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Simple Summary: African American (AA) men have 2.4 times higher mortality rate due to prostate
cancer than White men in the United States. Evidence implicates circadian rhythm disruption (CRD)
as a potential driver of prostate cancer risk and progression. AA men are particularly vulnerable
to CRDs due to greater exposure to night shift work, artificial light at night, noise pollution, racial
discrimination, and socioeconomic disadvantages. In this review, we discuss the growing contribution
of CRDs to the racial disparities associated with the incidence, aggressiveness, and progression of
prostate cancer and highlight the unmet clinical need of integrating circadian-related therapies to
enhance current prostate cancer treatment modalities.

Abstract: In the United States, African American (AA) men have a 2.4 times higher mortality rate
due to prostate cancer than White men. The multifactorial causes of the racial disparities in prostate
cancer involve various social determinants of health, socioeconomic status, and access to healthcare.
However, emerging evidence also suggests that circadian rhythm disruption (CRD) contributes to
prostate cancer, and AA men may be more susceptible to developing CRDs. Circadian rhythms play
a significant role in metabolism, hormone secretion, and sleep/wake cycles. Disruption in these
circadian rhythms can be caused by airplane travel/jetlag, night shift work, exposure to light, and
neighborhood noise levels, which can contribute to sleep disorders and chronic conditions such as
obesity, diabetes, cardiovascular disease, and depression. The drivers of the racial disparities in CRD
include night shift work, racial discrimination, elevated stress, and residing in poor neighborhoods
characterized by high noise pollution. Given the increased vulnerability of AA men to CRDs, and the
role that CRDs play in prostate cancer, elucidating the clock-related prostate cancer pathways and
their behavior and environmental covariates may be critical to better understanding and reducing
the racial disparities in prostate cancer.

Keywords: racial disparities; prostate cancer; circadian genes; night shift work; artificial light at
night; jet lag; obesity; stress; melatonin; treatment resistance

1. Introduction

Prostate cancer (PCa) is the second leading cause of cancer-related mortality for men
in the United States [1,2]. Significant racial disparities exist at all stages of PCa treatment,
including diagnosis, management, and follow-up care [3]. African American (AA) men
are 1.6 times as likely to be diagnosed with PCa and at 2.4 times higher risk to die of the
disease compared to White men [4]. The racial disparities in PCa may be due to lower
rates of health literacy, comorbidities such as diabetes and obesity, and behavioral factors
such as smoking; in addition, racial bias and barriers to healthcare access impact PCa
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outcomes of AA men [3]. While the current risk factors for PCa are age, race, and family
history, increased epidemiological evidence points to the role of circadian rhythm disorder
(CRD) in cancer progression [5]. In addition to cancer metastasis, CRD is a risk factor for
various other conditions, such as chronic sleep deprivation, obesity, metabolic syndrome,
cardiovascular diseases, and psychiatric diseases [6]. CRD is characterized by the lack of
synchrony between the endogenous master circadian clock and the external light–dark
cycles [7].

AA men and women may be at heightened vulnerability for developing CRD due
to a greater prevalence of night shift work, environmental factors (e.g., living in neigh-
borhoods characterized by high noise pollution, exposure to low daytime light levels or
too much nighttime light), and chronic conditions (e.g., diabetes, obesity, long-term stress,
cardiovascular disease) [8–13]. The underdiagnosis of sleep disorders, including obstruc-
tive sleep apnea (OSA), within predominately AA communities contributes to abnormal
sleep architecture, which puts OSA patients at high risk for CRD. Further research is re-
quired to understand the exact relationship between CRD on OSA [14–17]. Epidemiological
evidence so far points to the connections between PCa and CRD. Meta-analyses on the
health outcomes of airplane pilots [18,19] and studies on female night shift nurses [20] have
demonstrated the contribution of CRD (due to jetlag or night shift work) to both prostate
and breast cancer [21]. Sleep disruption and light-induced melatonin suppression, both
related outcomes of CRD, are associated with an increased risk for advanced PCa [22,23].
Lastly, the consequences of CRD—including circadian gene polymorphisms and conditions
such as diabetes, obesity, and depression—contribute to an increased PCa risk [24–28].

Taken together, the unique impact CRD has on the AA population and its role in
PCa, elucidating the biological mechanisms through which CRD contributes to PCa, may
be critical to mitigating the racial disparities in PCa outcomes. Compelling evidence
suggests that CRD may contribute to PCa progression through (a) circadian-gene vari-
ants [29–31] (b) stress and obesity-related biological pathways [32–34], and (c) melatonin
inhibition [35]. As a result of CRDs, circadian clock genes no longer function as tumor
suppressors, contributing to worse PCa outcomes. The complex interplay between stress,
obesity, and circadian disruption may have detrimental effects on the tumor microenviron-
ment and could enhance the stress-related PCa growth pathway, otherwise known as the
glucocorticoid-mediated androgen receptor signaling pathway. Considering these find-
ings, targeting the melatonin pathway and the glucocorticoid receptor, both of which are
implicated in CRD, may provide new opportunities to impair PCa growth and overcome
therapeutic resistance, respectively.

1.1. Regulation of the Circadian Clock System

Driven by the 24 h rotation of the planet, almost all organisms have adapted on earth
by developing an internal biological clock system known as the circadian system, which
rhythmically synchronizes sleep, metabolic, and dietary behavior to light/dark cycles [36].
In any given tissue, around 10–20% of the genome is expressed in a circadian manner [37].
Circadian rhythms play a significant role in the sleep/wake cycle, metabolic function, and
gene expression [38]. Disruption of circadian rhythms has major consequences on the
body’s ability to regulate metabolic homeostasis [39].

The central circadian clock, located in the suprachiasmatic nuclei (SCN) of the anterior
hypothalamus, regulates the timing of activities of the peripheral clocks [40]. Light–dark
patterns synchronize the SCN with the external environment, assuring that the body does
the “right thing at the right time” [41]. In diurnal species, the light phase is associated with
an increase in body temperature, heart rate, and blood pressure. During the dark phase,
melatonin production increases, body temperature declines, heart rate slows down, and
blood pressure lowers [42]. Within individual cells, the circadian clock is self-regulated
by transcriptional–translational feedback loops (TTFLs) [43]. TTFLs are comprised of a
positive arm with a heterodimeric complex at its core that behaves as the activator of the
system, promoting the transcription of one or more components of the negative arm, which,
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when translated, inhibits the activity of the positive arm. Transcription activator factors
CLOCK and BMAL1 make up one arm of the feedback loop, and repressor proteins PER
and CRY, made from Per1/2/3 and Cry1/2 genes, make up the other arm. Accessory TTFLs
regulate the primary TTFL. The first accessory loop is made up of RORs and nuclear REV-
ERB receptors, while the second accessory loop is composed of D-box-related genes and
transcription factors, including albumin D-binding protein (DBP), thyrotroph embryonic
factor (TEF), and hepatic leukemia factor (HLF) [7,44].

In humans, during the light phase (morning), transcription activators BMAL1 and
CLOCK form heterodimers, bind to the E-box (5′-CACGTG-3′), and signal the transcription
of target genes Period (Per 1/2/3) and Cryptochrome (Cry 1/2) [45]. These target genes encode
transcriptional repressors, PER and CRY proteins. During the light phase, PER and CRY
transcription is high, and PER and CRY proteins accumulate in the cytoplasm. During
the dark phase (evening), PER and CRY proteins dimerize to form PER–CRY complexes,
with subsequent nuclear translocation and inactivation of the CLOCK/BMAL1-mediated
transcription, reprising their own transcription and closing the loop. As the dark phase
progresses, PER and CRY complexes are gradually phosphorylated by casein kinase I (CkIδ
and CkIε) and 5′ AMP-activated protein kinase (AMPK), and subsequently realize their
degradation through the proteasome pathway [46]. Degradation of the PER and CRY
repressor proteins allows for CLOCK-BMAL1 transcription to resume, thus initiating a
new transcriptional cycle [47]. In addition to the primary feedback loop, accessory loops
are formed from nuclear orphan receptors, retinoid-related orphan receptors (RORs), and
REV-ERBα/β, which target BMAL1 production through binding to ROR- binding elements
(ROREs) [7]. REV-ERBα/β inhibits BMAL1 transcription upon binding, while ROR, acting
as a positive regulator, initiates BMAL1 transcription [45] (Figure 1).Cancers 2022, 14, x FOR PEER REVIEW 4 of 22 
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which activates the transcription of CRY (1-2), PER (1-3), RORα, REV-ERBα, and Clock transcription 
factors (TFs). The primary negative feedback occurs when CRY and PER accumulate and dimerize 
in the cytoplasm and translocate to the nucleus to inhibit the BMAL1: CLOCK. In the secondary 
feedback loop, RORα and REV-ERBα activate and inhibit the transcription of BMAL1. 

While the SCN mainly relies on cues from light–dark cycles to entrain the biological 
clock, peripheral clocks, such as the ones in the reproductive, endocrine, and immune 
systems, receive timing signals from the SCN as well as from feeding patterns, tempera-
ture, and hormones [48–50]. The feed/fasting cycle dictates nutrient intake within specific 
periods during the day: the periodic phosphorylation of energy sensors such as AMP-
activated protein kinase (AMPK) promotes ATP production in response to exercise/fast-
ing and encourages the breakdown of fatty acids, glucose, and triglycerides after eating a 
meal. AMPK destabilizes CRY1 in peripheral proteins and interacts with SIRTUIN 
1(SIRT1), which modulates transcription factors including PER2 [51]. In addition to nutri-
ent-sensing molecules, ligand-activated transcription factors can have several effects on 

Figure 1. Schematic Representation of the Circadian Clock Transcriptional–Translational Feedback
Loops. The main feedback loop is comprised of activator proteins Brain and Muscle ARNT-Like
1 (BMAL1) and Circadian Locomotor Output Cycles Kaput (CLOCK), and two repressor proteins,
Period (PER) and Cryptochrome (CRY). BMAL1 and CLOCK heterodimerize and bind to the E-box,
which activates the transcription of CRY (1-2), PER (1-3), RORα, REV-ERBα, and Clock transcription
factors (TFs). The primary negative feedback occurs when CRY and PER accumulate and dimerize
in the cytoplasm and translocate to the nucleus to inhibit the BMAL1: CLOCK. In the secondary
feedback loop, RORα and REV-ERBα activate and inhibit the transcription of BMAL1.
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While the SCN mainly relies on cues from light–dark cycles to entrain the biological
clock, peripheral clocks, such as the ones in the reproductive, endocrine, and immune
systems, receive timing signals from the SCN as well as from feeding patterns, temperature,
and hormones [48–50]. The feed/fasting cycle dictates nutrient intake within specific peri-
ods during the day: the periodic phosphorylation of energy sensors such as AMP-activated
protein kinase (AMPK) promotes ATP production in response to exercise/fasting and en-
courages the breakdown of fatty acids, glucose, and triglycerides after eating a meal. AMPK
destabilizes CRY1 in peripheral proteins and interacts with SIRTUIN 1(SIRT1), which mod-
ulates transcription factors including PER2 [51]. In addition to nutrient-sensing molecules,
ligand-activated transcription factors can have several effects on clock genes; REV-ERB
regulates gluconeogenesis and the lipid metabolism while repressing Bmal1 transcription,
while transcription factor ROR, its competitive inhibitor, induces Bmal1 expression upon
binding. PPAR is activated by fatty acids and plays a role in lipid homeostasis through
a positive feedback loop with BMAL1 protein [52]. Thus, peripheral clocks are involved
in several important metabolic functions, including digestion, hormone secretion, lipid
homeostasis, and the immune system response [53].

1.2. Epidemiological Evidence—The Link between CRDs and Prostate Cancer Risk

Disruption of circadian rhythms is thought to be caused by environmental noise pollu-
tion [54,55], jet lag [56,57], night shift work [58], and artificial light at night (ALAN) [59].
CRD is associated with various health consequences, including premature death, metabolic
syndrome, obesity, immune dysregulation, reproductive problems, stress, and depres-
sion [6]. Compelling evidence demonstrates that PCa is linked with both the causes and
consequences of CRDs [60].

1.2.1. Causes of CRD

Noise pollution: Nocturnal environmental noise, such as noise from transportation
or industrial plants, can induce disturbances in sleep quality, metabolic and psychiatric
changes, and alterations in sleep architecture [61]. As a consequence of noise exposure, the
redistribution of time spent in different sleep stages—increasing wakefulness and stage one
sleep, and decreasing slow-wave sleep and REM sleep—negatively impacts cognitive
performance, mood, and energy restoration while increasing daytime sleepiness [62].
Epidemiological studies have found that exposure to traffic noise at night increases the
risk for hypertension, heart disease, and stroke. Nocturnal noise contributes to increased
risk for cardiovascular comorbidity through the greater secretion of endocrine hormones,
including cortisol, noradrenaline, and adrenaline [61]. Nocturnal ambient noise exposure
is associated with dysregulation of the central circadian clock, and may be involved in
alternations in peripheral clock genes [63].

Jetlag: CRD may contribute to PCa through jetlag. Studies involving US pilots and
astronauts have determined there is an increased risk of developing PCa, yet not PCa
mortality [64–66]. Longer air hours, number of employment years, and radiation exposure
positively correlate with increased PCa risk [19,67]. Male pilots are at least twice as likely
to develop PCa than men in the general population, and several subgroups, including AA
pilots and military pilots, were found to have an increased riskforf PCa [18,68].

Night shift work: In addition to jetlag, numerous studies have established the impact
of night shift work on cancer risk. In 2017, the International Agency of Research on Cancer
identified rotating shift work, in association with circadian disruption, as a probable human
carcinogen, placing it in same risk category as ultraviolet radiation, benzo(a)pyrene, and
acrylamide [69]. Co-exposures within night shift workplaces, including noise levels and
light at night, may additionally be linked with CRD [70]. A longitudinal study found
that female nurses who engaged in nightshift work for over thirty years displayed a 36%
increase in relative risk of breast cancer [71]. The established evidence for the effect of night
shift work on the prevalence of breast cancer has incited the investigation of night shift
work in relation to PCa [72]. Several meta-analyses, including cohort-based studies in Japan,
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Canada, and Spain, found an association between night shift work and PCa [21,72–75].
In the Spanish cohort, workers with a longer duration of work hours were more likely to
have tumors with a worse prognosis, while the Canadian population study determined
that night-workers were at increased risk for developing PCa, regardless of work dura-
tion [74,75]. Additionally, a fixed vs. rotating night shift work has a differential effect on
PCa risk, with rotating shift workers having a 20% higher risk for developing PCa than fixed
schedule night shift workers [76]. Greater PCa risk has been reported in firefighters, health
practitioners, and police, all of which typically require some degree of night shift work [77].
AA firefighters, machinery maintenance workers, and railroad workers are particularly
more at risk for developing PCa [65]. Despite evidence implicating a positive correlation
between night shift work and PCa, some reports found no such association [78,79]. These
diverse findings may be related to the size of the cohort, differences in fixed schedules vs.
rotating schedules, and duration of occupation.

Artificial light at night: While the current literature on the effects of ALAN as an
environmental risk factor are limited, there is evidence for the association between ALAN
and PCa incidence [80,81]. The established literature on the link between ALAN exposure
and risk of breast cancer has promoted further exploration of the effects on other hormone-
dependent cancers, including PCa [80,82–85]. Several cross-geographic studies have found
a significant positive association between population exposure to ALAN and the incidence
of prostate, breast, colorectal, and lung cancers individually, after adjusting for population
size, electricity consumption, air pollution, and total area of land covered by forest [86,87].
A case–control study in Spain found that night shift workers had a slightly higher prostate
cancer risk compared to non-night shift workers; the risk increased with longer light
exposure and was more pronounced for high-risk prostate tumors [75]. Exposure to ALAN
affects melatonin levels, a potential mechanism linking shift work with increased PCa
risk [88]. Lower melatonin serum levels have been associated with exposure to ALAN [89].
Thus, the lack of melatonin, a circadian hormone with potential anti-cancer effects, may be
correlated with enhanced tumor development. A direct link between ALAN, melatonin
suppression, and increased risk for cancer, however, has not been established, mainly due
to a lack of measurements of ALAN using calibrated personal light-measuring devices.

1.2.2. Consequences of CRD

Behavioral stress: Behavioral stress and psychosocial factors, which has a bidirectional
relationship with CRD, have an impact on PCa outcomes [90]. PCa patients report the
highest levels of stress and anxiety on average compared to other cancer patients. Findings
from studies on patient anxiety, stress, and prostate specific antigen (PSA) levels are het-
erogenous [91–93]. Clinical studies have found that participants with high cortisol levels
had a positive correlation with high prostate specific antigen (PSA) values, indicating high
PCa risk [94]. Among a cohort of World Trade Center responders during the 9/11 terrorist
attacks, re-experiencing a traumatic event was correlated with increased PCa incidence [95].
Greater perceived stress is associated with increased PCa-specific mortality, grieving and
sleep loss, and a lack of adequate social support [96]. Patients utilizing high-effort coping
(a coping mechanism used for race-based discrimination and mistreatment) had a slightly
greater PCa risk relative to men who had decreased levels of high-effort coping, demon-
strating how race-based discrimination may be a contributing factor to the stress-related
PCa pathway [97]. Lastly, glucocorticoid (GR) signaling, which is overstimulated in chronic
stress conditions, contributes to the progression of metastatic-castration-resistant prostate
cancer (mCRPC), by promoting AR-target genes in the absence of androgens [98].

Obesity: Obesity is associated with multiple chronic problems as well as hormonal
changes, which have an impact on the progression of PCa. Studies investigating the
potential role of obesity in PCa risk, progression, and mortality yield heterogeneous results.
Measures of obesity, such as body mass index (BMI) > 30, waist–hip ratio, and waist
circumference (WC), are positively correlated with risk for advanced PCa and mortality
due to PCa [99–102]. Obesity has a stronger association with PCa risk among AA men
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compared to White men [103]. Among a racially diverse cohort, AA men had the greatest
obesity rates (BMI > 35), and obese AA men were more likely to have positive surgical
margins, higher-grade tumors, and higher rates of biochemical failure after a radical
prostatectomy [104]. A higher BMI has been associated with increased progression towards
mCRPC, a 3-fold risk of developing metastases, and PC-specific mortality [105]. These
findings provide new insights into the role of CRD and the consequences of CRD (e.g.,
obesity and stress) for PCa progression.

1.3. Racial Disparities in Circadian Health—Implications for Prostate Cancer

In the United States, the AA population may be at increased risk for CRD due to
occupational, environmental, and healthcare-access-related factors. The risk factors for
CRD, such as night shift work [8], light at night [106], environmental noise pollution [62],
and its consequences, including obesity, stress, and sleep deprivation, disproportionately
affect AAs and may exacerbate existing racial health disparities [107] (Figure 2). A longi-
tudinal study of White, Chinese American, Black, and Hispanic adults found that sleep
irregularity was greater among Black participants compared to all other groups; greater
sleep irregularity was also correlated with greater obesity, hypertension, and increased
depression severity and perceived stress [108].
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Figure 2. Overlapping Risk Factors for Circadian Rhythm Disruptions and Racial Disparities in
Circadian health regarding Prostate Cancer Risk. The right-hand side of the Venn diagram describes
environmental, structural, and health-related factors that contribute to the racial disparities in circa-
dian health. Specifically, these factors disproportionately affect the AA population compared to other
racial/ethnic groups. The left-hand side outlines the causes of circadian rhythm disruptions. The
arrows inside the Venn diagram indicate that there is a bidirectional relationship between the causes
of CRDs and social determinants of health. Taken together, the top half of the model illustrates how
the African American population is disproportionately at risk for developing CRDs. The bottom half
of the model focuses on the downstream effects of circadian rhythm disruption on prostate cancer,
both in incidence and aggressiveness.
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Residential segregation is a fundamental contributor to racial disparities in health
outcomes and may contribute to fragmented sleep among racial/ethnic minorities. This
form of discrimination was legitimized through “redlining”, a historical housing segre-
gation policy that entitled banks to deny mortgages based on race and grant loans for
Black and Brown communities only within hazardous (less desirable) parts of the city [109].
Segregated urban neighborhoods are more likely to have under-resourced schools, poor
housing quality, a higher police presence, decreased accessibility to healthy food options,
and greater stressful conditions, all of which may contribute to poor sleep conditions for
ethnic minorities [11,12]. Historically redlined neighborhoods are closer in proximity to
industrial plants, highways, and factories, and are characterized by overcrowding and
thin walls, both of which contribute to greater levels of environmental pollution and noise
levels [110]. One study found that neighborhoods with at least 75% Black residents had
nocturnal noise levels four decibels higher compared to neighborhoods without any Black
residents [13]. Marginalized groups, such as racial minorities, low income groups, and
those with lower educational levels, experience the greatest noise exposure [10].

Circadian misalignment varies across racial groups and occupations. AA and Hispanic
populations are disproportionately represented in night shift work; in fact, a study found
that they are twice as likely to be working the night shift compared to their White counter-
parts [111,112]. The prevalence of comorbidities, such as obesity, cardiovascular disease,
diabetes, and psychosocial stress, uniquely impacts AA communities [113]. Neighborhoods
characterized as food deserts and food swamps, which refer to an urban area with limited
access to healthy food and a high-density of junk food, are positively associated with
obesity [9,114]. Additional experiences of racial discrimination and workplace harassment
are associated with impaired sleep levels [115]. High crime rates and social isolation in seg-
regated neighborhoods have a cumulative impact on health outcomes. Black populations
in segregated neighborhoods are more likely to work night shifts, experiencing greater
psychosocial stress compared to White populations [116].

The genetic variation in circadian periods may contribute to differences in the severity
of consequences of CRD. On average, AAs have a shorter free-running circadian period,
or tau, compared to European Americans, by 0.2 h. In response to circadian disruption,
AAs are found to have shorter tau and thereby shorter phase delays, which makes it more
difficult to adapt to night shift work and contributes to longer jetlag, on average, compared
to European Americans, who were found to have larger phase delays [117]. Given that AAs
have smaller phase delays and are overrepresented in shift work, their potential exposure
to shift work and its negative health consequences is greater [118].

The underdiagnosis of sleep disorders in AA communities contributes to poor sleep
quality and may lead to increased risk for CRD. AA adults are more likely to experience
less deep (slow wave) sleep, twice as likely to be short sleepers, and take longer to fall
asleep compared to their White counterparts [119]. Access to health insurance in relation
to sleep outcomes is not well studied. However, some studies have found that lower
access to private healthcare is associated with greater gasping during sleep, and those with
more recent healthcare visits reported less daytime fatigue and sleep disturbance [120].
The shortage of primary care physicians near low-income neighborhoods may play a
role in the underdiagnosis of sleep apnea within Black populations [121]. Obstructive
sleep apnea is associated with sleep fragmentation due to repeated arousal throughout the
night, which may contribute to its long-term consequences including daytime sleepiness,
cognitive impairment, and cardiovascular problems [122]. In poor urban neighborhoods,
increases in reported sleep apnea have been associated with increases in environmental
pollution levels [123]. Changes in inflammatory markers that normally exhibit a circadian
rhythmicity have been observed in OSA patients, and further research is necessary to
elucidate the exact mechanism between sleep apnea and circadian rhythm disruption [16].
The combined effects of structural, environmental, and psychosocial conditions contribute
to poor sleep architecture and greater risk for developing CRDs for marginalized groups
and may disproportionately impact the AA population.
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1.4. The Consequences of CRD for Prostate Cancer Risk and Progression

Given the increased vulnerability of AA men to developing CRD and the epidemio-
logical impact of CRDs on (both PCa causes and consequences), understanding the CRD-
mediated cancer pathways may facilitate reduction in the racial disparities in PCa mortality
and incidence. Compelling evidence suggests that CRDs contribute to PCa progression
through (a) circadian gene variants (b) stress and obesity-related biological pathways, and
(c) melatonin inhibition (Table 1).

Table 1. Biological Pathways Linking CRDs and Prostate Cancer. The table provides a summary of
pathways in which CRDs contribute to prostate cancer incidence and outcomes. The upward arrow
refers to pathways, genes, or proteins that are upregulated, while the downward arrow refers to
downregulated pathways, genes, or proteins.

CRD-Related Pathways Effect on Prostate Cancer Therapeutic Targets

Circadian Gene
Variants

Per 1, Per 2, and Clock ↓ and Bmal1 ↑
[124]

Increased risk of Pca
[124]

Melatonin ↑ Per 2 and Clock and ↓ Bmal1
levels [125]

Per 1-3, CSNK1E,
Cry 1-2, BMAL1,

CLOCK and
NPAS2 SNPs [29]

Greater risk of aggressive Pca [29] Overexpression of Per 1 and Per 2 induces
growth inhibition [124]

Per 3 pathway [31] Regulation of PCSCs
[31]

CRY1 levels promote DNA repair and
cancer survival [30]

Per1 decreased AR-related genes in the
presence of DHT [126]

Stress

Glucocorticoids ↑ CLU and
LEDG/p75 [127]

Pca therapy resistance
[127]

RU-486 and cyproterone acetate revert
docetaxel resistance [128]

↑ GR transcript expression following
anti- androgen therapy

[129]
Tumor progression in mCRPC [129]

SGK1 antagonist blocks AR-mediated
growth [130]

SGRMs ↓ GR transcriptional activity and ↓
GR-mediated tumor cell viability post-AR

blockade [131]
GR upregulation

[132]
Bypass AR blockade

[132]

Obesity

↑ Leptin [34] Migration [34]
MAPK and PI3K inhibits migration of Pca

cells in the presence of leptin [34]
NPAS2, Per 1, Per

3, Cry 2, and
CSNK1E [133]

Altered IGF-1 and androgen [133]

Melatonin
Inhibition

↓ 6-STM serum levels [134] Increase risk for advanced Pca [134] Melatonin inhibits Pca cell proliferation, ↓
AR signaling and ↓ p27 pathway [135]

↓ melatonin: cortisol ratio and PSA
levels [136]

Increased risk for primary and
advanced Pca [136]

Melatonin inhibits glycolysis and the
pentose phosphate pathway [137]

Circadian Gene Variants. At the cellular and molecular levels, dysregulation of circa-
dian clock machinery, which functions as a tumor suppressor and regulates tumor growth,
has been shown to play a role in cancer development [138]. There is significant crosstalk
between clock genes and cell cycle, apoptosis, DNA repair, and senescence [139]. On a sys-
tematic level, dysregulation of the circadian system could disrupt the immunosuppressive
function of clock-mediated pathways and tumor inhibition. At the molecular level, the SCN
regulates the expression of clock-controlled genes in cells of peripheral tissues, including
c-Myc, Mdm2, as well as tumor suppressor gene Trp53. Intracellular signaling pathways
directly involved in cell proliferation, such as the B-catenin WNT signaling pathway, are
correlated with circadian regulation [138].

Epidemiological evidence suggests that the circadian pathway is significantly associ-
ated with advanced PCa among night shift workers, particularly those who worked for
at least 20 years and had long shifts; at the gene level, the night shift workers exhibited
altered BMAL1, NPAS2, and RORA, which is associated with aggressive PCa, yet there
were not significant associations found at the SNP-level [24]. Men with CRY2 variant C
allele were almost 1.7 times as likely to develop PCa in comparison to men with the CRY2
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normal allele [140]. Night shift workers had significantly increased nocturnal levels of
PER2 compared to day shift workers, perhaps demonstrating the potential of PER2 as a
circadian biomarker to reflect changes in the peripheral circadian rhythm associated with
PCa [141]. Due to these changes, shift workers have increased risk for metabolic syndrome,
cognitive disorders, sleep disorders, and lower melatonin levels [142,143].

Circadian gene expression has a direct correlation with PCa risk. PER1, PER2, and
CLOCK levels are downregulated, whereas BMAL1 levels are unregulated in PCa tis-
sue compared to normal tissue. Overexpression of PER1 and PER2 in PCa cell growth
suppression occurs via apoptosis, suggesting that Per 1-2 exerts anti-tumor effects [124].
Population-based genetic association studies which genotyped single-nucleotide polymor-
phisms (SNP) in known circadian-related genes found that alterations in at least one SNP in
each of the core circadian genes was correlated with PCa risk. However, there are variations
in the strength of association for fatal PCa compared to risk for PCa and variations in
SNPs among different cohorts [124]. Among SNPs from nine circadian-related genes, a
case–control study of Caucasian men with PCa revealed that levels of Per1-3, CSNK1E,
Cry1-2, Arntl, Clock, and NPAS2 SNPs were significantly associated with risk for aggressive
PCa. These findings suggest the potential value of identifying genetic variants of circadian
genes in order to quantify risk for PCa [29]. However, the genetic variations in circadian
rhythm and melatonin pathways have only largely been investigated in non-racially diverse
populations, making it difficult to generalize these results to the entire population.

PCa is dependent on the androgen receptor (AR), and first-line treatments for patients
involve androgen depletion and AR-targeted therapies. However, patients eventually
develop resistance, and an AR-dependent form of PCa, called castration-resistant prostate
cancer (CRPC) emerges for which there is no cure. The development of novel strategies
to address the challenges of CRPC alongside AR-targeted therapy are required. Recent
genome-wide studies reveal that CRY1, which regulates DNA repairing and cell prolifera-
tion, has relevance to advanced disease as an AR-regulated and pro-tumorigenic factor that
promotes DNA repair and the survival of cancer cells via AR binding to the CRY1 locus [30].
Given that CRY1 levels are androgen-sensitive and predict poor PCa outcomes, CRY1 may
serve as a therapeutic target for late-stage disease [30]. PER3 has been identified as a nega-
tive regulator of PCa stem cells (PCSCs) through the activation of the WNT/Beta-Catenin
signaling pathway. PER3 is downregulated in human Pca clinical samples. Overexpression
of PER3 in PCa-resistant cells inhibits cell proliferation and stimulates BMAL1 expression,
leading to the inactivation of the WNT/Beta-Catenin pathway [31]. Additionally, PER1
is downregulated in clinical PCa samples compared to normal tissues. The binding of
PER1 to AR was shown to decrease androgen-sensitive genes in the presence of androgens,
and the overexpression of PER1 inhibited proliferation and increased apoptosis. These
results suggest an impact of PER1 circadian disruption on AR-mediated PCa development
and the benefits of chronotherapy for optimizing current Pca treatments [126]. An SNP
of the NPAS2 gene, rs6542993, was associated with greater risk for disease progression in
patients with localized PCa, indicating the value of NPAS2 SNP as a potential biomarker
for PCa progression [144]. Despite the positive correlation between circadian gene vari-
ants and PCa risk, some studies have found no correlation between circadian clock gene
SNPs and incidence of lethal PCa [145,146]. In response to neoadjuvant enzalutamide
treatment (a second-generation antiandrogen treatment), BMAL1 (also known as Arntl), a
circadian rhythm core component, was found to be the second-most-enriched transcription
factor after FOXA1. The dependence on BMAL1 as a transcriptional regulator of cellular
proliferation may describe the mechanism through which tumor cells evade AR block-
ades [147]. Given the potential of BMAL1 as a novel therapeutic target, future research
is required to develop strategies to inhibit this process to further increase the efficacy of
anti-hormonal therapy.

Stress-related Biological Pathways. There is significant crosstalk between the HPA axis
and the central circadian clock system, which may have consequences for prostate cancer.
The SCN communicates with the sympathetic nervous system to regulate the rhythmic
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secretion of glucocorticoid hormones from adrenal glands. Glucocorticoids act on periph-
eral clocks located in the adrenal glands and stimulate the expression of various clock
genes [148]. In the reciprocal direction, glucocorticoids released by the HPA axis phase shift
the circadian rhythm of clock-related genes in peripheral clocks and the tissues/organs they
act on [149]. Over-stimulation of the HPA stress system leads to abnormally elevated gluco-
corticoid levels, which stimulate gluconeogenesis, glycogenolysis, degradation of proteins
into amino acids, and eventually, insulin resistance and obesity [150]. Given that the HPA
axis and central clock system work in tandem, dysfunction of the clock system affects the
rhythmic secretion of glucocorticoids, thus contributing to metabolic abnormalities [151].
The clock and stress systems are crucial to survival, and bidirectional dysregulation of
these systems may have pathological consequences [152]. The glucocorticoid receptor (GR)
is a clock-controlled gene, which underscores another important association between the
circadian system and prostate cancer.

AAs are exposed to greater stress across their lifetime due to factors such as racial dis-
crimination, socioeconomic status, and stressful life events [153–157]. Compelling evidence
suggests that glucocorticoid receptor (GR) signaling is activated by anti-androgen therapy
and plays a role in the progression of mCRPC [127]. This mechanistic link has relevance in
tumor resistance to anti-androgen therapy and other treatments of mCRPC [32]. In AA men,
who are at higher risk for developing mCRPC, greater cortisol levels are positively associ-
ated with exposure to chronic stressful events [33]. Using PCa cell lines from racially diverse
prostate tumors, it was found that glucocorticoids upregulated two stress oncoproteins
related to PCa therapeutic resistance, Clusterin (CLU) and lens epithelium-derived growth
factor p75 (LEDGF/p75), while glucocorticoid inhibition blocked this effect. Additionally,
AA PCa tissues exhibited greater GR transcript expression compared to European Ameri-
can tissues [33]. Further research is needed to determine the relative contributions of racial
disparities (such as the greater exposure to stress for AA men) along with genetic factors to
GR transcript expression. Taken together, increased exposure to stressful life events and
the difference in GR transcript expression suggest that glucocorticoid signaling may play a
contributing role in poor PCa outcomes for the AA population. The glucocorticoid receptor
(GR) is a growing target of anti-androgen therapy resistance in mCRPC patients, given that
increased GR signaling is one mechanism through which PCa cells evade AR blockades
and apoptosis [158]. While glucocorticoids are typically administered in combination with
chemotherapy and other treatments because of their role in decreasing toxic side effects
and suppressing adrenal androgen production, upregulated GR signaling can promote PCa
cell growth in the absence of androgens [159]. Targeting GR expression may improve PCa
treatment outcomes. Selective GR modulators inhibited GR transcriptional activity and
decreased GR-mediated tumor cell viability post-AR blockade [131]. Lastly, an antagonist
of serum and glucocorticoid-regulated kinase 1 (SGK1), an androgen-regulated target gene,
was found to block AR-mediated LNCaP cell growth [130], suggesting that the inhibition
of GR-related pathways may have a therapeutic benefit in PCa [131,160]. Future research is
required to determine if GR-specific antagonists that do not affect the AR could prevent
enzalutamide resistance in CRPC progression.

Obesity-related Biological Pathways. CRD has been shown to exacerbate metabolic
disease and obesity, which negatively impact PCa outcomes [161]. Several hypotheses for
the link between obesity and CRD have emerged. CRD is associated with the upregulation
of hormones, including orexin, growth hormone (increased levels in the daytime), and
cortisol (increased levels at night), which contribute to insulin resistance and glucose
intolerance [162]. CRD tends to increase ghrelin, a factor that promotes food intake, while
decreasing leptin, which induces satiety [163]. From a behavioral perspective, inadequate
sleep provides an additional window of time for consuming food at night and promotes
daytime lethargy and less physical activity, increasing the risk of obesity [164]. Animal
studies suggest that the improper timing of food intake, as well as high-fat diets (HFD),
disrupt leptin levels, leading to overeating and sleep deprivation, and thus play a role in
the development of obesity, cancer, and metabolic consequences [51]. High-fat diets (HFDs)
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are known to dampen the circadian rhythms in clock genes, in which the energy consumed
during the rest phase is heightened [164]. Recent studies have shown that a high-fat diet
can alter the period length of clock genes and reduce the amplitude of metabolic gene
expression in the liver, fat, and hypothalamus [52]. The relationship between CRD and
altered metabolisms is bidirectional. Shift workers who experienced circadian rhythm
misalignment developed insulin resistance, inverted cortisol rhythms, and increased blood
pressure [165]. Thus, CRD may exacerbate metabolic disease over time. Mutations in
core clock genes can also have significant effects on the risk for metabolic disease: Clock
mutant mice are obese and develop hyperglycemia, while mice with mutations in the
Period and Bmal1 genes display increased adiposity [166]. Several metabolic and hormonal
consequences of obesity, including excess levels of adipokines such as leptin and IL-6,
insulin resistance, inflammation, and elevated IGF-I levels, are implicated in CRD [167].

The coupled effects of circadian disruption on these obesity-related pathways may
exacerbate the risk for PCa. Leptin and adiponectin are the most common adipokines func-
tionally contributing to the migration and proliferation of epithelial cells. CRD is associated
with reduced levels of leptin during times of wakefulness and leptin resistance [168–170].
Mechanistic evidence points to leptin-enhanced PCa cell migration, while inhibiting the
MAPK and PI3K signaling blocked migration, suggesting that MAPK and PI3K are poten-
tial pathways through which leptin affects PCa progression [34]. In addition to adipokines,
circadian gene variants also impact cytokine and insulin growth factor (IGF) levels. Several
circadian gene variants, including NPAS2, PER1, CSNK1E, PER3, and CRY2, have altered
IGF-1 expression. A study of 241 men elderly men revealed that the PER3 variant was
associated with higher serum levels of IGF1, supporting a role for circadian gene variants
in hormone-related cancers, including PCa [133].

Melatonin Inhibition. Light-induced CRD leads to the suppression of melatonin
or phase shifting in the timing of melatonin onsetting and offsetting, which has been
shown to contribute to greater risk for prostate cancer [171]. Melatonin has antitumor
properties, including targeting inflammation and the energy metabolism. Functionally,
melatonin’s action is mediated by two membrane-bound G-protein-coupled receptors,
MT1 and MT2, which are expressed in human prostate cells [35]. Studies in in vitro and
in vivo preclinical models demonstrated the antitumor activity of melatonin against PCa. In
LNCaP human PCa cells, melatonin blocked nuclear translocation of the AR. Furthermore,
in the TRAMP mice model, melatonin increased survival rates by 33% when given at the
beginning of the tumor progression stage [172]. Core clock components, namely CLOCK,
PER2, and BMAL1, are disrupted in PCa. However, melatonin treatment restored the
expression of circadian genes in Pca cells and resulted in an increase in PER2 and CLOCK
and a decrease in BMAL1. PER2 overexpression in Pca cells resulted in decreased cell
growth and apoptosis, suggesting that decreased PER2 levels in PCa tissue may promote
tumor progression [125]. Melatonin inhibits proliferation in LNCaP and VCaP PCa cells
in an AR-dependent manner. Specifically, melatonin led to the downregulation of AR
signaling and upregulation of p27 [135]. Moreover, melatonin limits glycolysis through
facilitative glucose transporters (GLUT/SLC2A) as well as the pentose phosphate pathway
in androgen-sensitive and -resistant tumors, suggesting the reduction in glucose uptake as
a mechanism via which melatonin impairs PCa growth [137]. These findings suggest that
circadian regulators, cortisol, and melatonin serve as potential biomarkers for detecting
advanced stage PCa [136]. Further investigations are required to determine whether
melatonin treatment results in the greater efficacy of androgen-depletion therapies.

2. Conclusions and Future Directions

Circadian rhythms—cycles in the body that occur in approximately 24 h periods—are
involved in many aspects of daily functioning, including the sleep–wake cycle, digestion,
hormonal activity, immune function, and body temperature. Mounting evidence shows
that CRDs contribute to prostate cancer risk, along with other adverse health outcomes,
including obesity, immune dysfunction, and stress-related disorders. The AA population
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may have a heightened vulnerability to developing CRDs due to environmental condi-
tions (such as living in neighborhoods characterized by high nocturnal noise pollution and
greater exposure to ALAN), the prevalence of nightshift work, and structural disadvantages
(including socioeconomic stress, workplace discrimination, housing segregation, as well as
limited access to nutritious food and quality education). Chronic conditions such as obesity
and stress-related disorders are exacerbated by CRDs and may also increase the risk for
prostate cancer for the AA population. We review the literature on the interplay among
race/ethnicity, CRD, and prostate cancer, highlighting complex interactions that may ac-
count for racial disparities and investigating the contribution of circadian-related pathways
to prostate cancer outcomes. The racial disparities in prostate cancer may be mediated by
CRDs, which have been shown to contribute to PCa progression through circadian gene
variants, stress- and obesity-related biological pathways, and melatonin inhibition.

Epidemiological studies of night shift workers provide strong evidence for the associa-
tion between prostate cancer and gene variants, including BMAL1, NPAS2, CRY2 and PER2.
Population-based genetic association studies of mostly White and Chinese groups have
found that alterations in at least one SNP in each of the core circadian genes was correlated
with PCa risk. Racial disparities in both the risk and progression of PCa, as well as in CRD
risk, suggest that further research must focus on the AA population and other vulnerable
groups. In addition, CRD affects the rhythmic secretion of glucocorticoids released by the
HPA system, which has negative implications for mCRPC, especially for AA men. The
GR plays a complex role in PCa: in the presence of active AR signaling, glucocorticoids
have antitumor effects; however, androgen deprivation increases GR expression, which
allows GR to transcriptionally express AR target genes and GR target genes, contributing
to tumor resistance to anti-androgen therapy. Therefore, understanding the effects of GR
across different cell types will help inform the best strategies to reduce the pro-tumorigenic
effects of GR and the optimal use of GR antagonists. Moving forward, the downstream
targets of the GR signaling pathway which are responsible for resistance should be deter-
mined. Future clinical studies should examine the effectiveness of anti-androgen therapy in
combination with GR antagonists—including the dosage, side effects, and specificity of GR-
modulators—in overcoming GR-driven resistance to enzalutamide treatment. The clinical
benefits of GR-modulators in prostate cancer treatment hold great significance for improv-
ing PCa outcomes for AA men. Additionally, CRD may also exacerbate obesity, which
contributes to poor PCa outcomes. Increased levels of leptin due to CRD are associated
with greater PCa cancer cell migration, potentially contributing to epithelial/mesenchymal
transition, metastasis, or angiogenesis. The different subtypes of PCa that may be sensitive
to obesity-related changes must be classified and studied. Future research is needed to
validate the ability of leptin to stimulate the proliferation of androgen-resistant PCa cells
and serve as a novel biomarker to assess PCa aggressiveness. Lastly, melatonin, a key
regulator of circadian rhythms, has also been shown to have an inhibitory role in PCa
due to its antitumor properties, ability to restore levels of key clock components that are
disrupted in PCa, and its role in blocking the nuclear translocation of AR. Melatonin may
be a novel therapeutic target for the treatment of PCa. Future studies are necessary to
elucidate the exact molecular mechanisms of MT1 and MT2 in PCa cells. To further exploit
the therapeutic benefits of melatonin, the assessment of long-term outcomes from the
clinical use of melatonin after combined hormone-radiation treatment for PCa patients of
different risk groups is an essential and urgent task. The clock–cancer connection in prostate
cancer and circadian-related therapies provide a potential novel opportunity to mitigate
racial disparities in prostate cancer risk, progression, and treatment outcomes through the
optimization of current treatment modalities and reduction in therapeutic resistance.
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ALAN artificial light at night
AMPK AMP-activated protein kinase
AR androgen receptor
ARE androgen response element
BMAL1 brain and Muscle ARNT-Like
c-Myc cellular Myc
cAMP cyclic adenosine monophosphate
CCGs clock-controlled genes
CLOCK circadian Locomotor Output Cycles Kaput
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CNS central nervous system
CRD circadian rhythm disruptions
CRY Cryptochrome
CSNK1E casein kinase 1 isoform epsilon
GLUT/SLC2A facilitative glucose transporters
GR glucocorticoid receptor
HFD high fat diet
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IGF insulin growth factor
LEDGF/p75 lens epithelium-derived growth factor p75
mCRPC metastatic castration resistant prostate cancer
Mdm2 mouse double minute 2 homolog
MT Melatonin
MT1/2 melatonin receptor 1

2
NPAS2 neuronal PAS domain protein 2
PCa prostate cancer
PER Period
PI3K phosphatidylinositol 3-kinase
PPAR peroxisome proliferator-activated receptors
PSA prostate specific antigen
REV-ERBα (NR1D1) nuclear receptor subfamily 1 group D member 1
RMR resting metabolic rate
RORE retinoid-related orphan receptors response elements
RORα retinoid-related orphan receptor alpha
SCN suprachiasmatic nucleus
SGK1 serum and glucocorticoid-regulated kinase 1
SIRT1 Sirtuin 1
Trp53 tumor protein p53
TTFLs transcriptional-translational feedback loops
6-STM 6-sulfaxoymelatonin

References
1. Rawla, P. Epidemiology of Prostate Cancer. World J. Oncol. 2019, 10, 63–89. [CrossRef] [PubMed]
2. Society, A.C. Estimated New Cases and Deaths. Available online: https://www.cancer.org/cancer/prostate-cancer/

about/key-statistics.html#:~{}:text=Prostate%20cancer%20is%20the%20second,do%20not%20die%20from%20it (accessed on
15 October 2021).

http://doi.org/10.14740/wjon1191
http://www.ncbi.nlm.nih.gov/pubmed/31068988
https://www.cancer.org/cancer/prostate-cancer/about/key-statistics.html#:~{}:text=Prostate%20cancer%20is%20the%20second,do%20not%20die%20from%20it
https://www.cancer.org/cancer/prostate-cancer/about/key-statistics.html#:~{}:text=Prostate%20cancer%20is%20the%20second,do%20not%20die%20from%20it


Cancers 2022, 14, 5116 14 of 19

3. Jiang, S.; Narayan, V.; Warlick, C. Racial disparities and considerations for active surveillance of prostate cancer. Transl. Androl.
Urol. 2018, 7, 214–220. [CrossRef]

4. McGrowder, D.A.; Jackson, L.A.; Crawford, T.V. Prostate cancer and metabolic syndrome: Is there a link? Asian Pac. J. Cancer Prev.
2012, 13, 1–13. [CrossRef]

5. Zuniga, K.B.; Chan, J.M.; Ryan, C.J.; Kenfield, S.A. Diet and lifestyle considerations for patients with prostate cancer. Urol. Oncol.
2020, 38, 105–117. [CrossRef] [PubMed]

6. Evans, J.A.; Davidson, A.J. Health consequences of circadian disruption in humans and animal models. Prog. Mol. Biol. Transl. Sci.
2013, 119, 283–323. [CrossRef]

7. Xie, Y.; Tang, Q.; Chen, G.; Xie, M.; Yu, S.; Zhao, J.; Chen, L. New Insights Into the Circadian Rhythm and Its Related Diseases.
Front. Physiol. 2019, 10, 682. [CrossRef]

8. James, S.M.; Honn, K.A.; Gaddameedhi, S.; Van Dongen, H.P.A. Shift Work: Disrupted Circadian Rhythms and Sleep-Implications
for Health and Well-Being. Curr. Sleep Med. Rep. 2017, 3, 104–112. [CrossRef]

9. Cooksey-Stowers, K.; Schwartz, M.B.; Brownell, K.D. Food Swamps Predict Obesity Rates Better Than Food Deserts in the United
States. Int. J. Environ. Res. Public Health 2017, 14, 1366. [CrossRef]

10. Seltenrich, N. Inequality of Noise Exposures: A Portrait of the United States. Environ. Health Perspect. 2017, 125, 094003. [CrossRef]
11. Bower, K.M.; Thorpe, R.J., Jr.; Rohde, C.; Gaskin, D.J. The intersection of neighborhood racial segregation, poverty, and urbanicity

and its impact on food store availability in the United States. Prev. Med. 2014, 58, 33–39. [CrossRef]
12. Diez Roux, A.V. Neighborhoods and Health: What Do We Know? What Should We Do? Am. J. Public Health 2016, 106, 430–431.

[CrossRef] [PubMed]
13. Casey, J.A.; Morello-Frosch, R.; Mennitt, D.J.; Fristrup, K.; Ogburn, E.L.; James, P. Race/Ethnicity, Socioeconomic Status,

Residential Segregation, and Spatial Variation in Noise Exposure in the Contiguous United States. Environ. Health Perspect. 2017,
125, 077017. [CrossRef] [PubMed]

14. Von Allmen, D.C.; Francey, L.J.; Rogers, G.M.; Ruben, M.D.; Cohen, A.P.; Wu, G.; Schmidt, R.E.; Ishman, S.L.; Amin, R.S.;
Hogenesch, J.B.; et al. Circadian Dysregulation: The Next Frontier in Obstructive Sleep Apnea Research. Otolaryngol. Head Neck
Surg. 2018, 159, 948–955. [CrossRef] [PubMed]

15. Roenneberg, T.; Merrow, M. The Circadian Clock and Human Health. Curr. Biol. 2016, 26, R432–R443. [CrossRef] [PubMed]
16. Koritala, B.S.C.; Conroy, Z.; Smith, D.F. Circadian Biology in Obstructive Sleep Apnea. Diagnostics 2021, 11, 1082. [CrossRef] [PubMed]
17. Gabryelska, A.; Turkiewicz, S.; Karuga, F.F.; Sochal, M.; Strzelecki, D.; Białasiewicz, P. Disruption of Circadian Rhythm Genes in

Obstructive Sleep Apnea Patients&mdash;Possible Mechanisms Involved and Clinical Implication. Int. J. Mol. Sci. 2022, 23, 709.
[CrossRef] [PubMed]

18. Raslau, D.; Summerfield, D.T.; Abu Dabrh, A.M.; Steinkraus, L.W.; Murad, M.H. The risk of prostate cancer in pilots: A
meta-analysis. Aerosp. Med. Hum. Perform. 2015, 86, 112–117. [CrossRef] [PubMed]

19. Gudmundsdottir, E.M.; Hrafnkelsson, J.; Rafnsson, V. Incidence of cancer among licenced commercial pilots flying North Atlantic
routes. Environ. Health 2017, 16, 86. [CrossRef]

20. Wang, F.; Yeung, K.L.; Chan, W.C.; Kwok, C.C.; Leung, S.L.; Wu, C.; Chan, E.Y.; Yu, I.T.; Yang, X.R.; Tse, L.A. A meta-analysis on
dose-response relationship between night shift work and the risk of breast cancer. Ann. Oncol. 2013, 24, 2724–2732. [CrossRef]

21. Rao, D.; Yu, H.; Bai, Y.; Zheng, X.; Xie, L. Does night-shift work increase the risk of prostate cancer? a systematic review and
meta-analysis. Oncotargets Ther. 2015, 8, 2817–2826. [CrossRef]

22. Sigurdardottir, L.G.; Valdimarsdottir, U.A.; Mucci, L.A.; Fall, K.; Rider, J.R.; Schernhammer, E.; Czeisler, C.A.; Launer, L.; Harris,
T.; Stampfer, M.J.; et al. Sleep disruption among older men and risk of prostate cancer. Cancer Epidemiol. Biomark. Prev. 2013, 22,
872–879. [CrossRef] [PubMed]

23. Markt, S.C.; Grotta, A.; Nyren, O.; Adami, H.O.; Mucci, L.A.; Valdimarsdottir, U.A.; Stattin, P.; Bellocco, R.; Lagerros, Y.T.
Insufficient Sleep and Risk of Prostate Cancer in a Large Swedish Cohort. Sleep 2015, 38, 1405–1410. [CrossRef] [PubMed]

24. Wendeu-Foyet, M.G.; Cénée, S.; Koudou, Y.; Trétarre, B.; Rébillard, X.; Cancel-Tassin, G.; Cussenot, O.; Boland, A.; Olaso, R.;
Deleuze, J.F.; et al. Circadian genes polymorphisms, night work and prostate cancer risk: Findings from the EPICAP study. Int. J.
Cancer 2020, 147, 3119–3129. [CrossRef] [PubMed]

25. Freedland, S.J.; Aronson, W.J. Examining the relationship between obesity and prostate cancer. Rev. Urol. 2004, 6, 73–81.
26. Lavalette, C.; Trétarre, B.; Rebillard, X.; Lamy, P.J.; Cénée, S.; Menegaux, F. Abdominal obesity and prostate cancer risk:

Epidemiological evidence from the EPICAP study. Oncotarget 2018, 9, 34485–34494. [CrossRef]
27. Hassan, S.; Karpova, Y.; Baiz, D.; Yancey, D.; Pullikuth, A.; Flores, A.; Register, T.; Cline, J.M.; D’Agostino, R., Jr.; Danial, N.; et al.

Behavioral stress accelerates prostate cancer development in mice. J. Clin. Investig. 2013, 123, 874–886. [CrossRef]
28. Jayadevappa, R.; Malkowicz, S.B.; Chhatre, S.; Johnson, J.C.; Gallo, J.J. The burden of depression in prostate cancer. Psychooncology

2012, 21, 1338–1345. [CrossRef]
29. Zhu, Y.; Stevens, R.G.; Hoffman, A.E.; Fitzgerald, L.M.; Kwon, E.M.; Ostrander, E.A.; Davis, S.; Zheng, T.; Stanford, J.L. Testing the

circadian gene hypothesis in prostate cancer: A population-based case-control study. Cancer Res. 2009, 69, 9315–9322. [CrossRef]
30. Shafi, A.A.; McNair, C.M.; McCann, J.J.; Alshalalfa, M.; Shostak, A.; Severson, T.M.; Zhu, Y.; Bergman, A.; Gordon, N.; Mandigo,

A.C.; et al. The circadian cryptochrome, CRY1, is a pro-tumorigenic factor that rhythmically modulates DNA repair. Nat. Commun.
2021, 12, 401. [CrossRef]

http://doi.org/10.21037/tau.2017.09.11
http://doi.org/10.7314/APJCP.2012.13.1.001
http://doi.org/10.1016/j.urolonc.2019.06.018
http://www.ncbi.nlm.nih.gov/pubmed/31327752
http://doi.org/10.1016/b978-0-12-396971-2.00010-5
http://doi.org/10.3389/fphys.2019.00682
http://doi.org/10.1007/s40675-017-0071-6
http://doi.org/10.3390/ijerph14111366
http://doi.org/10.1289/EHP2471
http://doi.org/10.1016/j.ypmed.2013.10.010
http://doi.org/10.2105/AJPH.2016.303064
http://www.ncbi.nlm.nih.gov/pubmed/26885960
http://doi.org/10.1289/EHP898
http://www.ncbi.nlm.nih.gov/pubmed/28749369
http://doi.org/10.1177/0194599818797311
http://www.ncbi.nlm.nih.gov/pubmed/30200807
http://doi.org/10.1016/j.cub.2016.04.011
http://www.ncbi.nlm.nih.gov/pubmed/27218855
http://doi.org/10.3390/diagnostics11061082
http://www.ncbi.nlm.nih.gov/pubmed/34199193
http://doi.org/10.3390/ijms23020709
http://www.ncbi.nlm.nih.gov/pubmed/35054894
http://doi.org/10.3357/AMHP.4075.2015
http://www.ncbi.nlm.nih.gov/pubmed/25946735
http://doi.org/10.1186/s12940-017-0295-4
http://doi.org/10.1093/annonc/mdt283
http://doi.org/10.2147/ott.S89769
http://doi.org/10.1158/1055-9965.EPI-12-1227-T
http://www.ncbi.nlm.nih.gov/pubmed/23652374
http://doi.org/10.5665/sleep.4978
http://www.ncbi.nlm.nih.gov/pubmed/26118562
http://doi.org/10.1002/ijc.33139
http://www.ncbi.nlm.nih.gov/pubmed/32506468
http://doi.org/10.18632/oncotarget.26128
http://doi.org/10.1172/JCI63324
http://doi.org/10.1002/pon.2032
http://doi.org/10.1158/0008-5472.CAN-09-0648
http://doi.org/10.1038/s41467-020-20513-5


Cancers 2022, 14, 5116 15 of 19

31. Li, Q.; Xia, D.; Wang, Z.; Liu, B.; Zhang, J.; Peng, P.; Tang, Q.; Dong, J.; Guo, J.; Kuang, D.; et al. Circadian Rhythm Gene PER3
Negatively Regulates Stemness of Prostate Cancer Stem Cells via WNT/β-Catenin Signaling in Tumor Microenvironment. Front.
Cell Dev. Biol. 2021, 9, 656981. [CrossRef]

32. Arora, V.K.; Schenkein, E.; Murali, R.; Subudhi, S.K.; Wongvipat, J.; Balbas, M.D.; Shah, N.; Cai, L.; Efstathiou, E.;
Logothetis, C.; et al. Glucocorticoid receptor confers resistance to antiandrogens by bypassing androgen receptor blockade. Cell
2013, 155, 1309–1322. [CrossRef] [PubMed]

33. Woods-Burnham, L.; Cajigas-Du Ross, C.K.; Love, A.; Basu, A.; Sanchez-Hernandez, E.S.; Martinez, S.R.; Ortiz-Hernández, G.L.;
Stiel, L.; Durán, A.M.; Wilson, C.; et al. Glucocorticoids Induce Stress Oncoproteins Associated with Therapy-Resistance in
African American and European American Prostate Cancer Cells. Sci. Rep. 2018, 8, 15063. [CrossRef] [PubMed]

34. Frankenberry, K.A.; Somasundar, P.; McFadden, D.W.; Vona-Davis, L.C. Leptin induces cell migration and the expression of
growth factors in human prostate cancer cells. Am. J. Surg. 2004, 188, 560–565. [CrossRef] [PubMed]

35. Calastretti, A.; Gatti, G.; Lucini, V.; Dugnani, S.; Canti, G.; Scaglione, F.; Bevilacqua, A. Melatonin Analogue Antiproliferative and
Cytotoxic Effects on Human Prostate Cancer Cells. Int. J. Mol. Sci. 2018, 19, 1505. [CrossRef] [PubMed]

36. Potter, G.D.; Skene, D.J.; Arendt, J.; Cade, J.E.; Grant, P.J.; Hardie, L.J. Circadian Rhythm and Sleep Disruption: Causes, Metabolic
Consequences, and Countermeasures. Endocr. Rev. 2016, 37, 584–608. [CrossRef] [PubMed]

37. Rosenwasser, A.M.; Turek, F.W. Neurobiology of Circadian Rhythm Regulation. Sleep Med. Clin. 2015, 10, 403–412. [CrossRef]
38. Rivkees, S.A. The Development of Circadian Rhythms: From Animals To Humans. Sleep Med. Clin. 2007, 2, 331–341. [CrossRef]
39. Shi, S.Q.; Ansari, T.S.; McGuinness, O.P.; Wasserman, D.H.; Johnson, C.H. Circadian disruption leads to insulin resistance and

obesity. Curr. Biol. 2013, 23, 372–381. [CrossRef]
40. Astiz, M.; Heyde, I.; Oster, H. Mechanisms of Communication in the Mammalian Circadian Timing System. Int. J. Mol. Sci. 2019,

20, 343. [CrossRef]
41. Jagannath, A.; Taylor, L.; Wakaf, Z.; Vasudevan, S.R.; Foster, R.G. The genetics of circadian rhythms, sleep and health. Hum. Mol.

Genet. 2017, 26, R128–R138. [CrossRef]
42. Carmona-Alcocer, V.; Rohr, K.E.; Joye, D.A.M.; Evans, J.A. Circuit development in the master clock network of mammals. Eur. J.

Neurosci. 2020, 51, 82–108. [CrossRef] [PubMed]
43. Bellet, M.M.; Sassone-Corsi, P. Mammalian circadian clock and metabolism—The epigenetic link. J. Cell Sci. 2010, 123, 3837–3848.

[CrossRef] [PubMed]
44. Pacheco-Bernal, I.; Becerril-Pérez, F.; Aguilar-Arnal, L. Circadian rhythms in the three-dimensional genome: Implications of

chromatin interactions for cyclic transcription. Clin. Epigenetics 2019, 11, 79. [CrossRef]
45. Milev, N.B.; Reddy, A.B. Circadian redox oscillations and metabolism. Trends Endocrinol. Metab. 2015, 26, 430–437. [CrossRef] [PubMed]
46. Shostak, A. Circadian Clock, Cell Division, and Cancer: From Molecules to Organism. Int. J. Mol. Sci. 2017, 18, 873. [CrossRef]
47. Masri, S.; Sassone-Corsi, P. The emerging link between cancer, metabolism, and circadian rhythms. Nat. Med. 2018, 24, 1795–1803.

[CrossRef] [PubMed]
48. Albrecht, U. Timing to perfection: The biology of central and peripheral circadian clocks. Neuron 2012, 74, 246–260. [CrossRef]
49. Richards, J.; Gumz, M.L. Advances in understanding the peripheral circadian clocks. FASEB J. 2012, 26, 3602–3613. [CrossRef]
50. Mohawk, J.A.; Green, C.B.; Takahashi, J.S. Central and peripheral circadian clocks in mammals. Annu. Rev. Neurosci. 2012, 35,

445–462. [CrossRef]
51. Potter, G.D.; Cade, J.E.; Grant, P.J.; Hardie, L.J. Nutrition and the circadian system. Br. J. Nutr. 2016, 116, 434–442. [CrossRef]
52. Huang, W.; Ramsey, K.M.; Marcheva, B.; Bass, J. Circadian rhythms, sleep, and metabolism. J. Clin. Investig. 2011, 121, 2133–2141.

[CrossRef] [PubMed]
53. Oike, H.; Oishi, K.; Kobori, M. Nutrients, Clock Genes, and Chrononutrition. Curr. Nutr. Rep. 2014, 3, 204–212. [CrossRef]
54. Daiber, A.; Frenis, K.; Kuntic, M.; Li, H.; Wolf, E.; Kilgallen, A.B.; Lecour, S.; Van Laake, L.W.; Schulz, R.; Hahad, O.; et al. Redox

Regulatory Changes of Circadian Rhythm by the Environmental Risk Factors Traffic Noise and Air Pollution. Antioxid. Redox
Signal. 2022, 37, 679–703. [CrossRef] [PubMed]

55. Eze, I.C.; Imboden, M.; Foraster, M.; Schaffner, E.; Kumar, A.; Vienneau, D.; Héritier, H.; Rudzik, F.; Thiesse, L.; Pieren, R.; et al.
Exposure to Night-Time Traffic Noise, Melatonin-Regulating Gene Variants and Change in Glycemia in Adults. Int. J. Environ.
Res. Public Health 2017, 14, 1492. [CrossRef] [PubMed]

56. Comperatore, C.A.; Krueger, G.P. Circadian rhythm desynchronosis, jet lag, shift lag, and coping strategies. Occup. Med. 1990, 5, 323–341.
57. Gander, P.; Mulrine, H.M.; van den Berg, M.J.; Wu, L.; Smith, A.; Signal, L.; Mangie, J. Does the circadian clock drift when pilots

fly multiple transpacific flights with 1- to 2-day layovers? Chronobiol. Int. 2016, 33, 982–994. [CrossRef]
58. Arendt, J. Shift work: Coping with the biological clock. Occup. Med. 2010, 60, 10–20. [CrossRef]
59. Lunn, R.M.; Blask, D.E.; Coogan, A.N.; Figueiro, M.G.; Gorman, M.R.; Hall, J.E.; Hansen, J.; Nelson, R.J.; Panda, S.;

Smolensky, M.H.; et al. Health consequences of electric lighting practices in the modern world: A report on the National
Toxicology Program’s workshop on shift work at night, artificial light at night, and circadian disruption. Sci. Total Environ. 2017,
607–608, 1073–1084. [CrossRef]

60. Sigurdardottir, L.G.; Valdimarsdottir, U.A.; Fall, K.; Rider, J.R.; Lockley, S.W.; Schernhammer, E.; Mucci, L.A. Circadian disruption,
sleep loss, and prostate cancer risk: A systematic review of epidemiologic studies. Cancer Epidemiol. Biomark. Prev. 2012, 21,
1002–1011. [CrossRef]

61. Halperin, D. Environmental noise and sleep disturbances: A threat to health? Sleep Sci. 2014, 7, 209–212. [CrossRef]

http://doi.org/10.3389/fcell.2021.656981
http://doi.org/10.1016/j.cell.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24315100
http://doi.org/10.1038/s41598-018-33150-2
http://www.ncbi.nlm.nih.gov/pubmed/30305646
http://doi.org/10.1016/j.amjsurg.2004.07.031
http://www.ncbi.nlm.nih.gov/pubmed/15546570
http://doi.org/10.3390/ijms19051505
http://www.ncbi.nlm.nih.gov/pubmed/29783631
http://doi.org/10.1210/er.2016-1083
http://www.ncbi.nlm.nih.gov/pubmed/27763782
http://doi.org/10.1016/j.jsmc.2015.08.003
http://doi.org/10.1016/j.jsmc.2007.05.010
http://doi.org/10.1016/j.cub.2013.01.048
http://doi.org/10.3390/ijms20020343
http://doi.org/10.1093/hmg/ddx240
http://doi.org/10.1111/ejn.14259
http://www.ncbi.nlm.nih.gov/pubmed/30402923
http://doi.org/10.1242/jcs.051649
http://www.ncbi.nlm.nih.gov/pubmed/21048160
http://doi.org/10.1186/s13148-019-0677-2
http://doi.org/10.1016/j.tem.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26113283
http://doi.org/10.3390/ijms18040873
http://doi.org/10.1038/s41591-018-0271-8
http://www.ncbi.nlm.nih.gov/pubmed/30523327
http://doi.org/10.1016/j.neuron.2012.04.006
http://doi.org/10.1096/fj.12-203554
http://doi.org/10.1146/annurev-neuro-060909-153128
http://doi.org/10.1017/S0007114516002117
http://doi.org/10.1172/JCI46043
http://www.ncbi.nlm.nih.gov/pubmed/21633182
http://doi.org/10.1007/s13668-014-0082-6
http://doi.org/10.1089/ars.2021.0272
http://www.ncbi.nlm.nih.gov/pubmed/35088601
http://doi.org/10.3390/ijerph14121492
http://www.ncbi.nlm.nih.gov/pubmed/29194408
http://doi.org/10.1080/07420528.2016.1189430
http://doi.org/10.1093/occmed/kqp162
http://doi.org/10.1016/j.scitotenv.2017.07.056
http://doi.org/10.1158/1055-9965.EPI-12-0116
http://doi.org/10.1016/j.slsci.2014.11.003


Cancers 2022, 14, 5116 16 of 19

62. Muzet, A. Environmental noise, sleep and health. Sleep Med. Rev. 2007, 11, 135–142. [CrossRef] [PubMed]
63. Patrick, D.M.; Harrison, D.G. Nocturnal noise knocks NOS by Nox: Mechanisms underlying cardiovascular dysfunction in

response to noise pollution. Eur. Heart J. 2018, 39, 3540–3542. [CrossRef] [PubMed]
64. Raslau, D.; Abu Dabrh, A.M.; Summerfield, D.T.; Wang, Z.; Steinkraus, L.W.; Murad, M.H. Prostate Cancer in Pilots. Aerosp. Med.

Hum. Perform. 2016, 87, 565–570. [CrossRef]
65. Krstev, S.; Baris, D.; Stewart, P.A.; Hayes, R.B.; Blair, A.; Dosemeci, M. Risk for prostate cancer by occupation and industry: A

24-state death certificate study. Am. J. Ind. Med. 1998, 34, 413–420. [CrossRef]
66. Reynolds, R.; Little, M.P.; Day, S.; Charvat, J.; Blattnig, S.; Huff, J.; Patel, Z.S. Cancer incidence and mortality in the USA Astronaut

Corps, 1959-2017. Occup. Environ. Med. 2021, 78, 869–875. [CrossRef] [PubMed]
67. Buja, A.; Lange, J.H.; Perissinotto, E.; Rausa, G.; Grigoletto, F.; Canova, C.; Mastrangelo, G. Cancer incidence among male military

and civil pilots and flight attendants: An analysis on published data. Toxicol. Ind. Health 2005, 21, 273–282. [CrossRef]
68. Webber, B.J.; Tacke, C.D.; Wolff, G.G.; Rutherford, A.E.; Erwin, W.J.; Escobar, J.D.; Simon, A.A.; Reed, B.H.; Whitaker, J.G.;

Gambino-Shirley, K.J.; et al. Cancer Incidence and Mortality Among Fighter Aviators in the United States Air Force. J. Occup.
Environ. Med. 2021, 64, 71. [CrossRef]

69. Erren, T.C.; Falaturi, P.; Morfeld, P.; Knauth, P.; Reiter, R.J.; Piekarski, C. Shift work and cancer: The evidence and the challenge.
Dtsch. Arztebl. Int. 2010, 107, 657–662. [CrossRef]
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co-exposures in industrial plants in Łódź, Poland. Int. J. Occup. Med. Environ. Health 2013, 26, 522–534. [CrossRef]

71. Schernhammer, E.S.; Laden, F.; Speizer, F.E.; 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]

72. Conlon, M.; Lightfoot, N.; Kreiger, N. Rotating shift work and risk of prostate cancer. Epidemiology 2007, 18, 182–183.
[CrossRef] [PubMed]

73. Kubo, T.; Oyama, I.; Nakamura, T.; Kunimoto, M.; Kadowaki, K.; Otomo, H.; Fujino, Y.; Fujimoto, N.; Matsumoto, T.; Matsuda, S.
Industry-based retrospective cohort study of the risk of prostate cancer among rotating-shift workers. Int. J. Urol. 2011, 18,
206–211. [CrossRef] [PubMed]

74. Parent, M.; El-Zein, M.; Rousseau, M.C.; Pintos, J.; Siemiatycki, J. Night work and the risk of cancer among men. Am. J. Epidemiol.
2012, 176, 751–759. [CrossRef] [PubMed]

75. Papantoniou, K.; Castaño-Vinyals, G.; Espinosa, A.; Aragonés, N.; Pérez-Gómez, B.; Burgos, J.; Gómez-Acebo, I.; Llorca, J.;
Peiró, R.; Jimenez-Moleón, J.J.; et al. Night shift work, chronotype and prostate cancer risk in the MCC-Spain case-control study.
Int. J. Cancer 2015, 137, 1147–1157. [CrossRef]

76. Mancio, J.; Leal, C.; Ferreira, M.; Norton, P.; Lunet, N. Does the association of prostate cancer with night-shift work differ according to
rotating vs. fixed schedule? A systematic review and meta-analysis. Prostate Cancer Prostatic Dis. 2018, 21, 337–344. [CrossRef]

77. Davis, S.; Mirick, D.K. Circadian disruption, shift work and the risk of cancer: A summary of the evidence and studies in Seattle.
Cancer Causes Control 2006, 17, 539–545. [CrossRef] [PubMed]

78. Yong, M.; Blettner, M.; Emrich, K.; Nasterlack, M.; Oberlinner, C.; Hammer, G.P. A retrospective cohort study of shift work and
risk of incident cancer among German male chemical workers. Scand. J. Work Environ. Health 2014, 40, 502–510. [CrossRef]

79. Barul, C.; Richard, H.; Parent, M.E. Night-Shift Work and Risk of Prostate Cancer: Results From a Canadian Case-Control Study,
the Prostate Cancer and Environment Study. Am. J. Epidemiol. 2019, 188, 1801–1811. [CrossRef]

80. Rybnikova, N.A.; Haim, A.; Portnov, B.A. Is prostate cancer incidence worldwide linked to artificial light at night exposures?
Review of earlier findings and analysis of current trends. Arch. Environ. Occup. Health 2017, 72, 111–122. [CrossRef]

81. Kim, K.Y.; Lee, E.; Kim, Y.J.; Kim, J. The association between artificial light at night and prostate cancer in Gwangju City and
South Jeolla Province of South Korea. Chronobiol. Int. 2017, 34, 203–211. [CrossRef]

82. Stevens, R.G. Light-at-night, circadian disruption and breast cancer: Assessment of existing evidence. Int. J. Epidemiol. 2009, 38,
963–970. [CrossRef] [PubMed]

83. Bauer, S.E.; Wagner, S.E.; Burch, J.; Bayakly, R.; Vena, J.E. A case-referent study: Light at night and breast cancer risk in Georgia.
Int. J. Health Geogr. 2013, 12, 23. [CrossRef] [PubMed]

84. Hurley, S.; Goldberg, D.; Nelson, D.; Hertz, A.; Horn-Ross, P.L.; Bernstein, L.; Reynolds, P. Light at night and breast cancer risk
among California teachers. Epidemiology 2014, 25, 697–706. [CrossRef] [PubMed]

85. Haim, A.; Portnov, B.A. Light-at-Night (LAN) as a General Stressor. In Light Pollution as a New Risk Factor for Human Breast and
Prostate Cancers, Haim, A., Portnov, B.A., Eds.; Springer: Dordrecht, The Netherlands, 2013; pp. 67–70.

86. Kloog, I.; Haim, A.; Stevens, R.G.; Portnov, B.A. Global co-distribution of light at night (LAN) and cancers of prostate, colon, and
lung in men. Chronobiol. Int. 2009, 26, 108–125. [CrossRef] [PubMed]

87. Al-Naggar, R.A.; Anil, S. Artificial Light at Night and Cancer: Global Study. Asian Pac. J. Cancer Prev. 2016, 17, 4661–4664. [CrossRef]
88. Samanta, S. The Potential Oncostatic Effects of Melatonin against Prostate Cancer. Crit. Rev. Oncog. 2021, 26, 53–67. [CrossRef]
89. Schernhammer, E.S.; Schulmeister, K. Melatonin and cancer risk: Does light at night compromise physiologic cancer protection by

lowering serum melatonin levels? Br. J. Cancer 2004, 90, 941–943. [CrossRef]
90. Zorn, J.V.; Schür, R.R.; Boks, M.P.; Kahn, R.S.; Joëls, M.; Vinkers, C.H. Cortisol stress reactivity across psychiatric disorders: A

systematic review and meta-analysis. Psychoneuroendocrinology 2017, 77, 25–36. [CrossRef]

http://doi.org/10.1016/j.smrv.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17317241
http://doi.org/10.1093/eurheartj/ehy431
http://www.ncbi.nlm.nih.gov/pubmed/30295761
http://doi.org/10.3357/AMHP.4453.2016
http://doi.org/10.1002/(SICI)1097-0274(199811)34:5&lt;413::AID-AJIM1&gt;3.0.CO;2-R
http://doi.org/10.1136/oemed-2020-107143
http://www.ncbi.nlm.nih.gov/pubmed/34039755
http://doi.org/10.1191/0748233705th238oa
http://doi.org/10.1097/JOM.0000000000002353
http://doi.org/10.3238/arztebl.2010.0657
http://doi.org/10.2478/s13382-013-0126-y
http://doi.org/10.1093/jnci/93.20.1563
http://doi.org/10.1097/01.ede.0000249519.33978.31
http://www.ncbi.nlm.nih.gov/pubmed/17179764
http://doi.org/10.1111/j.1442-2042.2010.02714.x
http://www.ncbi.nlm.nih.gov/pubmed/21332815
http://doi.org/10.1093/aje/kws318
http://www.ncbi.nlm.nih.gov/pubmed/23035019
http://doi.org/10.1002/ijc.29400
http://doi.org/10.1038/s41391-018-0040-2
http://doi.org/10.1007/s10552-005-9010-9
http://www.ncbi.nlm.nih.gov/pubmed/16596308
http://doi.org/10.5271/sjweh.3438
http://doi.org/10.1093/aje/kwz167
http://doi.org/10.1080/19338244.2016.1169980
http://doi.org/10.1080/07420528.2016.1259241
http://doi.org/10.1093/ije/dyp178
http://www.ncbi.nlm.nih.gov/pubmed/19380369
http://doi.org/10.1186/1476-072X-12-23
http://www.ncbi.nlm.nih.gov/pubmed/23594790
http://doi.org/10.1097/EDE.0000000000000137
http://www.ncbi.nlm.nih.gov/pubmed/25061924
http://doi.org/10.1080/07420520802694020
http://www.ncbi.nlm.nih.gov/pubmed/19142761
http://doi.org/10.22034/apjcp.2016.17.10.4661
http://doi.org/10.1615/CritRevOncog.2021041260
http://doi.org/10.1038/sj.bjc.6601626
http://doi.org/10.1016/j.psyneuen.2016.11.036


Cancers 2022, 14, 5116 17 of 19

91. Ullrich, P.M.; Carson, M.R.; Lutgendorf, S.K.; Williams, R.D. Cancer fear and mood disturbance after radical prostatectomy:
Consequences of biochemical evidence of recurrence. J. Urol. 2003, 169, 1449–1452. [CrossRef]

92. Kotwal, A.A.; Schumm, P.; Mohile, S.G.; Dale, W. The influence of stress, depression, and anxiety on PSA screening rates in a
nationally representative sample. Med. Care 2012, 50, 1037–1044. [CrossRef]

93. Fabre, B.; Grosman, H.; Gonzalez, D.; Machulsky, N.F.; Repetto, E.M.; Mesch, V.; Lopez, M.A.; Mazza, O.; Berg, G. Prostate Cancer,
High Cortisol Levels and Complex Hormonal Interaction. Asian Pac. J. Cancer Prev. 2016, 17, 3167–3171. [PubMed]

94. Gidron, Y.; Fabre, B.; Grosman, H.; Nolazco, C.; Mesch, V.; Mazza, O.; Berg, G. Life events, cortisol and levels of prostate specific
antigen: A story of synergism. Psychoneuroendocrinology 2011, 36, 874–880. [CrossRef] [PubMed]

95. Clouston, S.A.P.; Kuan, P.; Kotov, R.; Mukherjee, S.; Thompson-Carino, P.; Bromet, E.J.; Luft, B.J. Risk factors for incident prostate
cancer in a cohort of world trade center responders. BMC Psychiatry 2019, 19, 389. [CrossRef] [PubMed]

96. Jan, M.; Bonn, S.E.; Sjölander, A.; Wiklund, F.; Stattin, P.; Holmberg, E.; Grönberg, H.; Bälter, K. The roles of stress and social
support in prostate cancer mortality. Scand. J. Urol. 2016, 50, 47–55. [CrossRef] [PubMed]

97. Coker, A.L.; Sanderson, M.; Ellison, G.L.; Fadden, M.K. Stress, coping, social support, and prostate cancer risk among older
African American and Caucasian men. Ethn. Dis. 2006, 16, 978–987.

98. Isikbay, M.; Otto, K.; Kregel, S.; Kach, J.; Cai, Y.; Vander Griend, D.J.; Conzen, S.D.; Szmulewitz, R.Z. Glucocorticoid receptor
activity contributes to resistance to androgen-targeted therapy in prostate cancer. Horm. Cancer 2014, 5, 72–89. [CrossRef]

99. Møller, H.; Roswall, N.; Van Hemelrijck, M.; Larsen, S.B.; Cuzick, J.; Holmberg, L.; Overvad, K.; Tjønneland, A. Prostate cancer
incidence, clinical stage and survival in relation to obesity: A prospective cohort study in Denmark. Int. J. Cancer 2015, 136,
1940–1947. [CrossRef]

100. Fowke, J.H.; Motley, S.S.; Concepcion, R.S.; Penson, D.F.; Barocas, D.A. Obesity, body composition, and prostate cancer. BMC
Cancer 2012, 12, 23. [CrossRef]

101. Pischon, T.; Boeing, H.; Weikert, S.; Allen, N.; Key, T.; Johnsen, N.F.; Tjønneland, A.; Severinsen, M.T.; Overvad, K.;
Rohrmann, S.; et al. Body size and risk of prostate cancer in the European prospective investigation into cancer and nutrition.
Cancer Epidemiol. Biomark. Prev. 2008, 17, 3252–3261. [CrossRef]

102. Engeland, A.; Tretli, S.; Bjørge, T. Height, body mass index, and prostate cancer: A follow-up of 950,000 Norwegian men. Br. J.
Cancer 2003, 89, 1237–1242. [CrossRef]

103. Barrington, W.E.; Schenk, J.M.; Etzioni, R.; Arnold, K.B.; Neuhouser, M.L.; Thompson, I.M., Jr.; Lucia, M.S.; Kristal, A.R. Difference
in Association of Obesity With Prostate Cancer Risk Between US African American and Non-Hispanic White Men in the Selenium
and Vitamin E Cancer Prevention Trial (SELECT). JAMA Oncol. 2015, 1, 342–349. [CrossRef] [PubMed]

104. Freedland, S.J.; Giovannucci, E.; Platz, E.A. Are findings from studies of obesity and prostate cancer really in conflict? Cancer
Causes Control 2006, 17, 5–9. [CrossRef] [PubMed]

105. Keto, C.J.; Aronson, W.J.; Terris, M.K.; Presti, J.C.; Kane, C.J.; Amling, C.L.; Freedland, S.J. Obesity is associated with castration-
resistant disease and metastasis in men treated with androgen deprivation therapy after radical prostatectomy: Results from the
SEARCH database. BJU Int. 2012, 110, 492–498. [CrossRef] [PubMed]

106. Jackson, C.L.; Walker, J.R.; Brown, M.K.; Das, R.; Jones, N.L. A workshop report on the causes and consequences of sleep health
disparities. Sleep 2020, 43, zsaa037. [CrossRef]

107. Kingsbury, J.H.; Buxton, O.M.; Emmons, K.M. Sleep and its Relationship to Racial and Ethnic Disparities in Cardiovascular
Disease. Curr. Cardiovasc. Risk Rep. 2013, 7, 387–394. [CrossRef] [PubMed]

108. Lunsford-Avery, J.R.; Engelhard, M.M.; Navar, A.M.; Kollins, S.H. Validation of the Sleep Regularity Index in Older Adults and
Associations with Cardiometabolic Risk. Sci. Rep. 2018, 8, 14158. [CrossRef]

109. Huang, S.J.; Sehgal, N.J. Association of historic redlining and present-day health in Baltimore. PLoS ONE 2022, 17, e0261028. [CrossRef]
110. Johnson, D.A.; Lisabeth, L.; Hickson, D.; Johnson-Lawrence, V.; Samdarshi, T.; Taylor, H.; Diez Roux, A.V. The Social Patterning of

Sleep in African Americans: Associations of Socioeconomic Position and Neighborhood Characteristics with Sleep in the Jackson
Heart Study. Sleep 2016, 39, 1749–1759. [CrossRef]

111. Stamatakis, K.A.; Kaplan, G.A.; Roberts, R.E. Short sleep duration across income, education, and race/ethnic groups: Population
prevalence and growing disparities during 34 years of follow-up. Ann. Epidemiol. 2007, 17, 948–955. [CrossRef]

112. Ertel, K.A.; Berkman, L.F.; Buxton, O.M. Socioeconomic status, occupational characteristics, and sleep duration in
African/Caribbean immigrants and US White health care workers. Sleep 2011, 34, 509–518. [CrossRef]

113. Ghosh-Dastidar, B.; Cohen, D.; Hunter, G.; Zenk, S.N.; Huang, C.; Beckman, R.; Dubowitz, T. Distance to store, food prices, and
obesity in urban food deserts. Am. J. Prev. Med. 2014, 47, 587–595. [CrossRef]

114. Chen, D.; Jaenicke, E.C.; Volpe, R.J. Food Environments and Obesity: Household Diet Expenditure Versus Food Deserts. Am. J.
Public Health 2016, 106, 881–888. [CrossRef]

115. Slopen, N.; Lewis, T.T.; Williams, D.R. Discrimination and sleep: A systematic review. Sleep Med. 2016, 18, 88–95. [CrossRef]
116. Hale, L.; Do, D.P. Racial Differences in Self-Reports of Sleep Duration in a Population-Based Study. Sleep 2007, 30, 1096–1103. [CrossRef]
117. Egan, K.J.; Knutson, K.L.; Pereira, A.C.; von Schantz, M. The role of race and ethnicity in sleep, circadian rhythms and

cardiovascular health. Sleep Med. Rev. 2017, 33, 70–78. [CrossRef]
118. Eastman, C.I.; Tomaka, V.A.; Crowley, S.J. Circadian rhythms of European and African-Americans after a large delay of sleep as

in jet lag and night work. Sci. Rep. 2016, 6, 36716. [CrossRef]
119. Jackson, C.L. Determinants of racial/ethnic disparities in disordered sleep and obesity. Sleep Health 2017, 3, 401–415. [CrossRef]

http://doi.org/10.1097/01.ju.0000053243.87457.60
http://doi.org/10.1097/MLR.0b013e318269e096
http://www.ncbi.nlm.nih.gov/pubmed/27509946
http://doi.org/10.1016/j.psyneuen.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21194845
http://doi.org/10.1186/s12888-019-2383-1
http://www.ncbi.nlm.nih.gov/pubmed/31822278
http://doi.org/10.3109/21681805.2015.1079796
http://www.ncbi.nlm.nih.gov/pubmed/26343525
http://doi.org/10.1007/s12672-014-0173-2
http://doi.org/10.1002/ijc.29238
http://doi.org/10.1186/1471-2407-12-23
http://doi.org/10.1158/1055-9965.EPI-08-0609
http://doi.org/10.1038/sj.bjc.6601206
http://doi.org/10.1001/jamaoncol.2015.0513
http://www.ncbi.nlm.nih.gov/pubmed/26181184
http://doi.org/10.1007/s10552-005-0378-3
http://www.ncbi.nlm.nih.gov/pubmed/16411047
http://doi.org/10.1111/j.1464-410X.2011.10754.x
http://www.ncbi.nlm.nih.gov/pubmed/22094083
http://doi.org/10.1093/sleep/zsaa037
http://doi.org/10.1007/s12170-013-0330-0
http://www.ncbi.nlm.nih.gov/pubmed/24244756
http://doi.org/10.1038/s41598-018-32402-5
http://doi.org/10.1371/journal.pone.0261028
http://doi.org/10.5665/sleep.6106
http://doi.org/10.1016/j.annepidem.2007.07.096
http://doi.org/10.1093/sleep/34.4.509
http://doi.org/10.1016/j.amepre.2014.07.005
http://doi.org/10.2105/AJPH.2016.303048
http://doi.org/10.1016/j.sleep.2015.01.012
http://doi.org/10.1093/sleep/30.9.1096
http://doi.org/10.1016/j.smrv.2016.05.004
http://doi.org/10.1038/srep36716
http://doi.org/10.1016/j.sleh.2017.08.001


Cancers 2022, 14, 5116 18 of 19

120. Grandner, M.A.; Petrov, M.E.; Rattanaumpawan, P.; Jackson, N.; Platt, A.; Patel, N.P. Sleep symptoms, race/ethnicity, and
socioeconomic position. J. Clin. Sleep Med. 2013, 9, 897–905; 905a–905d. [CrossRef]

121. Friedman, M.; Bliznikas, D.; Klein, M.; Duggal, P.; Somenek, M.; Joseph, N.J. Comparison of the incidences of obstructive
sleep apnea-hypopnea syndrome in African-Americans versus Caucasian-Americans. Otolaryngol. Head Neck Surg. 2006,
134, 545–550. [CrossRef]

122. Kimoff, R.J. Sleep Fragmentation in Obstructive Sleep Apnea. Sleep 1996, 19, S61–S66. [CrossRef]
123. Zanobetti, A.; Redline, S.; Schwartz, J.; Rosen, D.; Patel, S.; O’Connor, G.T.; Lebowitz, M.; Coull, B.A.; Gold, D.R. Associations of

PM10 with sleep and sleep-disordered breathing in adults from seven U.S. urban areas. Am. J. Respir. Crit. Care Med. 2010, 182,
819–825. [CrossRef]

124. Kiss, Z.; Ghosh, P.M. Women in cancer thematic review: Circadian rhythmicity and the influence of ‘clock’ genes on prostate
cancer. Endocr. Relat. Cancer 2016, 23, T123–T134. [CrossRef] [PubMed]

125. Jung-Hynes, B.; Huang, W.; Reiter, R.J.; Ahmad, N. Melatonin resynchronizes dysregulated circadian rhythm circuitry in human
prostate cancer cells. J. Pineal Res. 2010, 49, 60–68. [CrossRef] [PubMed]

126. Cao, Q.; Gery, S.; Dashti, A.; Yin, D.; Zhou, Y.; Gu, J.; Koeffler, H.P. A role for the clock gene per1 in prostate cancer. Cancer Res.
2009, 69, 7619–7625. [CrossRef]

127. Woods-Burnham, L.; Stiel, L.; Martinez, S.R.; Sanchez-Hernandez, E.S.; Ruckle, H.C.; Almaguel, F.G.; Stern, M.C.; Roberts, L.R.;
Williams, D.R.; Montgomery, S. Psychosocial stress, glucocorticoid signaling, and prostate cancer health disparities in African
American men. Cancer Health Disparities 2020, 4.

128. Kroon, J.; Puhr, M.; Buijs, J.T.; van der Horst, G.; Hemmer, D.M.; A Marijt, K.; Hwang, M.S.; Masood, M.; Grimm, S.; Storm, G.; et al.
Glucocorticoid receptor antagonism reverts docetaxel resistance in human prostate cancer. Endocrine-Related Cancer 2015, 23,
35–45. [CrossRef]

129. Kumar, R. Emerging role of glucocorticoid receptor in castration resistant prostate cancer: A potential therapeutic target. J. Cancer
2020, 11, 696–701. [CrossRef]

130. Sherk, A.B.; Frigo, D.E.; Schnackenberg, C.G.; Bray, J.D.; Laping, N.J.; Trizna, W.; Hammond, M.; Patterson, J.R.; Thompson, S.K.;
Kazmin, D.; et al. Development of a small-molecule serum- and glucocorticoid-regulated kinase-1 antagonist and its evaluation
as a prostate cancer therapeutic. Cancer Res. 2008, 68, 7475–7483. [CrossRef]

131. Kach, J.; Long, T.M.; Selman, P.; Tonsing-Carter, E.Y.; Bacalao, M.A.; Lastra, R.R.; de Wet, L.; Comiskey, S.; Gillard, M.;
VanOpstall, C.; et al. Selective Glucocorticoid Receptor Modulators (SGRMs) Delay Castrate-Resistant Prostate Cancer Growth.
Mol. Cancer Ther. 2017, 16, 1680–1692. [CrossRef]

132. Puhr, M.; Hoefer, J.; Eigentler, A.; Ploner, C.; Handle, F.; Schaefer, G.; Kroon, J.; Leo, A.; Heidegger, I.; Eder, I.E.; et al. The
Glucocorticoid Receptor Is a Key Player for Prostate Cancer Cell Survival and a Target for Improved Antiandrogen Therapy. Clin.
Cancer Res. 2018, 24, 927–938. [CrossRef]

133. Haus, E.; Dumitriu, L.; Nicolau, G.Y.; Bologa, S.; Sackett-Lundeen, L. Circadian rhythms of basic fibroblast growth factor (bFGF),
epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1), insulin-like growth factor binding protein-3 (IGFBP-3),
cortisol, and melatonin in women with breast cancer. Chronobiol. Int. 2001, 18, 709–727. [CrossRef] [PubMed]

134. Sigurdardottir, L.G.; Markt, S.C.; Rider, J.; Haneuse, S.; Fall, K.; Schernhammer, E.; Tamimi, R.M.; Flynn-Evans, E.; Batista, J.L.;
Launer, L.; et al. Urinary Melatonin Levels, Sleep Disruption, and Risk of Prostate Cancer in Elderly Men. Eur. Urol. 2015, 67,
191–194. [CrossRef] [PubMed]

135. Tam, C.W.; Shiu, S.Y. Functional interplay between melatonin receptor-mediated antiproliferative signaling and androgen receptor
signaling in human prostate epithelial cells: Potential implications for therapeutic strategies against prostate cancer. J Pineal Res
2011, 51, 297–312. [CrossRef]

136. Tai, S.Y.; Huang, S.P.; Bao, B.Y.; Wu, M.T. Urinary melatonin-sulfate/cortisol ratio and the presence of prostate cancer: A
case-control study. Sci. Rep. 2016, 6, 29606. [CrossRef] [PubMed]

137. Hevia, D.; Gonzalez-Menendez, P.; Fernandez-Fernandez, M.; Cueto, S.; Rodriguez-Gonzalez, P.; Garcia-Alonso, J.I.; Mayo, J.C.;
Sainz, R.M. Melatonin Decreases Glucose Metabolism in Prostate Cancer Cells: A (13)C Stable Isotope-Resolved Metabolomic
Study. Int. J. Mol. Sci. 2017, 18, 1620. [CrossRef] [PubMed]

138. Fu, L.; Lee, C.C. The circadian clock: Pacemaker and tumour suppressor. Nat. Rev. Cancer 2003, 3, 350–361. [CrossRef]
139. Zhou, L.; Luo, Z.; Li, Z.; Huang, Q. Circadian clock is associated with tumor microenvironment in kidney renal clear cell

carcinoma. Aging 2020, 12, 14620–14632. [CrossRef]
140. Chu, L.W.; Zhu, Y.; Yu, K.; Zheng, T.; Yu, H.; Zhang, Y.; Sesterhenn, I.; Chokkalingam, A.P.; Danforth, K.N.; Shen, M.C.; et al.

Variants in circadian genes and prostate cancer risk: A population-based study in China. Prostate Cancer Prostatic Dis. 2008, 11,
342–348. [CrossRef]

141. Fang, M.Z.; Ohman-Strickland, P.; Kelly-McNeil, K.; Kipen, H.; Crabtree, B.F.; Lew, J.P.; Zarbl, H. Sleep interruption associated
with house staff work schedules alters circadian gene expression. Sleep Med. 2015, 16, 1388–1394. [CrossRef]

142. Fonken, L.K.; Nelson, R.J. The effects of light at night on circadian clocks and metabolism. Endocr. Rev. 2014, 35, 648–670. [CrossRef]
143. Cho, Y.; Ryu, S.H.; Lee, B.R.; Kim, K.H.; Lee, E.; Choi, J. Effects of artificial light at night on human health: A literature review of

observational and experimental studies applied to exposure assessment. Chronobiol. Int. 2015, 32, 1294–1310. [CrossRef] [PubMed]
144. Yu, C.C.; Chen, L.C.; Chiou, C.Y.; Chang, Y.J.; Lin, V.C.; Huang, C.Y.; Lin, I.L.; Chang, T.Y.; Lu, T.L.; Lee, C.H.; et al. Genetic variants in

the circadian rhythm pathway as indicators of prostate cancer progression. Cancer Cell Int. 2019, 19, 87. [CrossRef] [PubMed]

http://doi.org/10.5664/jcsm.2990
http://doi.org/10.1016/j.otohns.2005.12.011
http://doi.org/10.1093/sleep/19.suppl_9.S61
http://doi.org/10.1164/rccm.200912-1797OC
http://doi.org/10.1530/ERC-16-0366
http://www.ncbi.nlm.nih.gov/pubmed/27660402
http://doi.org/10.1111/j.1600-079X.2010.00767.x
http://www.ncbi.nlm.nih.gov/pubmed/20524973
http://doi.org/10.1158/0008-5472.CAN-08-4199
http://doi.org/10.1530/ERC-15-0343
http://doi.org/10.7150/jca.32497
http://doi.org/10.1158/0008-5472.CAN-08-1047
http://doi.org/10.1158/1535-7163.MCT-16-0923
http://doi.org/10.1158/1078-0432.CCR-17-0989
http://doi.org/10.1081/CBI-100106083
http://www.ncbi.nlm.nih.gov/pubmed/11587092
http://doi.org/10.1016/j.eururo.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25107635
http://doi.org/10.1111/j.1600-079X.2011.00890.x
http://doi.org/10.1038/srep29606
http://www.ncbi.nlm.nih.gov/pubmed/27387675
http://doi.org/10.3390/ijms18081620
http://www.ncbi.nlm.nih.gov/pubmed/28933733
http://doi.org/10.1038/nrc1072
http://doi.org/10.18632/aging.103509
http://doi.org/10.1038/sj.pcan.4501024
http://doi.org/10.1016/j.sleep.2015.06.011
http://doi.org/10.1210/er.2013-1051
http://doi.org/10.3109/07420528.2015.1073158
http://www.ncbi.nlm.nih.gov/pubmed/26375320
http://doi.org/10.1186/s12935-019-0811-4
http://www.ncbi.nlm.nih.gov/pubmed/30996687


Cancers 2022, 14, 5116 19 of 19

145. Chu, L.W.; Till, C.; Yang, B.; Tangen, C.M.; Goodman, P.J.; Yu, K.; Zhu, Y.; Han, S.; Hoque, A.M.; Ambrosone, C.; et al. Circadian
genes and risk of prostate cancer in the prostate cancer prevention trial. Mol. Carcinog. 2018, 57, 462–466. [CrossRef] [PubMed]

146. Markt, S.C.; Valdimarsdottir, U.A.; Shui, I.M.; Sigurdardottir, L.G.; Rider, J.R.; Tamimi, R.M.; Batista, J.L.; Haneuse, S.;
Flynn-Evans, E.; Lockley, S.W.; et al. Circadian clock genes and risk of fatal prostate cancer. Cancer Causes Control 2015,
26, 25–33. [CrossRef] [PubMed]

147. Linder, S.; Hoogstraat, M.; Stelloo, S.; Eickhoff, N.; Schuurman, K.; de Barros, H.; Alkemade, M.; Bekers, E.M.; Severson, T.M.;
Sanders, J.; et al. Drug-induced epigenomic plasticity reprograms circadian rhythm regulation to drive prostate cancer towards
androgen-independence. Cancer Discov. 2022, 19, 2074–2097. [CrossRef]

148. Balsalobre, A.; Brown, S.A.; Marcacci, L.; Tronche, F.; Kellendonk, C.; Reichardt, H.M.; Schütz, G.; Schibler, U. Resetting of
circadian time in peripheral tissues by glucocorticoid signaling. Science 2000, 289, 2344–2347. [CrossRef]

149. Chrousos, G.P. The role of stress and the hypothalamic-pituitary-adrenal axis in the pathogenesis of the metabolic syndrome:
Neuro-endocrine and target tissue-related causes. Int. J. Obes. Relat. Metab. Disord. 2000, 24 (Suppl. 2), S50–55. [CrossRef]

150. Nader, N.; Chrousos, G.P.; Kino, T. Interactions of the circadian CLOCK system and the HPA axis. Trends Endocrinol. Metab. 2010,
21, 277–286. [CrossRef]

151. Sookoian, S.; Gemma, C.; Fernández Gianotti, T.; Burgueño, A.; Alvarez, A.; González, C.D.; Pirola, C.J. Effects of rotating shift
work on biomarkers of metabolic syndrome and inflammation. J. Intern. Med. 2007, 261, 285–292. [CrossRef]

152. Chrousos, G.P. Stress and disorders of the stress system. Nat. Rev. Endocrinol. 2009, 5, 374–381. [CrossRef]
153. Cuevas, A.G.; Trudel-Fitzgerald, C.; Cofie, L.; Zaitsu, M.; Allen, J.; Williams, D.R. Placing prostate cancer disparities within a psychosocial

context: Challenges and opportunities for future research. Cancer Causes Control 2019, 30, 443–456. [CrossRef] [PubMed]
154. Wu, I.H.C.; Strong, L.L.; Nguyen, N.T.; Cho, D.; John, J.; McNeill, L.H. Psychosocial Stressors, Depression, and Physical Activity

among African Americans. Am. J. Health Behav. 2019, 43, 717–728. [CrossRef] [PubMed]
155. Johnson, D.A.; Lewis, T.T.; Guo, N.; Jackson, C.L.; Sims, M.; Wilson, J.G.; Diez Roux, A.V.; Williams, D.R.; Redline, S. Associations

between everyday discrimination and sleep quality and duration among African-Americans over time in the Jackson Heart Study.
Sleep 2021, 44, zsab162. [CrossRef]

156. Williams, D.R. Race, socioeconomic status, and health. The added effects of racism and discrimination. Ann. N. Y. Acad. Sci. 1999,
896, 173–188. [CrossRef]

157. Berger, M.; Sarnyai, Z. “More than skin deep”: Stress neurobiology and mental health consequences of racial discrimination.
Stress 2015, 18, 1–10. [CrossRef] [PubMed]

158. Puhr, M.; Eigentler, A.; Handle, F.; Hackl, H.; Ploner, C.; Heidegger, I.; Schaefer, G.; Brandt, M.P.; Hoefer, J.; Van der Pluijm, G.; et al.
Targeting the glucocorticoid receptor signature gene Mono Amine Oxidase-A enhances the efficacy of chemo- and anti-androgen
therapy in advanced prostate cancer. Oncogene 2021, 40, 3087–3100. [CrossRef] [PubMed]

159. Hu, J.; Chen, Q. The role of glucocorticoid receptor in prostate cancer progression: From bench to bedside. Int. Urol. Nephrol.
2017, 49, 369–380. [CrossRef]

160. Narayanan, S.; Srinivas, S.; Feldman, D. Androgen–glucocorticoid interactions in the era of novel prostate cancer therapy. Nat.
Rev. Urol. 2016, 13, 47–60. [CrossRef]

161. Buxton, O.M.; Cain, S.W.; O’Connor, S.P.; Porter, J.H.; Duffy, J.F.; Wang, W.; Czeisler, C.A.; Shea, S.A. Adverse metabolic consequences in
humans of prolonged sleep restriction combined with circadian disruption. Sci. Transl. Med. 2012, 4, 129ra143. [CrossRef]

162. Kuhn, E.; Brodan, V.; Brodanová, M.; Rysánek, K. Metabolic reflection of sleep deprivation. Act. Nerv. Super 1969, 11, 165–174.
163. Laposky, A.D.; Bass, J.; Kohsaka, A.; Turek, F.W. Sleep and circadian rhythms: Key components in the regulation of energy

metabolism. FEBS Lett. 2008, 582, 142–151. [CrossRef]
164. Knutson, K.L.; Van Cauter, E. Associations between sleep loss and increased risk of obesity and diabetes. Ann. N. Y. Acad. Sci.

2008, 1129, 287–304. [CrossRef] [PubMed]
165. Spiegel, K.; Tasali, E.; Leproult, R.; Van Cauter, E. Effects of poor and short sleep on glucose metabolism and obesity risk. Nat. Rev.

Endocrinol. 2009, 5, 253–261. [CrossRef] [PubMed]
166. Rudic, R.D.; McNamara, P.; Curtis, A.M.; Boston, R.C.; Panda, S.; Hogenesch, J.B.; Fitzgerald, G.A. BMAL1 and CLOCK, two

essential components of the circadian clock, are involved in glucose homeostasis. PLoS Biol. 2004, 2, e377. [CrossRef]
167. Burton, A.J.; Tilling, K.M.; Holly, J.M.; Hamdy, F.C.; Rowlands, M.A.; Donovan, J.L.; Martin, R.M. Metabolic imbalance and

prostate cancer progression. Int. J. Mol. Epidemiol. Genet. 2010, 1, 248–271.
168. Shea, S.A.; Hilton, M.F.; Orlova, C.; Ayers, R.T.; Mantzoros, C.S. Independent circadian and sleep/wake regulation of adipokines

and glucose in humans. J. Clin. Endocrinol. Metab. 2005, 90, 2537–2544. [CrossRef]
169. Nguyen, J.; Wright, K.P., Jr. Influence of weeks of circadian misalignment on leptin levels. Nat. Sci. Sleep 2010, 2, 9–18. [CrossRef]
170. Dibner, C.; Gachon, F. Circadian Dysfunction and Obesity: Is Leptin the Missing Link? Cell Metab. 2015, 22, 359–360. [CrossRef]
171. Tähkämö, L.; Partonen, T.; Pesonen, A.-K. Systematic review of light exposure impact on human circadian rhythm. Chronobiol. Int.

2019, 36, 151–170. [CrossRef]
172. Mayo, J.C.; Hevia, D.; Quiros-Gonzalez, I.; Rodriguez-Garcia, A.; Gonzalez-Menendez, P.; Cepas, V.; Gonzalez-Pola, I.; Sainz,

R.M. IGFBP3 and MAPK/ERK signaling mediates melatonin-induced antitumor activity in prostate cancer. J. Pineal Res. 2017,
62, e12373. [CrossRef]

http://doi.org/10.1002/mc.22770
http://www.ncbi.nlm.nih.gov/pubmed/29318656
http://doi.org/10.1007/s10552-014-0478-z
http://www.ncbi.nlm.nih.gov/pubmed/25388799
http://doi.org/10.1158/2159-8290.CD-21-0576
http://doi.org/10.1126/science.289.5488.2344
http://doi.org/10.1038/sj.ijo.0801278
http://doi.org/10.1016/j.tem.2009.12.011
http://doi.org/10.1111/j.1365-2796.2007.01766.x
http://doi.org/10.1038/nrendo.2009.106
http://doi.org/10.1007/s10552-019-01159-1
http://www.ncbi.nlm.nih.gov/pubmed/30903484
http://doi.org/10.5993/AJHB.43.4.6
http://www.ncbi.nlm.nih.gov/pubmed/31239015
http://doi.org/10.1093/sleep/zsab162
http://doi.org/10.1111/j.1749-6632.1999.tb08114.x
http://doi.org/10.3109/10253890.2014.989204
http://www.ncbi.nlm.nih.gov/pubmed/25407297
http://doi.org/10.1038/s41388-021-01754-0
http://www.ncbi.nlm.nih.gov/pubmed/33795839
http://doi.org/10.1007/s11255-016-1476-8
http://doi.org/10.1038/nrurol.2015.254
http://doi.org/10.1126/scitranslmed.3003200
http://doi.org/10.1016/j.febslet.2007.06.079
http://doi.org/10.1196/annals.1417.033
http://www.ncbi.nlm.nih.gov/pubmed/18591489
http://doi.org/10.1038/nrendo.2009.23
http://www.ncbi.nlm.nih.gov/pubmed/19444258
http://doi.org/10.1371/journal.pbio.0020377
http://doi.org/10.1210/jc.2004-2232
http://doi.org/10.2147/nss.s7624
http://doi.org/10.1016/j.cmet.2015.08.008
http://doi.org/10.1080/07420528.2018.1527773
http://doi.org/10.1111/jpi.12373

	Introduction 
	Regulation of the Circadian Clock System 
	Epidemiological Evidence—The Link between CRDs and Prostate Cancer Risk 
	Causes of CRD 
	Consequences of CRD 

	Racial Disparities in Circadian Health—Implications for Prostate Cancer 
	The Consequences of CRD for Prostate Cancer Risk and Progression 

	Conclusions and Future Directions 
	References

