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ABSTRACT

Introduction: Sleep is crucial for preserving general health, and the emergence of numerous chronic
illnesses is associated with sleep deprivation. Recent studies suggest that short sleep duration may
also have negative effects on the reproductive system. Sleep disturbances are increasingly associated

with erectile dysfunction through their impact on hormonal balance and physiological regulation.

Aim of the study: This article summarizes the interplay between physiological processes such as
sleep and erection, based on an analysis of information regarding the functioning of the autonomic
nervous system, hormones, neurotransmitters, and pro-inflammatory cytokines, as well as the NOS-

NO-cGMP signaling pathway and REM-related erections.

Material and Methods: A literature review was conducted using PubMed and Google Scholar to
identify studies on the physiology of erections and the impact of sleep disorders on the erectile
mechanism. Peer-reviewed clinical trials, systematic reviews, and other studies were analyzed to

provide a comprehensive overview of the current state of knowledge.

Conclusion: Erectile dysfunction is becoming increasingly common, affecting not only older men but
also younger men as well. One important contributing factor is poor sleep, which can lead to serious
hormonal and neurological disturbances. This disrupts both the molecular mechanism and the

functioning of the central nervous system in relation to the development of an erection.

Keywords: erectile dysfunction, penile erection, short sleep duration, sleep disorder, mechanism,

regulation

1. INTRODUCTION

Male erection is a natural physiological phenomenon essential for reproduction [1]. The mechanism
underlying it is complex and requires the interaction of multiple systems, including biochemical
(NOS-NO-cGMP signaling pathway), cellular (smooth muscle relaxation mechanisms), neural
(autonomic and somatic pathways), and hormonal (testosterone) systems [2]. The central nervous

system can induce erections without peripheral stimuli, e.g., in nocturnal erections. This is a natural




reaction that indicates homeostasis, which is maintained, among other things, by proper sleep

hygiene [3].

Nowadays, due to a variety of factors—such as longer working hours, shift work, urbanization,
exposure to artificial cold light, participation in nighttime activities, as well as stress, mood disorders
(depression), and chronic illnesses—the quality of sleep has declined, and the average duration of

sleep has shortened [4],[5].

Sleep plays a key role in regulating hormones that are essential for male reproductive health.
Adequate sleep is necessary for the optimal functioning of the hypothalamic-pituitary-gonadal (HPG)
axis, which regulates hormone production and influences various aspects of male reproductive health.
Disruptions in sleep quality and rhythm can lead to significant hormonal imbalances, which may

adversely affect fertility [6].

2. AIM OF THE STUDY

This article summarizes the interplay between physiological processes such as sleep and erection,
based on an analysis of information regarding the functioning of the autonomic nervous system
(ANS), hormones, neurotransmitters, and pro-inflammatory cytokines, as well as the NOS-NO-

cGMP signaling pathway and REM-related erections.

3. MATERIALS AND METHODS

This review was conducted using scientific literature available in the PubMed and Google Scholar
database. Publications related to erectile dysfunction, physiological erection and sleeping duration

were analyzed. Search terms included:

“physiological process of erection" | "erectile dysfunction" | "the role of sleeping" | "stages of
sleeping" | "sleep-related erecrion" | "sleep disorders and chronic diseases" | ‘“molecular

mechanisms of penile erection”

Peer-reviewed clinical trials, systematic reviews, and other studies were analyzed to provide a
comprehensive overview of the current state of knowledge. A total of 45 publications were selected

and used to prepare this review.




4. STATE OF KNOWLEDGE

4.1 Autonomic Nervous System

The sympathetic pathway begins in the twelfth thoracic, travels to the second lumbar spinal segment,
and then travels to the sympathetic chain ganglia via the white rami. After reaching the inferior
mesenteric and superior hypogastric plexuses via the lumbar splanchnic nerves, some fibers go to the
pelvic plexus via the hypogastric nerves. The sympathetic fibers in humans typically originate from
the T10 to T12 segments, while the sacral and caudal ganglia contain the chain ganglia cells that
project to the penis. Neurons in the columns of interneurons of the second, third, and fourth segments
of the sacral spinal cord form the parasympathetic pathway. Sympathetic nerves from the superior
hypogastric plexus join the preganglionic fibers, passing through the pelvic nerves to the pelvic
plexus. The penis is innervated by branches of the pelvic plexus known as the cavernous nerves.
While flaccidity results from stimulation of the sympathetic trunk or the hypogastric nerve, erection
is induced by activation of the pelvic plexus and the cavernous nerves. This clearly suggests that
flaccidity is caused by the thoracolumbar sympathetic pathway, and erection by a sacral

parasympathetic impulse [7] .

An erection may be triggered by a nerve impulse traveling through a neuron in the somatic nervous
system, but the autonomic nervous system (ANS) is responsible for the mechanical process of
achieving an erection [8]. An erection is a hemodynamic process that primarily involves the dilation
of arteries and the restriction of venous outflow, through the ANS’s control of the smooth muscles of
blood vessels and also of corpus cavernosum [9], [10]. One or more venules emerge from the lacunar
area and combine to form a subtunical venule, which drains as the emissary vein through the tunica
albuginea. The intralacunar smooth muscle is constricted when the penis is flaccid. The emissary
veins are physically constricted, the lacunar space and helicine arteries dilate, and the subtunical
venules are physically and potentially neurologically compressed. As a result, the lacunar gap turns
into a sizable vascular "sink" where blood quickly flows and is trapped, raising the pressure inside

the lacunar space to mean arterial pressure [11].




4.2 Hormones, Neurotransmitters, and Pro-inflammatory cytokines

The body goes through significant hormonal changes when you sleep. The natural circadian cycle of
testosterone levels causes them to peak in the early morning and then progressively decrease during
the day [12]. Research from the National Health and Nutrition Examination Survey, for instance,
revealed a drop in testosterone levels of roughly 5.9 ng/dL for each hour of sleep lost [13]. This
suggests that inadequate sleep can result in decreased testosterone production. Moreover, a 10-15%
decrease in testosterone levels in just one week is linked to sleep deprivation, indicating that long-
term sleep loss may result in serious hormonal imbalances [14]. Testosterone plays a direct role in
penile erection by being a component of the NOS-NO-cGMP signaling pathway. Testosterone has
been shown to have both central and peripheral effects on erectile function, particularly in the
preservation of libido. A hundred Testosterone-therapy restores libido and sexual activity in
hypogonadal males, but decreased testosterone levels in males invariably result in a fall in sexual
interest and erectile performance [45]. Additionally, a fascinating new study discovered a negative
relationship between testosterone levels and the degree of penile deformity in males with Peyronie's
disease, suggesting that testosterone may have a role in avoiding fibrosis. This would suggest that

both primary and secondary erectile dysfunction are influenced by testosterone levels [15].

One of the hormones whose concentration was a result of a response to poor-quality sleep was TSH.
[16] Human and rat CC (corpus cavernosum ), endothelium, and SMC (smooth muscle cells) have
been shown to have thyroid hormone receptors [17]. Hyperthyroidism decreased the neurogenic and
endothelium-dependent relaxation of SMC in the CC in rabbits, suggesting a compromised NO-
dependent relaxation of the CC [18]. Rats with hypothyroidism brought on by propyl thiouracil (PTU)
had limited erectile response and a marked decrease in T and thyroid hormones. Treatment with
either levothyroxine or T could partially restore erectile responses, but combined hormonal treatment
was able to fully restore erectile responses [19]. One study looked at the connection between erectile
dysfunction, low libido, and thyroid dysfunction. The study discovered that erectile dysfunction and

low libido are frequently linked to both hypothyroidism and hyperthyroidism in men [20].

The hormone whose levels significantly increased as a result of sleep deprivation was cortisol [16].
The pituitary and adrenal glands are involved in the stimulating and inhibitory loops that make up the
HPA (Hypothalamic—Pituitary—Adrenal) axis. These loops control the production of glucocorticoids,

including cortisol from the adrenal cortex [21]. It is noted that cortisol-secreting patterns during the
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day are linked to short sleep duration, recurrent sleep disturbance, and symptoms of chronic
insomnia [22]. In summary, brief sleepers' altered cortisol secretion may be a sign of HPA axis
malfunction and negatively impact erectile performance. In fact, cortisol increases vascular
responses to vasoconstrictors, which helps to maintain the tone of vascular smooth muscles (VSMCs)
[16]. Serum cortisol levels have been found to be adversely connected with various domains of the
International Index of Erectile Function-5 (IIEF-5) score in relation to sexual function, and males
who have high serum cortisol levels may be more susceptible to ED [23]. The dysfunctions between
the HPA axis and cortisol might be an important cog between sleep disorders and ED. Meanwhile,
short sleep, stress and disordered HPA axis may coexist inevitably and have the complex interplay in

sleep-related conditions [16].

Poor-quality sleep or sleep disorders lead to a decrease in dopamine levels. Research conducted over
the years has demonstrated the important biological role of dopamine in regulating mood, the sleep-
wake cycle, and circadian rhythms. [24]. This relationship creates a vicious cycle, so to speak,
because a lack of restful sleep lowers dopamine levels, which in turn regulates sleep and the
circadian rthythm. Innovative studies with fMRI (functional magnetic resonance imaging) have also
demonstrated its particular role in the context of male sexual performance. Dopamine is specifically
engaged in the consumatory phase of sexual activity in the dorsal caudate-putamen and the
appetitive/anticipatory phase in the nucleus accumbens. This is in line with dopamine's broader roles
in emotion and cognition in limbic regions and motor regulation in the striatum, respectively.
Dopamine facilitates the manifestation of copulatory behavior in the medical pre-optic region. In the
end, dopamine most likely plays a role in the paraventricular nucleus and possibly the lumbosacral

spinal cord in initiating the erectile response [25].

Penile erection, energy metabolism, sleep, and brain activity are all connected by the
neurotransmitter adenosine [26]. Numerous sleep variables, as well as the adenosine A1 receptor and
adenosine A2, may have a similar route with adenosine signalling. According to reports, a receptor is
involved in controlling sleep homeostasis by stimulating sleep-active neurones [27]. Furthermore, in
vivo evidence has demonstrated the up-regulation of adenosine Al receptors in cortical and
subcortical regions following sleep deprivation, indicating that brief sleep may alter gene
transcription linked to homeostatic sleep regulation and even other cellular functions. Like NO (nitric
oxide II), it has been shown that adenosine, which has a short half-life and strong vasodilation,
relaxes the cavernosal smooth muscles, which in turn promotes penile erection [28]. Adenosine
receptors have been shown to perform a variety of biological functions. Among these, adenosine
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receptor Al is abundant on neurones and its downstream signalling seems to lower the release of NE
and promote penile erection, whereas adenosine receptor A2B is necessary for adenosine signalling

to induce penile erection [29].

Inflammation is thought to be a key link between sleep and the emergence of a number of illnesses
[30]. In fact, there is ample evidence that elevated inflammatory markers are a result of inadequate
sleep. Among them, greater CRP levels were apparently linked to shorter sleep durations [31]. The
nuclear factor kappa B (NF-kB) inflammatory signalling and hormone response pathways may be
responsible for the markedly elevated monocyte production of IL-6 and TNF-a in the morning
following a night of sleep deprivation [32]. Furthermore, after a night of sleep deprivation, real-life
models showed elevated levels of interferon y (IFN-y) with unaltered levels of TNF-a, interleukin-2
(IL-2), and interleukin-10 (IL-10) [33]. Meanwhile, it appears that certain cytokines mediate
vasoconstriction by inhibiting the endothelial-dependent NO-cGMP pathway in animal models,
thereby influencing cardiovascular risk [34]. Increased levels of inflammatory cytokines in the blood
are linked to the occurrence and severity of ED, which is consistent with the mechanism underlying
the development of cardiovascular diseases [35]. Studies on the molecular processes behind ED and
chronic pelvic pain syndrome (CPPS) have shown similar results. Rat models of CPPS through
experimental autoimmune prostatitis appear to have decreased eNOS expression in the corpus
cavernosum, decreased erectile function, and increased levels of serum inflammatory chemicals,
such as IL-6, CRP, and TNF-a [36]. Additionally, clinical data shows elevated IL-6 levels 24 hours
following prostatectomy, and in animal models of cavernous nerve dissection, IL-6 suppression may
reduce ED. Therefore, the association between ED and short sleep may be explained by the systemic

inflammatory state [37].

4.3 NOS-NO-cGMP signaling pathway

The NOS-NO-cGMP signaling pathway is a key mechanism involved in the physiological process of
penile erection. This pathway begins with NO synthesis, mediated by neuronal nitric oxide synthase
(nNOS) and endothelial nitric oxide synthase (eNOS) [38]. Both synthases are activated, for example,
by sexual stimuli, which are components of neurons and endothelial cells in the corpus cavernosum
of the penis. Subsequently, NO activates guanylate cyclase (GC) in smooth muscle cells, which
catalyzes the conversion of guanosine triphosphate (GTP) to ¢cGMP. The generated cGMP acts
primarily by activating cGMP-dependent protein kinases (PKG) and other effector proteins.
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Phosphorylation of target proteins by PKG produces a number of downstream effects, including
lowering intracellular calcium concentrations by inhibiting calcium influx through L-type calcium
channels and promoting calcium sequestration. The decrease in calcium levels is necessary for the
relaxation of smooth muscles, which facilitates increased blood flow to the tissues of the penis,

contributing to an erection [39].

The signaling pathway described above can stall at any stage under unfavorable conditions. NO
synthesis can be disrupted by inflammation, which increases the levels of proinflammatory cytokines
(e.g., IL-6, IFN-y, TNF-a), or by hormonal imbalances. In the mechanism of male erection, one of
the hormones that significantly influences NO production by regulating eNOS is testosterone.
Therefore, low testosterone levels result in reduced nitric oxide synthesis. Another mechanism
causing erectile dysfunction involves the so-called stress axis. Cortisol, whose levels increase during
sleep disorders, may be a trigger for such stress. This hormone stimulates the sympathetic nervous
system and inhibits the parasympathetic nervous system. The ANS produces norepinephrine, which
affects alpha adrenergic receptors, which increase the concentration of the enzyme phospholipase C.
This enzyme, by releasing inositol triphosphate (IP3) molecules, in turn leads to the release of Ca2+
through calcium channels. Calcium causes smooth muscle contraction, impeding increased blood

flow to the penis and maintaining its flaccid state [40] (Figure 1).

4.4 REM-related erections

In healthy men of all ages, from young children to the elderly, sleep-related erections (SREs) happen
cyclically during the REM period [41]. Erectile dysfunction has long been assessed and categorised
using polysomnography in sleep medicine [42]. The precise mechanism underpinning the genesis of
SRE is still unknown, despite the well-studied mechanisms of REM sleep. However, erectile
dysfunction brought on by sleep may be a precursor to several illnesses [43]. In this context, people
with diabetes, renal illness, hypertension, hypogonadism, and certain sleep disorders have been
found to have defective SREs. In the meantime, those with serious depressive illnesses, which are
marked by changes in REM sleep, are said to have lower SREs [44]. Significantly, sleep
fragmentation or sleep deprivation—an uncommon and poorly understood condition—may result
from an aberrant extension of SREs, known as sleep-related painful erection (SRPE), which is
characterised by penile pain during REM sleep. SREs and REM sleep may occur less frequently as a

result of the brief sleep period. Reduced SREs may also result in insufficient arterial inflow and
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metabolite buildup in erectile tissue, which causes the cavernosum to become hypoxic and acidotic,

impairing erectile function [40].

Figure 1.

Molecular mechanisms of penile erection in corpus cavernosum smooth muscle cell

Source: authors' diagram
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5. CONCLUSION

Erectile dysfunction is one of the most common sexual dysfunctions. Nowadays, more and more
men—and younger men—are affected by this problem. The causes of this condition are varied.
Studies show that one of the factors may be poor sleep, which is associated with a number of adverse
consequences. One of these is hormonal imbalance. Low testosterone levels disrupt both the
molecular mechanism underlying erection and affect the central nervous system, negatively
impacting sexual responses. The functioning of the autonomic nervous system and excessive
stimulation of the sympathetic nervous system, in turn, result from significantly elevated cortisol
levels, indicating that the body is in a state of stress. Stress facilitates the development of
inflammatory reactions and also increases susceptibility to chronic diseases. All of this, through a
vicious cycle and mutual dependence, exacerbates sleep disorders and, consequently, erectile

dysfunction.

DISCLOSURES

Authors' Contributions:

Conceptualization: Maria Michalina Kurek, Oliwia Kinga Polit-Rozycka
Methodology: Krzysztof Gadzalski

Software: Joanna Chrabaszcz

Formal Analysis: Wojciech Grzywna, Karol Perski

Investigation: Oliwia Kinga Polit-R6zycka, Maria Michalina Kurek

Resources: Julia Lorek, Karol Perski

Writing - Original Draft: Konstancja Anna Baltyzar, Oliwia Kinga Polit-Rozycka
Writing - Review & Editing: Oliwia Kinga Polit-R6zycka, Konstancja Anna Baltyzar
Visualization: Krzysztof Gadzalski, Julia Lorek

Supervision: Marta Zarzycka

12




Project Administration: Krzysztof Gadzalski, Marta Zarzycka

All authors have read and agreed to the published version of the manuscript.
Funding Statement: The study did not receive special funding.Institutional Review
Board Statement: Not applicable.

Informed Consent Statement:Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

Declaration of the Use of Generative Al and Al-Assisted Technologies: In preparing this
work, the authors used ChatGPT (chatgpt.com) as a toolfor translation support. After using
this tool, the authors reviewed and edited the content as needed and accept full responsibility

for the substantive content of the publication.

REFERENCES

[1] ElI-Sakka Al, Lue TF. Physiology of penile erection. ScientificWorldJournal. 2004 Jun 7;4 Suppl
1:128-34. doi: 10.1100/tsw.2004.58. PMID: 15349538; PMCID: PMC5956389.

[2] Martinez-Salamanca JI, Martinez-Ballesteros C, Portillo L, Gabancho S, Moncada I, Carballido J.
Physiology of erection. Arch Esp Urol. 2010 Oct;63(8):581-8. English, Spanish. PMID: 20978289.

[3] Ralph DJ. Normal erectile function. Clin Cornerstone. 2005;7(1):13-8. doi: 10.1016/s1098-
3597(05)80044-4. PMID: 16156419.

[4] Bixler E. Sleep and society: an epidemiological perspective. Sleep Med. 2009 Sep;10 Suppl 1:S3-
6. doi: 10.1016/j.sleep.2009.07.005. Epub 2009 Aug 5. PMID: 19660985.

[5] Matricciani L, Bin YS, Lallukka T, Kronholm E, Dumuid D, Paquet C, Olds T. Past, present, and
future: trends in sleep duration and implications for public health. Sleep Health. 2017 Oct;3(5):317-
323. doi: 10.1016/j.s1eh.2017.07.006. Epub 2017 Aug 26. PMID: 28923186.

13




[6] Zhong O, Liao B, Wang J, Liu K, Lei X, Hu L. Effects of Sleep Disorders and Circadian Rhythm
Changes on Male Reproductive Health: A Systematic Review and Meta-analysis. Front Physiol.
2022 Jul 13;13:913369. doi: 10.3389/fphys.2022.913369. PMID: 35910569; PMCID: PMC9326175.

[7] Andersson KE, Wagner G. Physiology of penile erection. Physiol Rev. 1995 Jan;75(1):191-236.
doi: 10.1152/physrev.1995.75.1.191. PMID: 7831397.

[8] Ralph DJ. Normal erectile function. Clin Cornerstone. 2005;7(1):13-8. doi: 10.1016/s1098-
3597(05)80044-4. PMID: 16156419.

[9] Zhao H, Jiang R. [Relaxation mechanism of smooth muscle cells and its relationship with penile

erection]. Zhonghua Nan Ke Xue. 2016 Sep;22(9):838-842. Chinese. PMID: 29071884.

[10] Simonsen U, Garcia-Sacristan A, Prieto D. Penile arteries and erection. J Vasc Res. 2002 Jul-

Aug;39(4):283-303. doi: 10.1159/000065541. PMID: 12187119.

[11] Jordan GH. Erectile function and dysfunction. Postgrad Med. 1999 Feb;105(2):131-4, 137-8,
143-4 passim. doi: 10.3810/pgm.1999.02.547. PMID: 10026708.

[12] Erica Sweneey. Sleep Affects Your Testosterone Levels Way More Than You Think. Men’s
health. Feb 18, 2023

[13] Kohn TP, Kohn JR, Haney NM, Pastuszak AW, Lipshultz LI. The effect of sleep on men's
health. Transl Androl Urol. 2020 Mar;9(Suppl 2):S178-S185. doi: 10.21037/tau.2019.11.07. PMID:
32257858; PMCID: PMC7108988.

[14] Leproult R, Van Cauter E. Effect of 1 week of sleep restriction on testosterone levels in young
healthy men. JAMA. 2011 Jun 1;305(21):2173-4. doi: 10.1001/jama.2011.710. PMID: 21632481,
PMCID: PM(C4445839.

[15] Reilly CM, Stopper VS, Mills TM. Androgens modulate the alpha-adrenergic responsiveness of
vascular smooth muscle in the corpus cavernosum. J Androl. 1997 Jan-Feb;18(1):26-31. PMID:
9089065.

[16] von Treuer K, Norman TR, Armstrong SM. Overnight human plasma melatonin, cortisol,
prolactin, TSH, under conditions of normal sleep, sleep deprivation, and sleep recovery. J Pineal Res.

1996 Jan;20(1):7-14. doi: 10.1111/5.1600-079x.1996.tb00232.x. PMID: 8648563.

14




[17] Muldoon MF, Mackey RH, Korytkowski MT, Flory JD, Pollock BG, Manuck SB. The
metabolic syndrome is associated with reduced central serotonergic responsivity in healthy
community volunteers. J Clin Endocrinol Metab. 2006 Feb;91(2):718-21. doi: 10.1210/j¢.2005-1654.
Epub 2005 Nov 22. PMID: 16303834.

[18] Muldoon MF, Mackey RH, Sutton-Tyrrell K, Flory JD, Pollock BG, Manuck SB. Lower central
serotonergic responsivity is associated with preclinical carotid artery atherosclerosis. Stroke. 2007

Aug;38(8):2228-33. doi: 10.1161/STROKEAHA.106.477638. Epub 2007 Jul 12. PMID: 17626900.

[19] Carosa E, Di Sante S, Rossi S, Castri A, D'Adamo F, Gravina GL, Ronchi P, Kostrouch Z,
Dolci S, Lenzi A, Jannini EA. Ontogenetic profile of the expression of thyroid hormone receptors in
rat and human corpora cavernosa of the penis. J Sex Med. 2010 Apr;7(4 Pt 1):1381-90. doi:
10.1111/3.1743-6109.2009.01701.x. Epub 2010 Feb 5. PMID: 20141582; PMCID: PMC3017743.

[20] Korkmaz FN, Yilmaz-Oral D, Asker H, Guven B, Turkcan D, Kirlangic OF, Oztekin CV,
Corapgroglu D, Demir O, Ates I, Gur S. Combined levothyroxine and testosterone treatment for

restoring erectile dysfunction in propylthiouracil-induced hypothyroid rats. J Sex Med. 2023 May
26;20(6):732-741. doi: 10.1093/jsxmed/qdad034. PMID: 37105943.

[21] Keller J, Gomez R, Williams G, Lembke A, Lazzeroni L, Murphy GM Jr, Schatzberg AF. HPA
axis in major depression: cortisol, clinical symptomatology and genetic variation predict cognition.
Mol Psychiatry. 2017 Apr;22(4):527-536. doi: 10.1038/mp.2016.120. Epub 2016 Aug 16. PMID:
27528460; PMCID: PMC5313380.

[22] Kumari M, Badrick E, Ferrie J, Perski A, Marmot M, Chandola T. Self-reported sleep duration
and sleep disturbance are independently associated with cortisol secretion in the Whitehall II study. J
Clin Endocrinol Metab. 2009 Dec;94(12):4801-9. doi: 10.1210/jc.2009-0555. Epub 2009 Oct 22.
PMID: 19850688; PMCID: PM(C2795654.

[23] Kobori Y, Koh E, Sugimoto K, Izumi K, Narimoto K, Maeda Y, Konaka H, Mizokami A,
Matsushita T, Iwamoto T, Namiki M. The relationship of serum and salivary cortisol levels to male
sexual dysfunction as measured by the International Index of Erectile Function. Int J Impot Res.
2009 Jul-Aug;21(4):207-12. doi: 10.1038/ijir.2009.14. Epub 2009 May 7. PMID: 19421198; PMCID:
PM(C2834333.

15




[24] Radwan B, Liu H, Chaudhury D. The role of dopamine in mood disorders and the associated
changes in circadian rhythms and sleep-wake cycle. Brain Res. 2019 Jun 15;1713:42-51. doi:
10.1016/j.brainres.2018.11.031. Epub 2018 Nov 24. PMID: 30481503.

[25] Giuliano F, Allard J. Dopamine and sexual function. Int J Impot Res. 2001 Aug;13 Suppl 3:S18-
28. doi: 10.1038/sj.1jir.3900719. PMID: 11477488.

[26] Peng W, Wu Z, Song K, Zhang S, Li Y, Xu M. Regulation of sleep homeostasis mediator
adenosine by basal forebrain glutamatergic neurons. Science. 2020 Sep 4;369(6508):eabb0556. doi:
10.1126/science.abb0556. PMID: 32883833.

[27] Porkka-Heiskanen T, Kalinchuk AV. Adenosine, energy metabolism and sleep homeostasis.
Sleep Med Rev. 2011 Apr;15(2):123-35. doi: 10.1016/j.smrv.2010.06.005. Epub 2010 Oct 20. PMID:
20970361.

[28] Wen J, Xia Y. Adenosine signaling: good or bad in erectile function? Arterioscler Thromb Vasc
Biol. 2012 Apr;32(4):845-50. doi: 10.1161/ATVBAHA.111.226803. PMID: 22423035.

[29] Ning C, Qi L, Wen J, Zhang Y, Zhang W, Wang W, Blackburn M, Kellems R, Xia Y. Excessive
penile norepinephrine level underlies impaired erectile function in adenosine Al receptor deficient
mice. J Sex Med. 2012 Oct;9(10):2552-61. doi: 10.1111/j.1743-6109.2012.02896.x. Epub 2012 Aug
2. PMID: 22862844,

[30] Schloss MJ, Swirski FK, Nahrendorf M. Modifiable Cardiovascular Risk, Hematopoiesis, and
Innate Immunity. Circ Res. 2020 Apr 24;126(9):1242-1259. doi:
10.1161/CIRCRESAHA.120.315936. Epub 2020 Apr 23. PMID: 32324501; PMCID: PMC7185037.

[31] Irwin MR, Olmstead R, Carroll JE. Sleep Disturbance, Sleep Duration, and Inflammation: A
Systematic Review and Meta-Analysis of Cohort Studies and Experimental Sleep Deprivation. Biol
Psychiatry. 2016 Jul 1;80(1):40-52. doi: 10.1016/j.biopsych.2015.05.014. Epub 2015 Jun 1. PMID:
26140821; PMCID: PMC4666828.

[32] Irwin MR, Wang M, Campomayor CO, Collado-Hidalgo A, Cole S. Sleep deprivation and
activation of morning levels of cellular and genomic markers of inflammation. Arch Intern Med.

2006 Sep 18;166(16):1756-62. doi: 10.1001/archinte.166.16.1756. PMID: 16983055.

[33] Tobaldini E, Cogliati C, Fiorelli EM, Nunziata V, Wu MA, Prado M, Bevilacqua M, Trabattoni

D, Porta A, Montano N. One night on-call: sleep deprivation affects cardiac autonomic control and

16




inflammation in  physicians. Eur J Intern Med. 2013  Oct;24(7):664-70.  doi:
10.1016/5.€jim.2013.03.011. Epub 2013 Apr 17. PMID: 23601527.

[34] Orshal JM, Khalil RA. Reduced endothelial NO-cGMP-mediated vascular relaxation and
hypertension in IL-6-infused pregnant rats. Hypertension. 2004 Feb;43(2):434-44. doi:
10.1161/01.HYP.0000113044.46326.98. Epub 2004 Jan 5. PMID: 14707155.

[35] Vlachopoulos C, Rokkas K, Ioakeimidis N, Stefanadis C. Inflammation, metabolic syndrome,
erectile dysfunction, and coronary artery disease: common links. Eur Urol. 2007 Dec;52(6):1590-600.
doi: 10.1016/j.eururo.2007.08.004. Epub 2007 Aug 13. PMID: 17707576.

[36] Hu Y, Niu X, Wang G, Huang J, Liu M, Peng B. Chronic prostatitis/chronic pelvic pain
syndrome impairs erectile function through increased endothelial dysfunction, oxidative stress,
apoptosis, and corporal fibrosis in a rat model. Andrology. 2016 Nov;4(6):1209-1216. doi:
10.1111/andr.12273. Epub 2016 Aug 27. PMID: 27565759.

[37] Yamashita S, Kato R, Kobayashi K, Hisasue S, Arai Y, Tsukamoto T. Inhibition of interleukin-
6 attenuates erectile dysfunction in a rat model of nerve-sparing radical prostatectomy. J Sex Med.
2011 Jul;8(7):1957-64. doi: 10.1111/5.1743-6109.2011.02283.x. Epub 2011 Apr 14. PMID:
21492407.

[38] Xu D, Zhang Y, Bai J, Yuan H, Wang T, Liu J, Song W, Ma D. Botanical drugs for treating
erectile dysfunction: clinical evidence. Front Pharmacol. 2023 Aug 16;14:1232774. doi:
10.3389/fphar.2023.1232774. PMID: 37654605; PMCID: PMC10467024.

[39] ElHady AK, El-Gamil DS, Abdel-Halim M, Abadi AH. Advancements in Phosphodiesterase 5
Inhibitors: Unveiling Present and Future Perspectives. Pharmaceuticals (Basel). 2023 Sep

6;16(9):1266. doi: 10.3390/ph16091266. PMID: 37765073; PMCID: PMC10536424.

[40] Zhang F, Xiong Y, Qin F, Yuan J. Short Sleep Duration and Erectile Dysfunction: A Review of
the Literature. Nat Sci Sleep. 2022 Oct 27;14:1945-1961. doi: 10.2147/NSS.S375571. PMID:
36325277; PMCID: PMC9621223.

[41] Hirshkowitz M, Schmidt MH. Sleep-related erections: clinical perspectives and neural
mechanisms. Sleep Med Rev. 2005 Aug;9(4):311-29. doi: 10.1016/j.smrv.2005.03.001. PMID:
15994100.

17




[42] Zou Z, Lin H, Zhang Y, Wang R. The Role of Nocturnal Penile Tumescence and Rigidity
(NPTR) Monitoring in the Diagnosis of Psychogenic Erectile Dysfunction: A Review. Sex Med Rev.
2019 Jul;7(3):442-454. doi: 10.1016/j.sxmr.2018.10.005. Epub 2019 Jan 4. PMID: 30612976.

[43] Schmidt MH, Schmidt HS. Sleep-related erections: neural mechanisms and clinical significance.
Curr Neurol Neurosci Rep. 2004 Mar;4(2):170-8. doi: 10.1007/s11910-004-0033-5. PMID:
14984691.

[44] Hirshkowitz M, Moore CA. Sleep-related erectile activity. Neurol Clin. 1996 Nov;14(4):721-37.
doi: 10.1016/s0733-8619(05)70282-6. PMID: 8923492.

[45] Traish AM, Goldstein I, Kim NN. Testosterone and erectile function: from basic research to a
new clinical paradigm for managing men with androgen insufficiency and erectile dysfunction. Eur
Urol. 2007 Jul;52(1):54-70. doi: 10.1016/j.eururo.2007.02.034. Epub 2007 Feb 20. PMID: 17329016;
PMCID: PMC2562639.

18




