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Abstract: Laboratory and animal studies indicate that melatonin exerts a negative impact
on breast cancer progression and metastasis. These actions are both receptor-dependent and
-independent. Of the two transmembrane melatonin receptors identified in humans, breast
cancer expresses only MT1. The aim of this study was to investigate the expression of MT1
in hormone-receptor-positive, HER2-negative invasive ductal breast carcinoma in post-
menopausal women and its possible correlations with clinicopathological parameters and
survival. A total of 118 patients with luminal A /B primary breast cancer with or without
axillary metastases were identified. The MT1 receptor expression was immunohistochem-
ically assessed as a percentage of stained cells and a weighted index (WI) (percentage
multiplied by staining intensity). Most tumor samples (84.7%) and metastasized lymph
nodes (96%) stained positive for MT1, with varying intensity. No statistically significant
correlations were found between the MT1 expression or the WI in the primary tumor and
the patient and tumor characteristics, or the MT1 and WI in the metastasized lymph nodes.
The survival analysis did not reveal a significant effect of MT1 expression or the WI on the
risk of recurrence or survival.

Keywords: melatonin; MT1 melatonin receptor; breast cancer

1. Introduction

Melatonin is a highly conserved molecule throughout evolution produced by all living
organisms: bacteria, plants, and animals alike [1,2]. As evolution progressed and the
complexity of organisms increased, it is speculated that its production was shifted from
the mitochondria to the pineal gland, and its role expanded to include circadian rhythm
regulation and sleep induction, as well as seasonal breeding. Its ancestral antioxidant
capacities are still maintained and research has revealed additional functions that have
rendered this ubiquitous molecule the focus of vigorous investigation: immunomodulation,
neuronal protection, anti-aging, anti-inflammatory properties, anti-apoptotic properties
in normal cells, and last but not least, anti-tumoral properties [3]. These actions are either
receptor-independent or achieved via cellular receptors. The former are mainly due to
melatonin’s antioxidant capabilities, with melatonin being produced and acting locally,
mainly within the mitochondria [4]. The latter are mediated by receptors located primarily
in the cellular membrane, although there are reports of cytosolic and even nuclear ones [5,6].
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In humans, two types of membrane receptors have been identified: melatonin receptor
1 (MT1) and melatonin receptor 2 (MT2). Both are G protein-coupled transmembrane
receptors with a high degree of homology (60%) [7,8]. But this is where their similarities
end, since they are distinctly distributed among tissues where they serve diverse functions.
This is further supported by the discovery of selective ligands for each of them [8].

Light exposure at night reduces melatonin production, and this has been suggested
to increase the risk for breast cancer [9], with some preliminary reports appearing in the
late 1990s. The first major study was the Nurses” Health Study, with 78,562 participants
and a 10-year follow-up in its initial publication. It showed a moderately increased risk for
breast cancer in nurses working on night shifts [10]. Many similar studies followed, and
a meta-analysis of 26 studies [11] showed a statistically significant relationship between
short-term (<10 years) night shift working and breast cancer risk. However, in the studies
of high quality, the risk was increased in both short- and long-term night shift work. In
2007, the International Agency for Research on Cancer classified night shift work as a
probable carcinogen (Group 2A) [12].

Even though melatonin has intrigued the interest of researchers for several decades,
and much has been discovered in the neuroendocrine front and its role as a circadian regu-
lator, there are still conflicting issues concerning its additional functions in the organism.
Its role as a free radical scavenger has been challenged due to a lack of sufficient experi-
mental evidence [13,14], the validity of immunoassay kits used to measure the melatonin
concentration has been put under the microscope [15], its role as an immunomodulator
has been questioned [16], and melatonin production in the gastrointestinal tract has been
revisited, contradicting previous results [17]. Melatonin receptor polymorphism has been
implicated in type 2 diabetes [18] and certain cancers [19]. Moreover, it should be taken
into consideration that many of the effects reported in preclinical studies were achieved in
the uM to mM melatonin concentration range in the culture media [20], while the physi-
ological concentration is in the nM range [21,22]. There is still much to be learned about
the pharmacokinetics of melatonin in the human body, in both healthy and diseased states,
including the dosage and the optimal mode of administration [23,24]. The existence of
contradictions and gaps in our knowledge indicates that there is much yet to be determined
and learned. In all fairness, one should be critical and even skeptical when it comes to the
multiple roles that have been assigned to melatonin.

Breast tissue predominantly expresses MT1, but breast cancer cells exclusively express
MT1. It is through them that the oncostatic action of melatonin on breast cancer cells is
considered to take place [25]. And it is not just the exclusivity of MT1 in the tumor, but
also the fact that its expression is several orders of magnitude larger than in normal breast
tissue [26,27]. This has led to numerous studies [26-30] trying to establish a connection
between MT1 and tumor biomarkers as well as patient characteristics. The findings of
these studies do not agree for all parameters, leaving room for further exploration in order
to uncover potential clinical significance and utility. MT1 expression has been studied
in all breast cancer types and its association has been examined against multiple tumor
characteristics: estrogen receptor (ER), progesterone receptor (PR), human epidermal
growth factor receptor 2 (HER2), Ki67, and the tumor grade, to name a few. No single
parameter has been unanimously correlated, whether positive or negative, to MT1 across
all studies [26-30].

The “melatonin hypothesis” proposed by Cohen in 1978 [31] postulates that a decrease
in melatonin production, as seen in postmenopausal women, causes a state of relative
hyperestrogenism, which acts as a contributing factor for the development of breast cancer.
Indeed, such a state can occur in some women during perimenopause, due to an imbal-
ance between estradiol and progesterone production. Partial support for this hypothesis
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came from a study showing a decrease in the levels of plasma melatonin in women with
hormone-receptor-positive breast cancer, which was proportional to the degree of hor-
monal positivity [32]. Melatonin production does decrease with age [33], as evidenced by
insomnia and low sleep quality in the elderly.

We decided to investigate the MT1 expression in luminal, HER2-negative invasive
ductal breast carcinoma in postmenopausal patients. The focus on postmenopausal patients
was chosen in order to indirectly revisit the “melatonin hypothesis”. The present study
aimed to investigate the relationship between MT1 expression and ER expression, PR
expression, Ki67, tumor protein 53 (TP53), tumor size, tumor grade, lymph node status, the
Nottingham prognostic index (NPI), and patient age. It also examined whether there was
a relationship between MT1 expression and overall survival (OS), breast-cancer-specific
survival (BCSS), and recurrence-free interval (RFI).

2. Materials and Methods

The expression of ER, PR, TP53, and Ki67 had already been determined post-
operatively using standard immunohistochemistry, along with the tumor type, the size,
and the presence of nodal metastases. HER2 assessment was conducted, first immunohisto-
chemically and then via silver in situ hybridization. Consequently, an assessment of the
abovementioned parameters was not repeated.

For the immunohistochemical assessment of MT1 receptors, four-micrometer-thick
sections were made from formalin-fixed, paraffin-embedded blocks. The blocks were
pretreated using the Dako PTLink system (Dako, Carpinteria, CA, USA) and processed
further on an automated DAKO Autostainer platform. Melatonin antibodies (Abcam Cat#
ab203346, RRID:AB_2783824, Cambridge, UK) (1:200) were used for melatonin receptor
1B/MTNRIB staining. Human pineal gland (corpus pineale) was used as a positive and
negative control for antibody validation. The original melatonin immunohistochemical
slides were scanned using a NanoZoomer S210/Hamamatsu (Oncotopix® Scan by Visio-
pharm, Hoersholm, Denmark) at 40 x magnification, and histological photos were taken
from the digital images. All the slides were assessed by the same board-qualified patholo-
gist subspecialized in breast pathology. The MT1 expression was rated both as the staining
intensity (1: faint, 2: weak, 3: moderate, 4: strong) and the percentage of stained cells. The
weighted index (WI) was calculated by multiplying the two scores.

For the survival analysis, the last day of follow-up was 1 December 2023, the date at
which all patient files were reviewed. The OS was determined in months from the date of
surgery to either the date of death, irrespective of the cause, or the last day of follow-up if
the patient was still alive. The BCSS was determined in months from the date of surgery to
either the date of death from breast cancer only, or the last day of follow-up if the patient
was still alive. The RFI was determined in months from the day of surgery to either the
date of recurrence, death from breast cancer, or the last hospital visit confirming that the
patient was recurrence-free. Recurrence was defined as an invasive ipsilateral /contralateral
breast/chest wall/axillary recurrence or a distant metastasis.

The NPI was calculated for each patient according to the standard formula [34]:

NPI=LN (0=1,1-3=2,>3=23) + Grade + 0.2 x tumor size (cm)

A statistical analysis was conducted using the SPSS 29.0.1.1 statistical package (IBM
Corp., Armonk, NY, USA). The Shapiro-Wilk test was used to determine if the variables
were normally distributed, and Pearson’s correlation coefficient was used to determine any
correlation between them. The Kruskal-Wallis test was used to investigate the differential
expression of MT1 melatonin receptors and the WI according to the grade, and the Mann-—
Whitney U test was used to investigate the same variables in patients with metastasized and
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non-metastasized lymph nodes. A survival analysis was conducted using Cox regression
and the enter method.

This study was approved by the Swedish Ethical Review Authority (Dnr: 479-18,
27-06-2018).

3. Results

This study was conducted on tumor samples from consecutive patients operated
on at Sahlgrenska University Hospital, Gothenburg, Sweden, from 1 January 2003 to
31 December 2004. The inclusion criteria were defined as follows: postmenopausal status,
invasive ductal breast carcinoma, ER positive, PR positive/negative, and HER2 negative.
Patients who received neo-adjuvant treatment were excluded. A total of 153 patients were
identified according to the inclusion and exclusion criteria. Of these, three patients were
excluded because of bilateral breast cancer (n = 150). The paraffin-embedded specimens
were retrieved from the paraffin block archive of the Department of Clinical Pathology,
Sahlgrenska University Hospital. We were unable to recover the paraffin blocks of 30 pa-
tients (n = 120). During the assessment of the stained slides, two of them were excluded
because of technical errors during preparation/staining, leaving a final 118 specimens to
be used for the analysis. Forty patients of the original 153 patients also had an axillary
metastasis. Paraffin blocks were retrieved for 28, of them and during the assessment,
1 slide was discarded due to a technical error, yielding 27 slides with nodal metastases.
An additional 2 were removed because the paraffin block of the original tumor was not
retrieved, leaving a total of 25 patients with paired axillary metastases. The patient and
tumor characteristics are summarized in Table 1.

Table 1. Patient and tumor characteristics.

Median (IQR) Patients (%)
Age 66 (61-79)
Breast surgery Mastectomy 45 (38.1%)
Breast conservation 73 (61.9%)
Axillary surgery Not performed 18 (15.3%)
SLNB only ! 35 (29.7%)
ALND 2 65 (55.1%)
Tumor size (mm) 17 (11-26)
NHG Gradel 40 (33.9%)
Grade II 55 (46.6%)
Grade III 23 (19.5%)
ER (%) 100 (100-100)
PR (%) 70 (20-90)
Ki67 (%) 10 (9-15)
TP53 (%) 0 (0-10)
Axillary nodal status Nx 18 (15.3%)
NO 67 (56.8%)
N1 21 (17.8%)
N2 5 (4.2%)
N3 7 (5.9%)
NPI 3.39 (3.14-4.56)

! Two patients with a positive SLNB did not receive an ALND. ? Seven patients with a positive SLNB received an
ALND. (IQR: inter-quartile range, SLNB: sentinel lymph node biopsy, ALND: axillary lymph node dissection).
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3.1. MT1 Receptor Expression

Immunohistochemical staining for MT1 receptors was noted in 100 of 118 (84.7%) tu-
mors and 24 of 25 (96%) metastasized lymph nodes. In the cases of positive IHC expression,
there was either cytoplasmic staining or combined cytoplasmic and membrane staining

(Figures 1-4, scale bar: 200 pum).

Figure 1. Invasive ductal carcinoma with combination of membrane and cytoplasmic staining (scale
bar: 200 pum).

Figure 2. Invasive ductal carcinoma with moderate cytoplasmic staining (scale bar: 200 pum).
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Figure 4. Lymph node metastasis. Invasive ductal carcinoma with weak cytoplasmic staining (scale
bar: 200 pum).

The melatonin receptor expression in the tumors (1 = 118) ranged between 0 and 100%,
with a median of 90% (IQR: 30-100). The tumor WI ranged between 0 and 400, with a
median of 190 (IQR: 38-300) (Figure 2). In the assessed metastatic lymph nodes (1 = 25),
the MT1 expression ranged from 0 to 100% with a median of 90% (IQR: 80-100), and the
W1 ranged from 0 to 400 with a median of 190 (IQR: 85-300) (Figure 5).
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Figure 5. Box plots of the MT1 expression (a) and weighted index (b) in the tumor and metastasized
lymph nodes.

3.2. Correlation of MT1 Receptor Expression and WI with Patient and Tumor Characteristics

The correlation of the tumor MT1 receptor expression and the WI with the patient and
tumor characteristics was analyzed using Spearman’s correlation coefficient. No significant
correlation was detected for the patient age, tumor size, ER, PR, ki67, TP53, NHG, or NPI
and MT1 nodal expression (Table 2). The WI of the tumor was similarly analyzed for
correlations with all the above-mentioned parameters, with the exception of MT1 in the
nodes, which was replaced by WI in the nodes. Again, no significant correlation was found

(Table 3).

Table 2. Correlations for tumor MT1.

Variable Spearman’s r p
Age 0.073 0.433
Tumor size 0.416 0.416
ER —0.132 0.157
PR —0.037 0.693
Ki67 0.101 0.278
TP53 0.069 0.465
NHG 0.037 0.691
NPI —0.016 0.874
MT1 nodes —0.004 0.986

Table 3. Correlations for tumor WI.

Variable Spearman’s r p
Age 0.084 0.368
Tumor size 0.137 0.138
ER —0.111 0.233
PR —0.054 0.563
Ki67 0.154 0.096
TP53 0.034 0.718
NHG 0.105 0.644
NPI 0.046 0.644
WI nodes —0.100 0.635

There was no difference in the distribution of the tumor MT1 and WI among the
different histological grades (Kruskal-Wallis test, p = 0.640 and 0.196, respectively). There
were no statistically significant differences in the median tumor MT1 and Wl among patients
with or without metastases (Mann-Whitney U test, p = 0.776 and 0.702, respectively).
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3.3. Survival Analysis

On the last day of follow-up (1 December 2023), 73 out of 118 (61.9%) patients had
died, 15 of which (20.6%) died due to breast cancer. Nine patients (7.7%) had a locoregional
recurrence, three had contralateral breast cancer (2.5%), and seventeen (14.4%) developed
distant metastases. The median OS was 182 months and the median BCSS was not reached.

A univariate Cox regression analysis was performed to identify significant factors for
the OS, BCSS, and RFI. The following parameters were examined: the patient age, tumor
size, NHG, ER, PR, ki67, Tp53, N status, NPI, MT1 tumor, and WI tumor. The only parame-
ter found to be statistically significant for the OS was the patient age (HR: 1.096, 95% CI:
1.067-1.126, p < 0.001) (Table 4). The significant prognostic factors for the BCSS included the
tumor size (HR: 1.030, 95% CI: 1.004-1.056, p = 0.022), Ki67 (HR: 1.029, 95% CI: 1.008-1.050,
p = 0.006), and NPI (HR: 2.803, 95% CI: 1.724-4.558, p < 0.001) (Table 4). For the RF],
the significant prognostic factors included the tumor size (HR: 1.032, 95% CI: 1.010-1.054,
p = 0.004), Ki67 (HR: 1.020, 95% CI: 1.000-1.039, p = 0.046), N1 status (HR: 29.767, 95% CI:
3.013-294.085, p = 0.004), N2 status (HR: 24.332, 95% CI: 1.412-419.289, p = 0.028), and NPI
(HR: 2.450, 95% CI: 1.667-3.602, p < 0.001) (Table 4).

Table 4. Univariate Cox regression analysis for OS, BCSS, RFI. Statistically significant values are
in bold.

0s BCSS RFI
HR HR HR

(95% CI) p (95% CI) p (95% CI) p
Patient age 1.096 (1.067-1.126) <0.001 1.052 (0.993-1.113) 0.084 1.016 (0.971-1.063) 0.495
Tumor size 1.015 (1.000-1.030) 0.057 1.030 (1.004-1.056) 0.022 1.082 (1.010-1.054) 0.004
NHG
Gradel Ref 0.068 Ref 0.175 Ref 0.126
Grade II 0.812 (0.490-1.344) 0417 6.929 (0.886-54.166) 0.065 3.593 (1.032-12.509) 0.044
Grade III 0.807 (0.410-1.588) 0.534 6.851 (0.764-61.406) 0.085 3.366 (0.803-14.099) 0.097
ER 1.016 (0.995-1.036) 0.138 1.019 (0.972-1.068) 0.433 1.031 (0.978-1.087) 0.255
PR 1.004 (0.998-1.011) 0.194 0.999 (0.985-1.012) 0.846 0.997 (0.986-1.008) 0.593
Ki67 0.998 (0.983-1.013) 0.804 1.029 (1.008-1.050) 0.006 1.020 (1.000-1.039) 0.046
P53 0.987 (0.973-1.002) 0.094 0.981 (0.941-1.022) 0.362 0.969 (0.924-1.018) 0.211
N status
NO Ref 0.402 Ref 0.584 Ref 0.029
N1 1.065 (0.312-3.637) 0.921 4.920 (0.307-78.812) 0.260 29.767 (3.013-294.085) 0.004
N2 3.491 (0.770-15.831) 0.105 0.000 (0.000-.) 0.996 24.332 (1.412-419.289) 0.028
N3 0.755 (0.174-3.271) 0.707 6.066 (0.379-97.190) 0.203 7.595 (0.466-123.670) 0.154
NPI 1.162 (0.934-1.445) 0.179 2.803 (1.724-4.558) <0.001 2.450 (1.667-3.602) <0.001
MT1 tumor 1.001 (0.996-1.008) 0.624 1.001 (0.988-1.014) 0.877 1.002 (0.991-1.013) 0.728
WI tumor 1.000 (0.998-1.002) 0.851 1.000 (0.998-1.002) 0.919 1.000 (0.997-1.003) 0.903

In the multivariate Cox regression analysis for the BCSS and RFI, adjusting for the
patient age and NPI did not reveal any statistically significant effects on the MT1 expression
(Table 5) or WI (Table 6).

Table 5. MT1 tumor Cox regression analysis, adjusting variables for BCSS and RFI. Statistically

significant values are in bold.

BCSS RFI
HR HR
(95% CI) P (95% CI) P
Patient age 1.053 (0.990-1.120) 0.099 1.036 (0.962-1.115) 0.351
NPI 2.657 (1.659—4.258) <0.001 1.572 (0.772-3.199) 0.212
MT1 tumor 0.999 (0.984-1.013) 0.844 1.001 (0.981-1.022) 0.929
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Table 6. WI tumor Cox regression analysis, adjusting variables for BCSS and RFI. Statistically
significant values are in bold.

BCSS RFI
HR HR
(95% CI) P (95% CI) p
Patient age 1.055 (0.991-1.122) 0.093 1.035 (0.965-1.110) 0.330
NPI 2.688 (1.665-4.340) <0.001 1.567 (0.772-3.182) 0.214
WI tumor 0.999 (0.995-1.004) 0.731 1.000 (0.996-1.005) 0.830

4. Discussion

The research conducted so far on the relationship between MT1 and the tumor char-
acteristics in patients with breast cancer has delivered conflicting results, thus failing to
create a firm foundation on which future investigations can be based. The present analysis
could not evade this norm, as it failed to identify any correlation between MT1 receptor
expression and common patient and tumor characteristics, recurrence, or survival. Previous
studies have included all types of breast cancer [27,28] together with breast cancer cell
lines [26,29]. One study [30] concentrated on triple negative breast cancer only. The present
discussion focuses primarily on the findings pertaining to hormone-receptor-positive breast
cancer, unless stated otherwise.

In accordance with previous studies, we observed both cytoplasmic and a combination
of cytoplasmic and membrane IHC staining for the MT1 receptor [26-29]. Melatonin
receptor expression was found to be uniformly higher in cancerous compared to normal
breast tissue. There appeared to be an up-regulation of the receptors in breast tumors,
and the explanation for this could be twofold. First, it has long been known that serum
melatonin levels are lower in women with breast cancer compared to those without [35],
and this decrease is inversely proportional to ER and PR positivity [36]. In other words, a
decrease in serum melatonin due to the presence of a tumor is further accentuated by the
hormonal positivity of the tumor, leading to increased receptor transcription. In addition,
the patients in our cohort were women aged 56-89 years, and melatonin production is
known to decrease with age [37,38]. Second, the increased number of free radicals produced
during aerobic glycolysis in cancer cells increases the demand for antioxidants within the
cell [39], and therefore, the need for melatonin. Nevertheless, even though MT1 expression
has been reported to be higher in hormone-receptor-positive breast cancer as compared
to triple negative, there seems to be a disagreement concerning the relationship between
melatonin and estrogen receptor expression in those tumors. The studies conducted so
far have demonstrated no significant correlation [28] or a statistically significant inverse
correlation [29] between MT1 and ER. Our findings agree with the first, with no association.
In a similar fashion, the expression of PR is either not correlated [26,28] or inversely
correlated [29] with MT1 expression. Our findings here also agree with the first, with no
association. Patient age was not associated with MT1 expression in three studies [26,28],
including this one, but one study [27] demonstrated an approximate 30% increase in the
immunoreactive score for the receptor in the 41-60 age group, compared to 3140, and a
50% decline after the age of 61. It was not stated, however, if these differences were found
to be significant. Lymph node status was not found to be significant in any of the studies.

Of interest are the findings concerning the tumor grade and Ki67. Both a significant
correlation [30] between increasing MT1 expression and an increasing grade and a predilec-
tion for an inverse correlation with statistical significance for grades II and III [26] have
been reported. Our analysis did not reveal any correlation. Statistically significant negative
correlations between Ki67 and MT1 and between Ki67 and the WI have been reported,
with the latter in triple negative breast cancer [26,30]. Our findings showed no association,
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and this is in accordance with other studies [27,29]. Given the fact that the tumor grade
and Ki67 are closely correlated [40], this finding deserves further investigation. It could
be hypothesized that, as cancer cells lose their differentiation and progress into a more
advanced grade with increased proliferation, their ability to synthesize MT1 decreases. Or
it could be that receptor transcription is downregulated by melatonin itself [29] through in-
creased influx from circulation or augmented intracellular production to meet the increased
metabolic demands.

The survival analysis did not show any prognostic value of MT1 expression in ER-
positive tumors, as has been shown for patients with triple negative breast cancer [30].
Furthermore, no association was found between MT1 expression and known prognostic
factors such as the patient age, lymph nodal status, tumor grade, and NPI. The follow-up
of the patients was long enough, both to allow for the long relapse time of luminal breast
cancers [41,42], especially luminal A, and to draw safe conclusions. Consequently, the
potential use of MT1 in hormonal-positive breast cancer as a prognostic factor appears to
be limited.

The study does contain some limitations. Only invasive ductal carcinoma was in-
cluded, but this decision was made because it represents the most common type of breast
cancer [43]. HER2-positive tumors were excluded, even though they have been found to ex-
press MT1 [26-28]. Some could argue that the patient characteristics represent a limitation
per se, but the aim of this study was very specific, since we wanted to explore the Cohen
hypothesis. Furthermore, the number of samples selected could represent a limitation
in the sense that it was not large enough to detect a true difference. On the other hand,
however, it was large enough to depict a trend between the variables in question. Last,
but not least, since MT1 immunohistochemistry is not included in routine pathological
assessments, the experience is limited. As a counterbalance for this, we tested several
different antibodies with both positive and negative controls before choosing the definitive
antibody that was used to analyze all the samples. The one that was finally chosen was the
only one that worked with both positive and negative controls.

Contrary to the general belief, approximately 95% of the body’s total melatonin produc-
tion is not produced by the pineal gland [44,45]. As early as 1974, shortly after the discovery
of melatonin, Cardinalli et al. provided evidence of melatonin synthesis in the retina, and
succeeding research confirmed its production in almost all mammalian tissues [4]. Local
production is believed to take place in the mitochondrial matrix, serving the primordial role
of melatonin, namely that of an antioxidant/antioxidant inducer against the free radicals
generated during cellular respiration [1,13,22,46]. Moreover, in situ melatonin production
is hypothesized to be, at least in part, regulated by local demand [47]. The above holds
true for normal functioning cells. Cancer cells, however, exhibit an altered metabolism,
which was first described by O. Warburg, who observed that cancer cells prefer anaerobic
glycolysis to oxidative phosphorylation, even in the presence of sufficient oxygen [48].
This came to be known as the Warburg effect, and in diseased cells, it is attributed to
defective mitochondrial function. One of the repercussions of this deranged metabolism is
the reduced influx of pyruvate in the mitochondria, resulting in decreased local melatonin
production [49], which has also been confirmed experimentally. The above could have
therapeutic implications, especially for hormone-receptor-positive breast cancers, which
exhibit melatonin receptors.

In a recent systematic review [50] on melatonin’s actions in breast cancer cell lines
and animal experiments, it was concluded that melatonin exerts multiple effects against
tumor progression and metastasis, by promoting the apoptosis and autophagy of cancer
cells and inhibiting angiogenesis. Cell cycle arrest is an additional oncostatic effect. These
actions are receptor-dependent, but can also be due to direct action in the cytosol or the
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nucleus [51]. A cytosolic receptor, formerly called MT3 [52] and later identified as the
human homologue of quinone reductase I, has also been implicated in the oncostatic
effects of melatonin, principally through its antioxidant functions [53,54], and there are
research data to support its potential use in the clinical setting [55]. Furthermore, the
interplay between melatonin and estrogen has been known for a long time. After all,
melatonin plays a pivotal role in the initiation of puberty. In the case of breast cancer, it
acts both as a selective estrogen receptor modulator (like tamoxifen) and as a selective
enzyme receptor modulator (like aromatase inhibitors) [56] in order to decrease the influx
of estrogens in the tumor cell [57]. Moreover, it has been shown that melatonin can decrease
the expression of ER in breast cancer cells [58], thus reducing estrogen-induced proliferation.
Taking the above into consideration, one can see potential uses of melatonin in oncology;,
as an adjunct to already existing therapies. Two meta-analyses [59,60] on clinical trials
with the addition of melatonin to the patients” oncological treatment (various types of
stage IV cancers) showed that patients in the melatonin arm demonstrated a reduction
in the risk of death and a significant improvement in complete and partial remission. A
decrease in the toxicity of the chemotherapy was an additional benefit. Two studies have
been conducted solely with breast cancer patients with progressing/non-responsive stage
IV breast cancer [61,62]. The first was a randomized trial with 40 patients with ER-negative
tumors, too frail to undergo chemotherapy, and progressing on tamoxifen alone. The second
was a cohort study of 14 patients progressing on tamoxifen, where melatonin was added
to the therapeutic regimen and each patient acted as her own control. Both studies were
small, but they do depict an improved outcome in relation to the response to treatment in
the melatonin arm. Moreover, adding melatonin to culture media of breast cancer cell lines
has been shown to synergistically act with chemotherapeutic agents [63,64], potentiating
their effects. The pretreatment of breast cancer cells with melatonin also potentiates the
effect of ionizing radiation [65,66]. In addition, even though one might think that the
same cell growth inhibitory effects could be seen on normal breast tissue, they appear to
be very selective, pertaining only to the tumor [67]. Melatonin agonists and a conjugate
of melatonin with tamoxifen have already been tested in laboratories with encouraging
results [68,69].

Melatonin is available over the counter as a dietary supplement in many countries,
while a prescription is required in some others. In the adult population, it is primarily
used as a sleeping aid. Numerous studies have been conducted that have reported on the
adverse effects of melatonin in the participants. The two systematic reviews that have been
published so far [70,71] concluded that melatonin administration appears to be safe for
short-term use, with most of the reported adverse events being drowsiness, headaches,
a reduction in psychomotor and neurocognitive function, and fatigue, especially when
administered during the day. A decrease in heart rate and blood pressure has been reported
in patients with cardiovascular problem:s; it is not clear whether this should be attributed
to melatonin per se, or its interaction with antihypertensives. Effects on the endocrine
system and glucose metabolism were also noted. All of these warrant further investigations,
especially with the widespread use of melatonin. Furthermore, no studies on its long-term
use have been conducted [14,72]. Another area of concern is elderly patients, who are found
to exhibit delayed melatonin metabolism and excretion, leading to high plasma levels [73].
In addition, melatonin ingestion is not recommended during pregnancy and lactation [14].

The low cost and the relatively few adverse effects make melatonin an attractive
adjuvant candidate for breast cancer treatment. A question that arises, however, is in which
context and for which group of patients it could be applicable. It is this question that
ours and similar studies are trying to answer. The studies conducted so far have failed
to give concordant results regarding the relationship between melatonin receptors and
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the biological parameters of breast cancer. Based on the existing data, MT1 cannot be
used as a prognostic factor, at least not in the hormonal-positive spectrum of the disease,
but the presence of melatonin receptors on tumors could be exploited to the patients’
advantage. The induction of MT1 receptors by valproic acid in both ER-positive and triple
negative breast cancer cell lines and their synergistic effect against cellular proliferation
are a promising direction [30,74-76]. Future research should focus on in vivo studies to
investigate the best way in which we can transfer the knowledge we have gained so far,
from bench to bedside. One such trial, investigating the effect of melatonin on uveal
melanoma, is currently under way [77].

5. Conclusions

As a final point, this study did not generate any significant correlations between the
MT1 expression or WI in primary tumors or metastasized lymph nodes and the clinico-
pathological parameters examined. In addition, there was no prognostic value for the OS,
BCSS, or RFI. The role of melatonin in breast cancer is still under investigation, driven by
preclinical data and in combination with its relatively safe administration profile and low
cost. More research is needed to determine if, and in what way, MT1 expression could be
used as a prognostic or predictive factor and the framework in which data from research in
breast cancer cell lines can be applied within the therapeutic context.

Author Contributions: Conceptualization, L.P. and R.O.B.; data curation, L.P,, TH. and R.O.B.; formal
analysis, R.O.B. and L.P;; funding acquisition, R.O.B. and L.P,; investigation, A.K., S.A., L.P. and
T.H.; methodology, R.O.B., AK,, L.P. and S.A.; project administration, R.O.B.; supervision, A.K. and
R.O.B,; validation, R.O.B., A K. and L.P,; visualization, R.O.B. and L.P; writing (original draft), L.P.;
writing (review and editing), L.P., R.O.B., AK,, S.A. and T.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Assar Gabrielssons Fond (project number: FB20-96).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Regional Ethics Committee of Gothenburg, Sweden (Dnr: 479-18,
27-06-2018).

Informed Consent Statement: Informed consent was waived for this retrospective study.

Data Availability Statement: The data are available from the corresponding author upon reason-
able request.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Tan, D.X,; Hardeland, R.; Manchester, L.C.; Paredes, S.D.; Korkmaz, A.; Sainz, R.M.; Mayo, ].C.; Fuentes-Broto, L.; Reiter, R.]J. The
changing biological roles of melatonin during evolution: From an antioxidant to signals of darkness, sexual selection and fitness.
Biol. Rev. Camb. Philos. Soc. 2010, 85, 607-623. [CrossRef] [PubMed]

2. Zhao, D.; Yu, Y,; Shen, Y,; Liu, Q.; Zhao, Z.; Sharma, R.; Reiter, R.]. Melatonin Synthesis and Function: Evolutionary History in
Animals and Plants. Front. Endocrinol. 2019, 10, 249. [CrossRef] [PubMed]

3. Reiter, R],; Tan, D.X.; Galano, A. Melatonin: Exceeding expectations. Physiology 2014, 29, 325-333. [CrossRef] [PubMed]
Acuna-Castroviejo, D.; Escames, G.; Venegas, C.; Diaz-Casado, M.E.; Lima-Cabello, E.; Lopez, L.C.; Rosales-Corral, S.; Tan, D.-X,;
Reiter, R.J. Extrapineal melatonin: Sources, regulation, and potential functions. Cell. Mol. Life Sci. 2014, 71, 2997-3025. [CrossRef]

5.  Samanta, S. Melatonin: An endogenous miraculous indolamine, fights against cancer progression. J. Cancer Res. Clin. Oncol. 2020,

146, 1893-1922. [CrossRef]

6. Ma, H,;Kang, ].; Fan, W,; He, H.; Huang, F. ROR: Nuclear Receptor for Melatonin or Not? Molecules 2021, 26, 2693. [CrossRef]


https://doi.org/10.1111/j.1469-185X.2009.00118.x
https://www.ncbi.nlm.nih.gov/pubmed/20039865
https://doi.org/10.3389/fendo.2019.00249
https://www.ncbi.nlm.nih.gov/pubmed/31057485
https://doi.org/10.1152/physiol.00011.2014
https://www.ncbi.nlm.nih.gov/pubmed/25180262
https://doi.org/10.1007/s00018-014-1579-2
https://doi.org/10.1007/s00432-020-03292-w
https://doi.org/10.3390/molecules26092693

Biomolecules 2025, 15, 581 13 of 15

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dubocovich, M.L.; Delagrange, P; Krause, D.N.; Sugden, D.; Cardinali, D.P.; Olcese, ]. International Union of Basic and Clinical
Pharmacology. LXXV. Nomenclature, classification, and pharmacology of G protein-coupled melatonin receptors. Pharmacol. Rev.
2010, 62, 343-380. [CrossRef]

Jockers, R.; Delagrange, P.; Dubocovich, M.L.; Markus, R.P.; Renault, N.; Tosini, G.; Cecon, E.; Zlotos, D.P. Update on melatonin
receptors: [IUPHAR Review 20. Br. J. Pharmacol. 2016, 173, 2702-2725. [CrossRef]

Stevens, R.G.; Davis, S. The melatonin hypothesis: Electric power and breast cancer. Environ. Health Perspect. 1996, 104 (Suppl. S1),
135-140.

Schernhammer, E.S.; Laden, E; Speizer, EE.; Willett, W.C.; Hunter, D.J.; Kawachi, I.; Colditz, G.A. Rotating night shifts and risk of
breast cancer in women participating in the nurses” health study. J. Natl. Cancer Inst. 2001, 93, 1563-1568. [CrossRef]
Manouchehri, E.; Taghipour, A.; Ghavami, V,; Ebadi, A.; Homaei, F.; Latifnejad Roudsari, R. Night-shift work duration and breast
cancer risk: An updated systematic review and meta-analysis. BMC Women’s Health 2021, 21, 89. [CrossRef] [PubMed]

Erren, T.C; Reiter, R.J. Defining chronodisruption. J. Pineal Res. 2009, 46, 245-247. [CrossRef] [PubMed]

Boutin, J.A.; Liberelle, M.; Yous, S.; Ferry, G.; Nepveu, F. Melatonin facts: Lack of evidence that melatonin is a radical scavenger in
living systems. ]. Pineal Res. 2024, 76, €12926. [CrossRef] [PubMed]

Boutin, J.A.; Kennaway, D.].; Jockers, R. Melatonin: Facts, Extrapolations and Clinical Trials. Biomolecules 2023, 13, 943. [CrossRef]
Kennaway, D.]. Measuring melatonin by immunoassay. J. Pineal Res. 2020, 69, e12657. [CrossRef]

Boutin, J.A.; de Almeida, V.H.; Coussay, N.; Legros, C.; Ferry, G.; Reybier, K. Melatonin facts: Melatonin lacks immuno-
inflammation boosting capacities at the molecular and cellular levels. Biochimie 2024, 222, 195-202. [CrossRef]

Kennaway, D.J. The mammalian gastro-intestinal tract is a NOT a major extra-pineal source of melatonin. J. Pineal Res. 2023,
75, €12906. [CrossRef]

Bonnefond, A.; Froguel, P. Disentangling the Role of Melatonin and its Receptor MTNR1B in Type 2 Diabetes: Still a Long Way to
Go? Curr. Diabetes Rep. 2017, 17, 122. [CrossRef]

Nikolaev, G.; Robeva, R.; Konakchieva, R. Membrane Melatonin Receptors Activated Cell Signaling in Physiology and Disease.
Int. ]. Mol. Sci. 2021, 23,471. [CrossRef]

Bizzarri, M.; Proietti, S.; Cucina, A.; Reiter, R.J. Molecular mechanisms of the pro-apoptotic actions of melatonin in cancer: A
review. Expert Opin. Ther. Targets 2013, 17, 1483-1496. [CrossRef]

Chu, LW.,; John, EM.; Yang, B.; Kurian, A.W.; Zia, Y; Yu, K; Ingles, S.A.; Stanczyk, EZ.; Hsing, A.W. Measuring serum melatonin
in postmenopausal women: Implications for epidemiologic studies and breast cancer studies. PLoS ONE 2018, 13, e0195666.
[CrossRef] [PubMed]

Boutin, J.A.; Jockers, R. Melatonin controversies, an update. J. Pineal Res. 2021, 70, e12702. [CrossRef] [PubMed]

Harpsoe, N.G.; Andersen, L.P.; Gogenur, L.; Rosenberg, J. Clinical pharmacokinetics of melatonin: A systematic review. Eur. J.
Clin. Pharmacol. 2015, 71, 901-909. [CrossRef]

Andersen, L.P.; Gogenur, I.; Rosenberg, J.; Reiter, R.J. Pharmacokinetics of Melatonin: The Missing Link in Clinical Efficacy? Clin.
Pharmacokinet. 2016, 55, 1027-1030. [CrossRef] [PubMed]

Yuan, L.; Collins, A.R; Dai, J.; Dubocovich, M.L.; Hill, 5.M. MT(1) melatonin receptor overexpression enhances the growth
suppressive effect of melatonin in human breast cancer cells. Mol. Cell. Endocrinol. 2002, 192, 147-156. [CrossRef]

Jablonska, K; Pula, B.; Zemla, A.; Owczarek, T.; Wojnar, A.; Rys, J.; Ambicka, A.; Podhorska-Okolow, M.; Ugorski, M.; Dziegiel, P.
Expression of melatonin receptor MT1 in cells of human invasive ductal breast carcinoma. |. Pineal Res. 2013, 54, 334-345.
[CrossRef]

Goyal, R.; Gupta, T.; Bal, A.; Sahni, D.; Singh, G. Role of Melatonin in Breast Carcinoma: Correlation of Expression Patterns of
Melatonin-1 Receptor With Estrogen, Progesterone, and HER2 Receptors. Appl. Immunohistochem. Mol. Morphol. 2019, 28, 518-523.
[CrossRef]

Dillon, D.C.; Easley, S.E.; Asch, B.B.; Cheney, R.T.; Brydon, L.; Jockers, R.; Winston, J.S.; Brooks, J.S.; Hurd, T.; Asch, H.L.
Differential expression of high-affinity melatonin receptors (MT1) in normal and malignant human breast tissue. Am. J. Clin.
Pathol. 2002, 118, 451-458. [CrossRef]

Lai, L.; Yuan, L.; Cheng, Q.; Dong, C.; Mao, L.; Hill, S.M. Alteration of the MT1 melatonin receptor gene and its expression in
primary human breast tumors and breast cancer cell lines. Breast Cancer Res. Treat. 2009, 118, 293-305. [CrossRef]

Oprea-Ilies, G.; Haus, E.; Sackett-Lundeen, L.; Liu, Y.; McLendon, L.; Busch, R.; Adams, A.; Cohen, C. Expression of melatonin
receptors in triple negative breast cancer (TNBC) in African American and Caucasian women: Relation to survival. Breast Cancer
Res. Treat. 2013, 137, 677—687. [CrossRef]

Cohen, M,; Lippman, M.; Chabner, B. Role of pineal gland in aetiology and treatment of breast cancer. Lancet 1978, 2, 814-846.
[CrossRef] [PubMed]

Tamarkin, L.; Danforth, D.; Lichter, A.; DeMoss, E.; Cohen, M.; Chabner, B.; Lippman, M. Decreased nocturnal plasma melatonin
peak in patients with estrogen receptor positive breast cancer. Science 1982, 216, 1003-1005. [CrossRef] [PubMed]

Wurtman, R.J. Age-related decreases in melatonin secretion--clinical consequences. J. Clin. Endocrinol. Metab. 2000, 85, 2135-2136.


https://doi.org/10.1124/pr.110.002832
https://doi.org/10.1111/bph.13536
https://doi.org/10.1093/jnci/93.20.1563
https://doi.org/10.1186/s12905-021-01233-4
https://www.ncbi.nlm.nih.gov/pubmed/33653334
https://doi.org/10.1111/j.1600-079X.2009.00665.x
https://www.ncbi.nlm.nih.gov/pubmed/19215573
https://doi.org/10.1111/jpi.12926
https://www.ncbi.nlm.nih.gov/pubmed/38146602
https://doi.org/10.3390/biom13060943
https://doi.org/10.1111/jpi.12657
https://doi.org/10.1016/j.biochi.2024.03.010
https://doi.org/10.1111/jpi.12906
https://doi.org/10.1007/s11892-017-0957-1
https://doi.org/10.3390/ijms23010471
https://doi.org/10.1517/14728222.2013.834890
https://doi.org/10.1371/journal.pone.0195666
https://www.ncbi.nlm.nih.gov/pubmed/29641614
https://doi.org/10.1111/jpi.12702
https://www.ncbi.nlm.nih.gov/pubmed/33108677
https://doi.org/10.1007/s00228-015-1873-4
https://doi.org/10.1007/s40262-016-0386-3
https://www.ncbi.nlm.nih.gov/pubmed/27000757
https://doi.org/10.1016/S0303-7207(02)00029-1
https://doi.org/10.1111/jpi.12032
https://doi.org/10.1097/PAI.0000000000000788
https://doi.org/10.1309/1T4V-CT1G-UBJP-3EHP
https://doi.org/10.1007/s10549-008-0220-1
https://doi.org/10.1007/s10549-012-2371-3
https://doi.org/10.1016/S0140-6736(78)92591-6
https://www.ncbi.nlm.nih.gov/pubmed/81365
https://doi.org/10.1126/science.7079745
https://www.ncbi.nlm.nih.gov/pubmed/7079745

Biomolecules 2025, 15, 581 14 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lee, A.H.; Ellis, I.O. The Nottingham prognostic index for invasive carcinoma of the breast. Pathol. Oncol. Res. 2008, 14, 113-115.
[CrossRef]

de Castro, T.B.; Bordin-Junior, N.A.; de Almeida, E.A.; de Campos Zuccari, D.A.P. Evaluation of melatonin and AFMK levels in
women with breast cancer. Endocrine 2018, 62, 242-249. [CrossRef]

Danforth, D.N.,, Jr.; Tamarkin, L.; Mulvihill, ].].; Bagley, C.S.; Lippman, M.E. Plasma melatonin and the hormone-dependency of
human breast cancer. J. Clin. Oncol. 1985, 3, 941-948. [CrossRef]

Sack, R.L.; Lewy, A.].; Erb, D.L.; Vollmer, WM.; Singer, C.M. Human melatonin production decreases with age. J. Pineal Res. 1986,
3, 379-388. [CrossRef]

Tan, D.X.; Xu, B.; Zhou, X.; Reiter, R.J. Pineal Calcification, Melatonin Production, Aging, Associated Health Consequences and
Rejuvenation of the Pineal Gland. Molecules 2018, 23, 301. [CrossRef]

Reiter, R.].; Sharma, R.; Ma, Q. Switching diseased cells from cytosolic aerobic glycolysis to mitochondrial oxidative phosphoryla-
tion: A metabolic rhythm regulated by melatonin? J. Pineal Res. 2021, 70, €12677. [CrossRef]

Kontzoglou, K.; Palla, V.; Karaolanis, G.; Karaiskos, I.; Alexiou, I.; Pateras, I.; Konstantoudakis, K.; Stamatakos, M. Correlation
between Ki67 and breast cancer prognosis. Oncology 2013, 84, 219-225. [CrossRef]

Park, S.; Koo, J.S.; Kim, M.S.; Park, H.S.; Lee, ].S.; Lee, ].S.; Kim, S.I.; Park, B.-W. Characteristics and outcomes according to
molecular subtypes of breast cancer as classified by a panel of four biomarkers using immunohistochemistry. Breast 2012, 21,
50-57. [CrossRef] [PubMed]

Colleoni, M.; Sun, Z.; Price, K.N.; Karlsson, P.; Forbes, ].E; Thurlimann, B.; Gianni, L.; Castiglione, M.; Gelber, R.D.; Coates, A.S.;
et al. Annual Hazard Rates of Recurrence for Breast Cancer During 24 Years of Follow-Up: Results From the International Breast
Cancer Study Group Trials I to V. ]. Clin. Oncol. 2016, 34, 927-935. [CrossRef] [PubMed]

Li, C.I; Uribe, D.J.; Daling, J.R. Clinical characteristics of different histologic types of breast cancer. Br. ]. Cancer 2005, 93,
1046-1052. [CrossRef] [PubMed]

Reiter, R.J.; Sharma, R.; Tan, D.X,; Chuffa, L.G.A.; da Silva, D.G.H.; Slominski, A.T.; Steinbrink, K.; Kleszczynski, K. Dual sources
of melatonin and evidence for different primary functions. Front. Endocrinol. 2024, 15, 1414463. [CrossRef]

Bonmati-Carrion, M.A.; Tomas-Loba, A. Melatonin and Cancer: A Polyhedral Network Where the Source Matters. Antioxidants
2021, 10, 210. [CrossRef]

Suofu, Y; Li, W,; Jean-Alphonse, F.G,; Jia, J.; Khattar, N.K.; Li, J.; Baranov, S.V.; Leronni, D.; Mihalik, A.C.; He, Y.; et al. Dual role of
mitochondria in producing melatonin and driving GPCR signaling to block cytochrome c release. Proc. Natl. Acad. Sci. USA 2017,
114, E7997-E8006. [CrossRef]

Tan, D.X.; Manchester, L.C.; Esteban-Zubero, E.; Zhou, Z.; Reiter, R.J. Melatonin as a Potent and Inducible Endogenous
Antioxidant: Synthesis and Metabolism. Molecules 2015, 20, 18886-18906. [CrossRef]

Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell
proliferation. Science 2009, 324, 1029-1033. [CrossRef]

Reiter, R.J.; Sharma, R.; Pires de Campos Zuccari, D.A.; de Almeida Chuffa, L.G.; Manucha, W.; Rodriguez, C. Melatonin synthesis
in and uptake by mitochondria: Implications for diseased cells with dysfunctional mitochondria. Future Med. Chem. 2021, 13,
335-339. [CrossRef]

Franco, PIR.; do Carmo Neto, ].R.; Milhomem, A.C.; Machado, J.R.; Miguel, M.P. Antitumor effect of melatonin on breast cancer
in experimental models: A systematic review. Biochim. Biophys. Acta Rev. Cancer 2022, 1878, 188838. [CrossRef]

Reiter, R.J.; Tan, D.X.; Manchester, L.C.; Pilar Terron, M.; Flores, L.]J.; Koppisepi, S. Medical implications of melatonin: Receptor-
mediated and receptor-independent actions. Adv. Med. Sci. 2007, 52, 11-28. [PubMed]

Dubocovich, M.L.; Rivera-Bermudez, M.A.; Gerdin, M.].; Masana, M.I. Molecular pharmacology, regulation and function of
mammalian melatonin receptors. Front. Biosci. 2003, 8, d1093-d1108. [CrossRef] [PubMed]

Pariente, R.; Bejarano, I.; Espino, J.; Rodriguez, A.B.; Pariente, ].A. Participation of MT3 melatonin receptors in the synergistic
effect of melatonin on cytotoxic and apoptotic actions evoked by chemotherapeutics. Cancer Chemother. Pharmacol. 2017, 80,
985-998. [CrossRef]

Targhazeh, N.; Reiter, RJ.; Rahimi, M.; Qujeq, D.; Yousefi, T.; Shahavi, M.H.; Mir, S.M. Oncostatic activities of melatonin: Roles in
cell cycle, apoptosis, and autophagy [Biochimie 200 (2022) 44-59]. Biochimie 2022, 200, 44-59. [CrossRef]

Boutin, J.A. Quinone reductase 2 as a promising target of melatonin therapeutic actions. Expert Opin. Ther. Targets 2016, 20,
303-317. [CrossRef]

Jin, Y,; Choi, Y.J.; Heo, K.; Park, S.J. Melatonin as an Oncostatic Molecule Based on Its Anti-Aromatase Role in Breast Cancer. Int. J.
Mol. Sci. 2021, 22, 438. [CrossRef]

Sanchez-Barcelo, E.J.; Cos, S.; Mediavilla, D.; Martinez-Campa, C.; Gonzalez, A.; Alonso-Gonzalez, C. Melatonin-estrogen
interactions in breast cancer. J. Pineal Res. 2005, 38, 217-222. [CrossRef]

Cos, S.; Gonzalez, A.; Martinez-Campa, C.; Mediavilla, M.D.; Alonso-Gonzalez, C.; Sanchez-Barcelo, E.]J. Estrogen-signaling
pathway: A link between breast cancer and melatonin oncostatic actions. Cancer Detect. Prev. 2006, 30, 118-128. [CrossRef]


https://doi.org/10.1007/s12253-008-9067-3
https://doi.org/10.1007/s12020-018-1624-2
https://doi.org/10.1200/JCO.1985.3.7.941
https://doi.org/10.1111/j.1600-079X.1986.tb00760.x
https://doi.org/10.3390/molecules23020301
https://doi.org/10.1111/jpi.12677
https://doi.org/10.1159/000346475
https://doi.org/10.1016/j.breast.2011.07.008
https://www.ncbi.nlm.nih.gov/pubmed/21865043
https://doi.org/10.1200/JCO.2015.62.3504
https://www.ncbi.nlm.nih.gov/pubmed/26786933
https://doi.org/10.1038/sj.bjc.6602787
https://www.ncbi.nlm.nih.gov/pubmed/16175185
https://doi.org/10.3389/fendo.2024.1414463
https://doi.org/10.3390/antiox10020210
https://doi.org/10.1073/pnas.1705768114
https://doi.org/10.3390/molecules201018886
https://doi.org/10.1126/science.1160809
https://doi.org/10.4155/fmc-2020-0326
https://doi.org/10.1016/j.bbcan.2022.188838
https://www.ncbi.nlm.nih.gov/pubmed/18217386
https://doi.org/10.2741/1089
https://www.ncbi.nlm.nih.gov/pubmed/12957828
https://doi.org/10.1007/s00280-017-3441-3
https://doi.org/10.1016/j.biochi.2022.05.008
https://doi.org/10.1517/14728222.2016.1091882
https://doi.org/10.3390/ijms22010438
https://doi.org/10.1111/j.1600-079X.2004.00207.x
https://doi.org/10.1016/j.cdp.2006.03.002

Biomolecules 2025, 15, 581 15 of 15

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Mills, E.; Wu, P; Seely, D.; Guyatt, G. Melatonin in the treatment of cancer: A systematic review of randomized controlled trials
and meta-analysis. J. Pineal Res. 2005, 39, 360-366. [CrossRef]

Wang, YM,; Jin, B.Z.; Ai, F; Duan, C.H.; Lu, Y.Z.; Dong, T.F; Fu, Q.-L. The efficacy and safety of melatonin in concurrent
chemotherapy or radiotherapy for solid tumors: A meta-analysis of randomized controlled trials. Cancer Chemother. Pharmacol.
2012, 69, 1213-1220. [CrossRef]

Lissoni, P.; Ardizzoia, A.; Barni, S.; Paolorossi, F.; Tancini, G.; Meregalli, S.; Esposti, D.; Zubelewicz, B.; Braczowski, R. A
randomized study of tamoxifen alone versus tamoxifen plus melatonin in estrogen receptor-negative heavily pretreated metastatic
breast-cancer patients. Oncol. Rep. 1995, 2, 871-873. [CrossRef] [PubMed]

Lissoni, P; Barni, S.; Meregalli, S.; Fossati, V.; Cazzaniga, M.; Esposti, D.; Tancini, G. Modulation of cancer endocrine therapy by
melatonin: A phase II study of tamoxifen plus melatonin in metastatic breast cancer patients progressing under tamoxifen alone.
Br. J. Cancer 1995, 71, 854-856. [CrossRef] [PubMed]

Alonso-Gonzalez, C.; Menendez-Menendez, J.; Gonzalez-Gonzalez, A.; Gonzalez, A.; Cos, S.; Martinez-Campa, C. Melatonin
enhances the apoptotic effects and modulates the changes in gene expression induced by docetaxel in MCF7 human breast cancer
cells. Int. J. Oncol. 2018, 52, 560-570. [PubMed]

Najafi, M.; Salehi, E.; Farhood, B.; Nashtaei, M.S.; Hashemi Goradel, N.; Khanlarkhani, N.; Namjoo, Z.; Mortezaee, K. Adjuvant
chemotherapy with melatonin for targeting human cancers: A review. J. Cell. Physiol. 2019, 234, 2356-2372. [CrossRef]
Alonso-Gonzalez, C.; Gonzalez, A.; Martinez-Campa, C.; Gomez-Arozamena, J.; Cos, S. Melatonin sensitizes human breast
cancer cells to ionizing radiation by downregulating proteins involved in double-strand DNA break repair. J. Pineal Res. 2015, 58,
189-197. [CrossRef]

Alonso-Gonzalez, C.; Gonzalez, A.; Martinez-Campa, C.; Menendez-Menendez, ].; Gomez-Arozamena, J.; Garcia-Vidal, A;
Cos, S. Melatonin enhancement of the radiosensitivity of human breast cancer cells is associated with the modulation of proteins
involved in estrogen biosynthesis. Cancer Lett. 2016, 370, 145-152. [CrossRef]

Reiter, R.J.; Rosales-Corral, S.A.; Tan, D.X.; Acuna-Castroviejo, D.; Qin, L.; Yang, S.F,; Xu, K. Melatonin, a Full Service Anti-Cancer
Agent: Inhibition of Initiation, Progression and Metastasis. Int. . Mol. Sci. 2017, 18, 843. [CrossRef]

Mao, L.; Cheng, Q.; Guardiola-Lemaitre, B.; Schuster-Klein, C.; Dong, C.; Lai, L.; Hill, S.M. In Vitro and In Vivo antitumor activity
of melatonin receptor agonists. J. Pineal Res. 2010, 49, 210-221. [CrossRef]

Hasan, M.; Marzouk, M.A.; Adhikari, S.; Wright, T.D.; Miller, B.P.; Matossian, M.D.; Elliott, S.; Wright, M.; Alzoubi, M.; Collins-
Burow, B.M.; et al. Pharmacological, Mechanistic, and Pharmacokinetic Assessment of Novel Melatonin-Tamoxifen Drug
Conjugates as Breast Cancer Drugs. Mol. Pharmacol. 2019, 96, 272-296. [CrossRef]

Foley, H.M,; Steel, A E. Adverse events associated with oral administration of melatonin: A critical systematic review of clinical
evidence. Complement. Ther. Med. 2019, 42, 65-81. [CrossRef]

Besag, FM.C.; Vasey, M.].; Lao, K.S.J.; Wong, .C.K. Adverse Events Associated with Melatonin for the Treatment of Primary or
Secondary Sleep Disorders: A Systematic Review. CNS Drugs 2019, 33, 1167-1186. [CrossRef] [PubMed]

Kennaway, D.J. What do we really know about the safety and efficacy of melatonin for sleep disorders? Curr. Med. Res. Opin.
2022, 38, 211-227. [CrossRef] [PubMed]

Andersen, L.P.; Gogenur, I.; Rosenberg, J.; Reiter, R.]. The Safety of Melatonin in Humans. Clin. Drug Investig. 2016, 36, 169-175.
[CrossRef] [PubMed]

Sadoughi, F; Dana, PM.; Asemi, Z.; Shafabakhash, R.; Mohammadi, S.; Heidar, Z.; Mirzamoradi, M.; Targhazeh, N.; Mirzaei, H.
Molecular and cellular mechanisms of melatonin in breast cancer. Biochimie 2022, 202, 26-33. [CrossRef]

Giordano, F,; Paoli, A.; Forastiero, M.; Marsico, S.; De Amicis, F.; Marrelli, M.; Naimo, G.D.; Mauro, L.; Panno, M.L. Valproic
acid inhibits cell growth in both MCF-7 and MDA-MB231 cells by triggering different responses in a cell type-specific manner.
J. Transl. Med. 2023, 21, 165. [CrossRef]

Jawed, S.; Kim, B.; Ottenhof, T.; Brown, G.M.; Werstiuk, E.S.; Niles, L.P. Human melatonin MT1 receptor induction by valproic
acid and its effects in combination with melatonin on MCF-7 breast cancer cell proliferation. Eur. J. Pharmacol. 2007, 560, 17-22.
[CrossRef]

Kal Omar, R.; Hagstrom, A.; Stalhammar, G. Adjuvant melatonin for uveal melanoma (AMUM): Protocol for a randomized
open-label phase III study. Trials 2023, 24, 230. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1600-079X.2005.00258.x
https://doi.org/10.1007/s00280-012-1828-8
https://doi.org/10.3892/or.2.5.871
https://www.ncbi.nlm.nih.gov/pubmed/21597833
https://doi.org/10.1038/bjc.1995.164
https://www.ncbi.nlm.nih.gov/pubmed/7710954
https://www.ncbi.nlm.nih.gov/pubmed/29207126
https://doi.org/10.1002/jcp.27259
https://doi.org/10.1111/jpi.12205
https://doi.org/10.1016/j.canlet.2015.10.015
https://doi.org/10.3390/ijms18040843
https://doi.org/10.1111/j.1600-079X.2010.00781.x
https://doi.org/10.1124/mol.119.116202
https://doi.org/10.1016/j.ctim.2018.11.003
https://doi.org/10.1007/s40263-019-00680-w
https://www.ncbi.nlm.nih.gov/pubmed/31722088
https://doi.org/10.1080/03007995.2021.2000714
https://www.ncbi.nlm.nih.gov/pubmed/34714707
https://doi.org/10.1007/s40261-015-0368-5
https://www.ncbi.nlm.nih.gov/pubmed/26692007
https://doi.org/10.1016/j.biochi.2022.03.005
https://doi.org/10.1186/s12967-023-04015-8
https://doi.org/10.1016/j.ejphar.2007.01.022
https://doi.org/10.1186/s13063-023-07245-9

	Introduction 
	Materials and Methods 
	Results 
	MT1 Receptor Expression 
	Correlation of MT1 Receptor Expression and WI with Patient and Tumor Characteristics 
	Survival Analysis 

	Discussion 
	Conclusions 
	References

