survival analysis plotted as Figure 3B showed that patients with decreased progesterone levels exhibited better 3-year RFS compared with those with non-decreased (91.1% vs. 72.9%, log-rank, P = 0.015).


[image: Figure 3]
FIGURE 3
Kaplan-Meier curves display RFS by changes in progesterone levels. (A) Survival curves for the follow-up subgroup of 91 patients. (B) Survival curves for 56 patients with hormone receptors positive. RFS, relapse-free survival.



TABLE 5 Baseline clinicopathological characteristics of 91 patients in the follow-up subgroup.
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TABLE 6 Kaplan–meier analysis of RFS by reproductive hormones changes.
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TABLE 7 Univariate and multivariate analysis for RFS in the follow-up subgroup of 91 patients.
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Discussion

The main finding of this study was that reproductive hormone levels were influenced by NAC treatment, having connections with hormone receptor expression alterations and RFS outcomes in women diagnosed with invasive breast cancer. To our knowledge, this is the first study to explore the correlation of serum reproductive hormone changes after NAC with hormone receptor expression alterations and survival outcomes in breast cancer. Though our previous study revealed that pre-treatment hormones have a predicted effect (11), the dynamics of reproductive hormones may be a better predictor of survival than pre-treatment hormones.

The changes in estradiol, FSH, and LH levels in premenopausal patients observed in our study are consistent with published studies reporting that the majority of young women receiving (neo)adjuvant chemotherapy rendered postmenopausal after chemotherapy (8, 14), although these studies focus on menstrual status or ovarian function rather than hormones. In postmenopausal patients, a slightly significant decrease in FSH levels and no significant changes in LH levels were observed in our study, as previously reported (7). In addition, we found that sex steroids including estradiol, progesterone, testosterone, and DHEAS levels decreased significantly after NAC among both premenopausal and postmenopausal patients. These changes in the hormonal profile of pre- and postmenopausal patients may be due to the ovarian and adrenal dysfunction produced by the chemotherapy treatment.

In our study, nearly all patients received anthracycline–taxane combination chemotherapy. The impact of chemotherapeutic agents on reproductive hormones is different due to the mechanism of action of anticancer drugs being diverse. The mechanism by which NAC, particularly alkylating agents, which show the highest level of gonadotoxicity, contributes to ovarian damage is unclear, but it could be related to apoptotic oocyte death in primordial follicles entering the differentiation stage, which is especially susceptible to chemotherapeutic drugs effects (20, 21). Thus, cyclophosphamide can cause ovarian function impairment and leads to a decrease in sex steroids. Doxorubicin can destroy the endothelium of blood vessels and lead to a reduction in ovarian blood flow. Taxane can disrupt normal polymerization/depolymerization, causing cell cycle arrest and apoptosis (22). The previous meta-analysis indicated that the incidence of chemotherapy-induced amenorrhea was lower in anthracycline-based compared to anthracycline–taxane combination chemotherapy (23), showing that the combination of anthracycline and taxane has a greater effect on hormones.

Even if there is no report that a cytotoxic chemotherapeutic agent induces adrenal dysfunction, the not rare incidence of adrenal insufficiency in advanced gastric cancer patients who received chemotherapy was reported in a prospective study (24).

The two major sites of de novo steroid hormone biosynthesis in a woman are the ovaries and adrenals, and both these organs produce active estrogens, progestogens, and androgens (25). The major sex steroids produced by the ovaries are estrogens and progestogens, while the adrenals are androgens. The loss of adrenal function in the presence of intact ovaries has been shown to result in a > 90% loss of androgen production (26), highlighting the vital role of adrenals in androgen synthesis. It is well known that the production of estrogen by the ovary decreases drastically after menopause. Although it was initially thought that estrogen production ceased completely, it is now clear that postmenopausal ovaries continue to produce estrogen, albeit at significantly reduced levels (27). Other sites of estrogen synthesis become increasingly important in the postmenopausal state. Extragonadal sites such as adrenals become the main source of sex steroids during menopause (25). Thus, chemotherapy-induced ovarian and adrenal dysfunction may result in a decrease in estrogens, progestogens, and androgens in both pre- and postmenopausal patients.

Alterations of hormone receptor status in breast cancer after NAC treatment have been described in published studies (15, 16). Whether these changes are due to NAC treatment, hormones, tumor heterogeneity, sampling or technical issues need to be further clarified. We observed that decreased estradiol levels were associated with reduced PR expression, which was supported by several studies that indicated that PR decrease was more obvious in premenopausal patients (28, 29). Furthermore, PR was also found to have the highest conversion rates in NAC and adjuvant chemotherapy (30, 31). Previous studies showed that pre-operative endocrine therapy, pre-operative chemoendocrine therapy, and NAC induced a significant decrease in the expression of PR in breast cancer patients with hormone receptors positive (32, 33), highlighting the potential role of sex hormones in PR expression, which is consistent with our finding that decreased estradiol and testosterone levels were associated with reduced PR expression in patients with hormone receptors positive. Possible mechanisms involve the survival mechanism of malignant cells by changing the specific molecular pathways following the changes in hormone levels resulting in resistance to a specific treatment (28).

PR plays an important role in normal breast development and has been linked to breast cancer. Moreover, PR has generally been considered solely as an indicator of ER functionality and responsiveness to endocrine therapy (34). The expression pattern of the hormone receptors such as ER and PR has been used clinically to guide therapy and predict survival outcomes. However, discordant results have been reported regarding whether a changed receptor status will affect the predictive or prognostic parameters. Although some studies suggested that PR loss may reflect a relatively poor response to chemotherapy and may be associated with a poor prognosis (35, 36), no consensus has been drawn on this topic.

Progesterone and its receptor are increasingly gaining attention for their emerging role as critical regulators of breast malignancies. Their complex and tightly regulated actions have been challenging to determine. The role of endogenous progesterone in breast malignancy pathogenesis remains largely unexplored to date, and the proliferative/antiproliferative effects of progestins continue to be debated. Inconsistent evidence showed that progesterone can facilitate, restrain, or have no action on the invasion and migration of breast cancer cells (25).

Epidemiologic studies evaluating circulating levels of progesterone remain limited. Previous clinical studies reporting increased breast cancer risk with the use of contraceptives or menopausal hormone therapy have primarily evaluated exogenous synthetic progestogen (progestin) use, rather than endogenous progesterone (37). The potential role of endogenous progesterone in breast cancer cannot be inferred from these studies.

In what appears to be the only prior study of progesterone and survival outcomes published to date, pre-operative progesterone treatment resulted in greater than 10% absolute improvement in 5-year disease-free survival among node-positive breast cancer patients independent of their PR status (38). In contrast to this study, patients with decreased progesterone levels exhibited better 3-year RFS compared with those with non-decreased in our study. The explanation could be that non-decreased progesterone concentrations after NAC may reflect a relatively poor response to chemotherapy or resistance to later endocrine therapy. These inconsistent results could be mainly attributable to different sources of progesterone, considering that the previous study evaluated progesterone in an exogenous state while our study evaluated the circulating endogenous progesterone levels in a neoadjuvant setting. In addition, relative concentrations of progesterone metabolites may be the potential factors contributing to these discordant results. With the proliferative/antiproliferative effects of different progesterone metabolites in breast cancer having been gradually explored, the importance of progesterone metabolites in breast cancer is highlighted. However, much of the difficulty lies in defining which progesterone and its metabolites exert their effects on different pathological types of breast cancer. Limited available in vivo evidence suggested the effects of progesterone metabolites on breast physiology and carcinogenesis (39). A previous study reported that the cancer-promoting effects of administered progesterone were in fact due to the locally produced progesterone metabolite, but not progesterone itself (40).

Progesterone also works in hormone receptor-negative breast malignancies. A recent study reported that progesterone accelerated cell growth in vitro and tumorigenesis in vivo in a triple-negative model (41), which supported our view.

The present study undoubtedly has limitations. A single blood sample may provide an inexact measure of long-term average hormone levels; however, a separate reproducibility study manifested moderate to high stability over 2 years in average intraclass correlation coefficients of all hormones measured (39). Serum reproductive hormone levels wave motion during the menstrual cycle in premenopausal women. In addition, data on postoperative adjuvant therapy was not available, but all treatment options are recommended in accordance with current guidelines. All included HER2-positive patients did not receive pre-operative anti-HER2 targeted therapy due to financial and medical insurance reasons, hence the pCR rates of this cohort were lower than those reported in other literature (2). The major limitation of the study is that it was a retrospective study in one single center, with a not large sample size and a shorter follow-up time (most patients were included between January 2017 and December 2019); thus, it was also partly limited by selection bias. Because of the above limitations, we only conducted a preliminary correlation study between RFS outcomes as well as alterations of hormone receptors expression and reproductive hormones changes after NAC. Therefore, it is necessary to perform long-term clinical application of a large sample to make a more objective analysis and support our results.



Conclusion

In conclusion, our results showed that sex steroids (including estradiol, progesterone, testosterone, and DHEAS) are affected by NAC and their levels are significantly reduced among both premenopausal and postmenopausal patients. Decreased estradiol levels were associated with reduced PR expression. More importantly, patients with decreased progesterone levels after NAC exhibited better 3-year RFS. Reproductive hormone levels should be part of the routine workup for patients with newly diagnosed breast cancer.
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