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SUMMARY

The hypocretin system consists of two peptides hypocretin-1and hypocretin-2 (HCRT1 and 

HCRT2). Hypocretin-containing neurons are located in the posterior and lateral hypothalamus, and 

have widespread projections throughout the brain and spinal cord. In addition to its presence in the 

cerebrospinal fluid, peripheral HCRT1 has been detected in plasma. Robust experimental evidence 

demonstrates functions of hypothalamic-originated HCRT1 in regulation of multiple biological 

systems related to sleep-wake states, energy homeostasis and endocrine function. In contrast, 

HCRT1 studies with human participants are limited by the necessarily invasive assessment of CSF 

HCRT1 to patients with underlying morbidity.

Regulation by HCRT1 of energy homeostasis and reproduction in animals suggests similar 

regulation in humans and prompts these two systematic reviews. These reviews translate prior 

experimental findings from animal studies to humans and examine associations between HCRT1 

and: 1) metabolic risk factors; 2) reproductive function in men, women and children. A total of 21 

studies and 6 studies met the inclusion criteria for the two searches, respectively. Research 

question, study design, study population, assessments of HCRT1, reproductive, cardiometabolic 

data and main findings were extracted. Associations between HCRT1, metabolic and reproductive 

function are inconsistent. Limitations of studies and future research directions are outlined.
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INTRODUCTION

The global obesity epidemic negatively impacts the health and quality of life of >700 million 

adults and children worldwide. Overweight and obesity (body mass index (BMI)>25) 

accounts for 4 million deaths annually.1 As a complex disease, obesity impairs endocrine 

function of metabolic and reproductive systems in men, women and children.2,3 Recently, 

poor sleep has emerged as a contributor to deleterious health outcomes such as 

cardiovascular morbidity,4,5 dyslipidemia, diabetes and obesity,6–8 and high mortality risk.9 

Further, negative effects of sleep disturbances on reproductive systems have been shown in 

the general population,10,11 in pregnant women,12,13 shift workers14,15 and animals.11,16

In 1998, a new system of hypothalamic neuropeptides was independently discovered by two 

research groups, who named them respectively orexins17 and hypocretins.18 The hypocretin 

system consists of two peptides, hypocretin-1 and hypocretin-2 (HCRT1 and HCRT2; also 

called Orexin-A and Orexin-B), which act through two G-coupled receptors, HCRTR1 and 

HCRTR2.19 HCRTR1 has greater affinity for HCRT1, whereas HCRTR2 is non-selective 

and binds HCRT1 and HCRT2 with equal affinity.17 Hypocretin-containing neurons are 

located in the posterior and lateral hypothalamus, and have widespread projections 

throughout the brain and spinal cord.20,21 Differential distribution of HCRT1 and HCRT2-

immunoreactive fibers, and the central expression of mRNA for each of these hypocretin 

receptors suggest that the two peptides serve different physiological roles.22 In addition to its 

presence in the cerebrospinal fluid (CSF), peripheral HCRT1 or the HCRTR1 have been 

detected in the blood, gastrointestinal tract, pancreas, kidney, thyroid, adrenal gland, adipose 

tissue, placenta, testis and reproductive tract.20,21,23 Peripheral HCRT2R expression has 

been shown in the adrenal glands and the lung.23

The ability of HCRT1 to cross the blood brain barrier (BBB) by simple diffusion has been 

shown in mice.24 While HCRT1 demonstrated a rapid entry rate to the brain from the blood, 

HCRT2 had an accelerated degradation in the blood that hinders its ability to cross the BBB.
24 Despite the presence of HCRT1 outside the brain, its source in peripheral tissue and in the 

blood, whether synthesized in the brain or locally, remains unknown.21,25–27 The absence of 

a specific hypocretin transport system from brain to blood may support the notion of 

peripheral production of hypocretins.24 Clinical studies, i.e. involving human participants, 

revealed significantly lower peripheral HCRT1 than CSF levels.28,29

Robust experimental evidence from animal studies has demonstrated functions of 

hypothalamic-originated HCRT1 in regulation of multiple biological systems related to 

sleep-wake states, energy homeostasis, cognition, locomotion, reward, sensory modulation, 

stress, bone remodeling,30 and endocrine function.31,32
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The hypothalamus is a key brain region that integrates metabolic and endocrine signals to 

regulate feeding and energy homeostasis. Hypocretin neurons respond to several metabolic 

cues including extracellular levels of glucose, the satiety hormone leptin, and the hunger 

hormone ghrelin.33,34 These neurons increase their firing rates in response to low levels of 

glucose and ghrelin, and are inhibited by leptin. Furthermore, central administration of 

HCRT1 produces a dose-dependent increase in food intake. The increase in food 

consumption is primarily mediated via the HCRTR1.35

Reproductive functions are controlled by the hypothalamic-pituitary-gonadal axis. 

Gonadotropin releasing hormones (GnRH) are produced in the hypothalamus and regulate 

secretion of reproductive hormones, i.e. follicle stimulating hormone (FSH) and luteinizing 

hormone (LH), from the pituitary gland. These hormones control gonadal function.36–38

The role of HCRT1 in modulation of GnRH has been shown in rodents.38–40 The presence 

of HCRT1 receptors in the gonads of chickens, rodents, swine and porcine as well as in 

human testis, further supports its putative effect at the hypothalamic-pituitary-gonadal level.
41,42 As optimal energy balance and sleep-wake cycle support successful reproduction, these 

findings highlight the role of HCRT1, a sleep-wake and metabolic regulator, in reproduction.

In contrast to experimental data, clinical reports on HCRT1 are limited – by the invasive 

nature of assessment of HCRT1 in the CSF – to patients with underlying morbidity. 

Narcolepsy with cataplexy (NC) is a rare chronic neurological condition with impaired 

sleep-wake cycles. This sleep disorder impacts 1 in 2000 adults in the US and is marked by 

daytime sleepiness, sleep attacks, sleep paralysis and hypnagogic hallucinations. The 

dysregulation of sleep-wake cycles in narcoleptic patients is attributed to deficiency in 

HCRT1 neurons, observed in 90% of these patients.43 An additional barrier to clinical 

investigations on HCRT1 is the scarcity of reliable methodology sensitive to picomolar 

quantities.20

Reproduction and energy balance are intricately entwined as optimal reproductive processes 

are sensitive to fluctuating metabolic conditions.44 Reproductive functions are controlled by 

the hypothalamic-pituitary-gonadal axis and sensitive to metabolic cues. The metabolic 

hormones insulin and leptin are hypothesized to act as mediators or modulators the impact 

of energy metabolism on reproductive function. Numerous reports demonstrate the effects of 

sleep duration, timing and quality on metabolic and endocrine systems.45 Recent evidence 

highlights the role of sleep disruptions and circadian misalignment in poor reproductive 

outcomes.46

Hypocretin regulation of sleep-wake states, feeding, energy homeostasis and reproduction in 

animals,25,31,47 suggests similar interrelationships in humans,16,48–51 and therefore has 

prompted the present systematic reviews. These reviews will translate prior experimental 

findings from animal studies to humans and will examine the impact of HCRT1 on 

reproductive and metabolic systems in men, women and children.
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METHODS

An experienced health sciences librarian (CS) conducted a systematic search of PubMed and 

EMBASE (Embase.com) to identify articles related to the effect HCRT1 (Orexin A) has on 

reproduction and on metabolism. Four sentinel articles on each topic were used as a means 

of harvesting search terms, including Medical Subject Headings (MeSH) and Emtree terms, 

and keywords (tagged as title/abstract). Cited reference searching using the eight sentinel 

articles was conducted in Scopus to find articles that might have been missed because they 

were not indexed.

Reference lists of included articles were also scanned to see if we had missed articles 

suitable for inclusion in this review. To reduce biases, no filters other than Human were used 

and both published (i.e., peer reviewed papers) as well as unpublished (i.e., abstract of 

posters or oral presentations) studies were considered through searches in Embase and 

Scopus. We did not include a language filter in our search to reduce language bias. Findings 

are reported according to the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) statement,52 elaboration, and explanation.53(Online Supplementary 

Appendix A)

Any publication prior to 9 February 2019 was included. A full description of the search 

strategy and complete list of search terms and limits used in each database are included in 

the Online Supplementary Appendix B.

Citations were imported into EndNote (Clarivate Analytics) for deduplication, then exported 

into Excel (Microsoft Office 2016) for analysis.

Hypocretin-1 and Metabolism

The complete search strategy for metabolism, created in PubMed and translated to Embase, 

was constructed by combining selected keywords and medical subject headings for HCRT1 

and metabolism: (orexin[mh] OR orexin[tiab] OR orexin-A[tiab] OR hypocretin1[tiab]) 

AND (adipokines[mh] OR adipokines[tiab] OR adiposity[mh] OR adiposity[tiab] OR blood 

pressure[mh] OR blood pressure[tiab] OR c-reactive protein[mh] OR c-reactive protein[tiab] 

OR cardiometabolic health[tiab] OR cardiovascular health[tiab] OR cardiovascular 

disease[mh] OR cardiovascular diseases[tiab] OR cholesterol[mh] OR cholesterol[tiab] OR 

diabetes insipidus[mh] OR diabetes insipidus[tiab] OR diabetes mellitus[mh] OR diabetes 

mellitus[tiab] OR ghrelin[mh] OR ghrelin[tiab] OR glucose[mh] OR glucose[tiab] OR 

“glucose intolerance”[tiab] OR hypertension[mh] OR hypertension[tiab] OR insulin[mh] 

OR insulin[tiab] OR leptin[tiab] OR metabolic syndrome[mh] OR metabolic syndrome[tiab] 

OR overweight[mh] OR overweight[tiab] OR prediabetes[mh] OR prediabetes[tiab]) NOT 

(“Animals”[mh] NOT (“Animals”[mh] AND “Humans”[mh])

Exclusion criteria were 1) No cardiometabolic or HCRT1 measures; 2) manuscript language 

other than English; 3) partial HCRT1 measures; 4) letters, abstracts, case studies, review 

articles; and 5) did not test the relationship of interest. Inclusion criteria were 1) a study 

population of humans, 2) complete HCRT1 measures in plasma or CSF, 3) cardiometabolic 

measures, and 4) articles that examined the associations between HCRT1 and 
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cardiometabolic health. The following information was extracted from all included articles: 

author’s name, year of publication and country, research question, study design, study 

population, HCRT1 and cardiometabolic assessment and main findings.

Hypocretin-1 and Reproduction

The complete search strategy for reproduction, created in PubMed and translated to Embase, 

was constructed by combining selected keywords and medical subject headings for HCRT1 

and reproduction: (orexin[mh] OR orexin[tiab] OR orexin-A[tiab] OR orexin receptors[mh] 

OR orexin receptors[tiab] OR hypocretin1[tiab]) AND (estradiol[mh] OR estradiol[tiab] OR 

estrogens[mh] OR estrogen[tiab] OR estrogens[tiab] OR fertility[mh] OR fertility[tiab] OR 

“follicle stimulating hormone*”[tiab] OR FSH[tiab] OR gonadotropins[mh] OR 

gonadotropin*[tiab] OR gonadotropin-releasing hormone[mh] OR gonadotropin-releasing 

hormone*[tiab] OR infertility[mh] OR infertility[tiab] OR “luteinizing hormone*”[tiab] OR 

ovulation[mh] OR ovulation[tiab] OR reproduction[mh] OR reproduction[tiab] OR 

testosterone[mh] OR testosterone[tiab]) NOT (“Animals”[mh] NOT (“Animals”[mh] AND 

“Humans”[mh]).Exclusion criteria were 1) No reproductive or HCRT1 measures; 2) 

manuscripts language other than English; 3) partial HCRT1 measures; 4) letters, abstracts, 

case studies, review articles; and 5) did not test the relationship of interest. Inclusion criteria 

were 1) a study population of humans, 2) complete HCRT1 measures in plasma or CSF, 3) 

reproductive measures, and 4) articles that examined the associations between HCRT1 and 

reproductive function. The following information was extracted from all included articles: 

author’s name, year of publication and country, research question, study design, study 

population, HCRT1 and reproductive assessment and main findings. All articles were 

screened by GLD and LMO. The number of articles was small, agreement was nearly 

unanimous, with an overall 98% agreement rate, representing an average of 96% and 100% 

agreement rates in the metabolic and reproductive reviews, respectively. All disagreements 

were resolved by discussion.

RESULTS

Hypocretin-1 and Metabolism

Selection and Characteristics of Studies—Figure 1 outlines the screening of 1,247 

articles identified in this systematic search. We reviewed 535 studies, of which 75 full-text 

articles were assessed. After all exclusions, 21 articles were included in the final analyses. 

Eleven of these studies measured HCRT1 in plasma (Table 1) and 10 in the CSF (Table 2). 

Most studies had a small sample size, less than 100 participants. With the exception of one 

US-based investigation,54 all studies were conducted in Europe or Asia (Turkey, Poland, 

Finland, India, Japan, Spain, Italy, Germany, Holland, Norway and the Czech Republic). 

One study had enrolled participants in three countries.55 The vast majority of these studies 

were cross-sectional (n=19), and two had a case-control design. In all but two investigations, 

HCRT1 was considered as an exposure to metabolic outcomes; in the latter, HCRT1 was the 

outcome. Adiposity measures were frequently examined in relation to HCRT1, e.g. BMI, 

body fat and waist circumference.
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Results from Studies—Clinical studies show relationships between CSF or plasma 

HCRT1 and energy balance in both adults and children. A cross-sectional study with 15 

morbidly obese adults and 23 lean controls reported inverse correlation between plasma 

HCRT1 and BMI.56 Similar relationships have been observed in women with obesity or 

metabolic syndrome.57–60 Conversely, higher plasma HCRT1 levels in relation to increased 

adiposity measures were reported in 47 Japanese children,61 66 obese women,62 and 87 

women with metabolic syndrome.63 Finally, one small, cross-sectional study, without a 

comparison group, found no correlation between BMI and plasma HCRT1 in 40 adults with 

chronic obstructive pulmonary disease.64

Reports on central HCRT1 (CSF) and adiposity are likewise inconsistent. One study of 14 

narcoleptic men and 14 controls with idiopathic hypersomnia and a second study of 43 

narcoleptic children and 52 obese age-matched controls, found inverse associations between 

HCRT1 and adiposity.65,66 Null associations between HCRT1 and adiposity were reported in 

a study of 26 obese adults vs. 15 normal weight controls as well as in 14 patients with 

Prader-Willi syndrome compared with 37 patients with NC and 14 controls with idiopathic 

hypersomnia.67,68 A small cross-sectional study of 41 adults that examined HCRT1 and 

body composition, found no association between CSF HCRT1, BMI and fat mass, but 

inverse association with body weight and waist circumference.69

Investigation of leptin in HCRT1-deficient adults has shown higher leptin levels in adults 

with NC compared with controls.55,65 In contrast, two studies conducted a comparison of 

central leptin levels in narcoleptic adults, with or without HCRT1 deficiency, and in 

controls; all groups showed similar leptin levels.54,67 In obese children, plasma HCRT1 has 

shown positive correlation with leptin.61 This study of 47 obese children (mean age 10.6) 

found increased levels of leptin and HCRT1 compared with 26 normal weight age-matched 

controls. Ghrelin and plasma HCRT1 were also positively correlated in adults. This study of 

87 adults with metabolic syndrome and 40 healthy, age- and sex-matched controls found 

increased levels of plasma HCRT1 and ghrelin among cases in comparison to controls.63

Few studies evaluated the relationships between HCRT1 and glucose metabolism. A case-

control study of 172 premenopausal women reported significantly lower plasma HCRT1 

levels in women with metabolic syndrome in comparison to age-matched controls.58 

However, null associations were found between CSF HCRT1 and glucose metabolism in a 

cross-sectional and a case-control study of adults with NC,67,70 or a small cross-sectional 

study with 26 overweight adults and 15 normal weight controls.69

Associations between HCRT1 and diabetes have been also examined in pregnancy. In 2013 a 

study of 70 pregnant women with gestational diabetes mellitus (GDM) and 70 pregnant 

controls obtained umbilical and maternal plasma HCRT1.71 Venous fasting blood samples 

were obtained from all women after the second stage of delivery, i.e. following the delivery 

of the baby, but prior to the placenta delivery. Umbilical plasma samples were collected post 

placental delivery. Compared with controls, women with GDM had lower levels of plasma 

HCRT1, but higher umbilical HCRT1 levels. Among all women, maternal plasma HCRT1 

was correlated with umbilical HCRT1, and maternal HCRT1 was inversely correlated with 

fasting glucose and insulin.71
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Only one report examined the relationships between HCRT1 and lipid profile among men 

with NC in comparison to men with idiopathic hypersomnia. This study found that men with 

NC had higher levels of total cholesterol and triglycerides, but lower levels of HDL vs. 

controls. Further, the metabolic syndrome was present in 64% of narcoleptic men, but absent 

from the control group.65

Patterns of blood pressure (BP) in relation to HCRT1 were examined in four studies. An 

Italian study showed increased BP patterns in 14 HCRT1-deficient men with NC, compared 

with 14 controls.65 Similar mean systolic and diastolic BP, but different BP patterns have 

been observed in a small cross-sectional study with 15 men with NC and 15 healthy 

controls.72 Nocturnal and daytime BP patterns were also similar in narcoleptic men with 

HCRT1 depletion or HCRT1 deficiency.73 However, another study of 19 patients with NC 

found lower BP in comparison to 19 controls, though the two measures were not correlated.
74

Hypocretin-1 and Reproduction

Selection and Characteristics of Studies—In this systematic search, we identified 

191 articles, of which we screened 91 and assessed 11 full-text articles. (Figure 2) After 

these exclusion, 6 articles were included in the final analyses. Of these studies, one was 

conducted in the US,75, while others took place in Turkey, Egypt, Italy or South Korea. All 

studies included smaller samples <100 participants. (Table 3)

Results from Studies—Few clinical studies have examined associations between plasma 

HCRT1 on reproductive function among men, women and children. Deficiency in HCRT1 

has been shown to alter gonadal function in adults, but pediatric evidence remains rare. One 

Italian cross-sectional study of 95 children (mean age 11.8 years) investigated the potential 

impact of HCRT1 on reproductive function in 43 children and adolescents with NC and 52 

age-matched obese controls. This condition is marked by both HCRT1 deficiency and 

obesity.66 Its findings suggest a higher rate of precocious puberty (17% vs 2%) in the NC 

group compared with the obese group.

Only one study examined associations between HCRT1 levels and polycystic ovarian 

syndrome (PCOS), an endocrine disorder affecting 15% of reproductive age women and 

characterized by hyperandrogenism, ovulatory dysfunction and polycystic ovaries. This 

Turkish study of 36 women with PCOS and 40 healthy reproductive-age matched controls 

found lower HCRT1 levels in women with PCOS relative to those without this condition. 

Further, in the presence of PCOS, HCRT1 was inversely correlated with LH.76

Limited data exist on HCRT1 in pregnancy. A 2015 study from South Korea examined the 

associations between maternal plasma and umbilical HCRT1 levels, and excessive amniotic 

fluid (polyhydramnios), a disorder linked to GDM or fetal anomalies. This small study 

enrolled women in their third trimester with a singleton pregnancy, 10 women had 

polyhydramnios and 20 pregnant controls had normal amount of amniotic fluid. 

Polyhydramnios has been associated with lower umbilical HCRT1 levels, but no relationship 

was found between amniotic fluid quantity and maternal plasma HCRT1 in 10 pregnancies 

with polyhydramnios.77 However, umbilical HCRT1 was correlated with maternal HCRT1 

Dunietz et al. Page 7

Sleep Med Rev. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in plasma, similar to a prior report in pregnant women with gestational diabetes.71 Further, 

both plasma and cord HCRT1 measures were inversely correlated with placental and birth 

weight.

The impact of hormone replacement therapy (HRT) on plasma HCRT1 have been shown in a 

recent randomized controlled trial with menopausal women.75 Plasma HCRT1 levels were 

compared at baseline, during and after intervention in menopausal women randomly 

assigned to placebo (n=31), transdermal patch (n=23) or oral HRT (n=20) groups. While 

similar plasma HCRT1 levels were observed at baseline and 3 years later across all groups, 

during the intervention period a significant increase in HCRT1 levels was shown among 

women in the oral HRT group, but not in the patch or placebo groups.75 Inverse associations 

between HRT and HCRT1 have been reported in an observational study of 90 women. 

Plasma HCRT1 levels were compared in these women evenly divided in three groups – 

premenopausal, postmenopausal taking HRT for 6 months, and postmenopausal not on HRT 

– showed highest levels of plasma HCRT1 in postmenopausal women not receiving HRT.78 

A second observational study examined the relationships between HRT and HCRT1 in a 

cohort of 20 postmenopausal women, pre- and post-therapy, and in comparison to 20 

premenopausal controls.79 This study reported similar HCRT1 levels in postmenopausal 

women pre- and post-HRT, insignificantly lower levels in comparison to premenopausal 

women.

DISCUSSION

Hypocretin-1 and Metabolism

In this systematic review of the literature, we found mixed associations between HCRT1 and 

metabolic risk factors in adults and children. Most studies have inversely correlated plasma 

HCRT1 with body composition, metabolic syndrome or impaired metabolism. Associations 

between CSF HCRT1 and metabolic function were reported by few studies with small 

sample sizes (n<50).

Intervention studies also provide mixed results on the associations between plasma HCRT1 

and BMI. Five weeks of weight-reduction therapy was associated with increase in HCRT1 

levels among obese adolescents aged 7–18,80 while bariatric surgery for weight loss in 

morbidly obese adults resulted in decreased, unchanged or increased plasma HCRT1 levels 

post-surgery.81–83 Additional evidence for the impact of HCRT1 on excessive body weight 

has been obtained from studies among patients with NC or Prader-Willi syndrome. These 

conditions, marked with mild or deficient HCRT1 levels, are linked to elevated BMI and 

abdominal adiposity.55,68,84–88 On the other side of the BMI spectrum, it has been reported 

that girls with anorexia nervosa had decreased HCRT1 levels following interventions for 

weight gain.89,90

Ghrelin and leptin are two hormones that regulate energy balance. Ghrelin stimulates food 

intake while leptin inhibits feeding. Incongruent correlations between central HCRT1 and 

leptin have been reported. An intervention trial of 10 normal weight women inversely 

correlated HCRT1 and leptin. During a 10-day fasting period, leptin decreased but HCRT1 

levels increased in comparison to pre-fasting levels.91 Inverse correlation between leptin and 
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HCRT1 has also been observed in girls with restrictive anorexia nervosa treated for weight 

gain. Before treatment initiation, lower levels of leptin and HCRT1 were recorded in a 

sample of 30 anorexic girls compared with 20 age-matched healthy weight controls. 

However, HCRT1 level decreased while leptin concentration increased during the 6-month 

treatment.90 Another small study of 36 anorexic girls and 14 healthy controls found no 

association between HCRT1 and leptin before or after an 8-weeks weight gain therapy.89 

While both studies examined associations of HCRT1 with leptin in a small sample of 

anorexic adolescent girls, they differed in treatment duration, age distribution and 

characteristics of controls. Changes in HCRT1 levels in relation to adiposity were examined 

in a study with 58 obese children aged 7–18.5 during a five-week weight-reduction 

intervention. While weight loss was associated with HCRT1 increase and leptin decrease, no 

correlation was found between them before or after initiation of therapy.80

Experimental data have linked ghrelin to sleep and metabolic neuronal circuits, with a direct 

influence on HCRT1 activity.92 However, clinical reports on the association between ghrelin 

and HCRT1 are lacking. Two studies examined ghrelin levels in eight narcoleptic men and 

eight narcoleptic women and men, respectively. These studies reported similar ghrelin levels 

as in healthy controls in these HCRT1-deficient adults.93,94 Among adults with metabolic 

syndrome, increased levels HCRT1 and ghrelin were observed in comparison to age- and 

sex-matched controls.63

A part of the metabolic syndrome, impaired insulin function, increases the risk for type 2 

diabetes and cardiovascular morbidity. Plasma HCRT1 was inversely correlated with insulin 

and glucose in 10 non-obese women aged 14–49 years prior to and during fasting,91 and in 

men with NC compared with controls.65 A randomized clinical trial of 60 women with type 

2 diabetes reported an inverse relationship between HCRT1 and insulin resistance, but 

positive correlation with insulin sensitivity at baseline.95 After initiation of treatment for 

glycemic control, levels of HCRT1 increased while insulin resistance decreased.

Despite inconsistent clinical findings, relationships between HCRT1 levels and metabolic 

function are plausible and supported by experimental evidence from animal studies and 

intervention studies for weight loss or weight gain.

Hypocretin-1 and Reproduction

This systematic review of the literature found limited and inconsistent evidence on the 

relationship between reproductive hormones and HCRT1 in postmenopausal women. The 

three studies that examined the impact of HRT on HCRT1 reported positive, negative or null 

associations. Comparisons of HCRT1 levels between premenopausal and postmenopausal 

women were similarly inconclusive. However, a negative relationship between HCRT1 and 

reproductive hormones was suggested by a report on higher rates of precocious puberty in 

children with NC compared with obese controls and among women with PCOS versus age- 

and BMI-matched controls.

During normal puberty the activation of the hypothalamus-pituitary-gonadal axis increases 

LH, FSH and sex steroids.96 As reproductive function is controlled by GnRH, itself 

regulated by HCRT1, lack of HCRT1 could affect the timing of puberty onset. Further, 
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precocious puberty has been attributed in part to excessive weight, a common comorbidity of 

NC. To control for the influence of obesity on precocious puberty, this study examined rates 

of precocious puberty among children with NC in comparison to obese controls. The higher 

proportion of precocious puberty (17% vs 2%) observed in the NC group compared with the 

obese group, suggested a significant role for HCRT1 in the onset of puberty.66

One study reported lower HCRT1 levels in women with PCOS, a condition associated with 

obesity, insulin resistance, compensatory hyperinsulinema,97 and increased levels of LH.98 

The lower levels of HCRT1 linked to higher LH levels reported in this study are in 

agreement with the metabolic profile of increased obesity and hyperinsulinema in women 

with PCOS.76

Measurements of HCRT1 in pregnancy are limited. A 2015 study from South Korea 

associated polyhydramnios with lower umbilical HCRT1 levels.77 This study also correlated 

umbilical HCRT1 with maternal HCRT1 in plasma, similar to a prior report in pregnant 

women with gestational diabetes.71 Plasma and cord HCRT1 were inversely correlated with 

placental and birth weight, similar to inverse relationships reported between HCRT1 and 

BMI.

Whether HCRT1 is associated with adverse pregnancy outcomes is unclear. One study with 

249 narcoleptic women, of which 216 had NC, a HCRT1-deficiency condition, and 33 had 

narcolepsy without cataplexy, suggest that women with NC were more likely to experience 

perinatal complications, e.g. anemia, impaired glucose metabolism, and increased cesarean 

section deliveries.99 In experimental study of 85 mice pregnancies, a significant increase in 

fetal death was observed in mice without HCRT1, in comparison to those of wild-type 

pregnancies.100

As women transition from their childbearing years to menopause, they are likely to 

experience disruption in sleep and metabolism101,102 in response to altered levels of 

reproductive hormones.103 Indeed, hormone replacement therapy (HRT) has been linked to 

improved sleep in menopausal women with vasomotor symptoms.104 A sleep-wake 

regulator, HCRT1 shows association with reproductive hormones and plausibly contributes 

to post-menopause poor sleep. During menopause, estrogen depletion parallels an increase 

in HCRT1 levels.105 Three studies examined associations between HRT and plasma HCRT1 

in postmenopausal women produced inconsistent findings. A randomized controlled trial 

showed an increase in HCRT1 levels following a 6-month oral HRT, but not transdermal 

patch HRT.75 However, an observational study with premenopausal and postmenopausal 

women suggested an increase in HCRT1 levels during menopause and a decrease following 

HRT to similar levels of premenopausal women.78 This study did not report differences in 

HCRT1 prior and post HRT. Conversely, HCRT1 levels pre- and post HRT were similar in a 

small study of 20 menopausal women, but statistically insignificant, lower HCRT1 levels in 

comparison to premenopausal women.79 As expected, inverse associations between HRT 

and HCRT1 were present in the two observational studies, 78,79 in contrast to a positive 

association reported in the only randomized controlled trial.75 While these results suggest a 

direct impact of HRT on HCRT1 regulation, the reported inhibition or simulation of HCRT1 

by HRT is attributed to mechanisms involving distinct HRT metabolites.75
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Reproductive function in men has been linked to HCRT1 in two small studies. Among seven 

men with NC, a condition marked by HCRT1 deficiency, LH plasma levels were 

significantly lower than in the seven non-narcoleptic matched controls; both groups had a 

normal pituitary response to GnRH administration.106 The presence of HCRT1 has also been 

evaluated in testicular tissue of 70 men with non-obstructive azoospermia, a fertility 

disorder. In these men, increased testicular HCRT1 was associated with the presence of 

spermatozoa, and positively correlated with gonadotropin.107 Although insufficient and 

limited, these data suggest that endogenous HCRT1 could be involved in regulation of 

GnRH release.40

Risk of Bias Assessment

Selection of studies: In these systematic reviews of the literature, we conducted a 

comprehensive assessment of studies that examined associations between HCRT1 and 

metabolic risk factors, as well as HCRT1 and reproductive function. Only one filter was 

applied to exclude animal experiments. To reduce bias, this review included published, peer-

reviewed articles, unpublished literature, non-English publications and cited references in 

Scopus. These strategies have resulted in minimal biases toward selection of studies. Further 

bias reduction was implemented by exclusion of studies with partial measurements of 

HCRT1, or lack the associations of interest.

Individual Studies: The role of HCRT1 in metabolic and reproductive functions has been 

examined by a small number of studies with limited sample sizes. With the exception of one 

randomized controlled trial, all studies were observational, of which the vast majority were 

of cross-sectional design. While cross-sectional investigations universally lack temporal 

assessments, they can generate causal insight on associations of interest. The heterogeneity 

of methods utilized for HCRT1 assessments could also introduce bias, though central 

HCRT1 has been correlated with plasma HCRT1. Finally, HCRT1 has been evaluated among 

highly select patient groups, i.e. Prader-Willi Syndrome, NC, menopausal women or obese 

adults who are not comparable to healthy populations.

SUMMARY AND FUTURE DIRECTIONS

These systematic reviews of the literature identified clinical reports on the associations 

between HCRT1 and metabolic function as well as HCRT1 and reproductive function. 

Metabolic disruptions have been observed by 15 of the 21 included studies among children 

and adults, in agreement with animal data. However, inconsistent associations were noted, 

particularly between HCRT1 and body weight. Such relationships are likely complex and 

could involve pathways through sleep disturbances, severity of metabolic insults on energy 

balance, and sedentary or eating behaviors. Similarly, despite the observed impact of HCRT1 

on reproductive function in rodents, clinical reports are limited. Only six articles were 

identified, with one study in children, two in reproductive age women, and three among 

postmenopausal women. These three latter studies provided mixed findings on the presence 

of associations between HCRT1 and HRT in post-menopausal women and the direction of 

association. Discrepancies may be attributed to differential bioavailability of hormone 

therapies, variability of HRT metabolites, compliance to therapy, and unaccounted 
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heterogeneity. Further, the timing of the therapy initiation in relation to menopausal 

transition could explain the variation of effect on HCRT1. Nonetheless, in light of consistent 

data from animal experiments, HCRT1 is plausibly involved in metabolic and reproductive 

functions in humans.

The lack of clinical investigations on HCRT1 in relation to metabolic and reproductive 

functions may be attributed to methodological barriers in HCRT1 measurement in plasma, 

on one hand, and the invasive assessment of HCRT1 in the CSF, on the other hand. The 

inconsistent findings could be explained by heterogeneity in sample sizes, age and 

comorbidities of study populations, analytic strategies, and methods to assay HCRT1. These 

correlational studies lack the ability to examine temporal, unbiased associations and rely on 

insufficient statistical power to detect a true effect. Longitudinal investigations with reliable 

assays, large, well-characterized cohorts and intensive measurements would provide 

opportunities to elucidate the temporal role of HCRT1 in metabolic and reproductive health 

and suggest potential causal pathways. As regulators of feeding and sleep, HCRT1 may link 

reproductive function and cardiometabolic health. Development of new methods for accurate 

plasma assessment of HCRT1 would extend investigations of HCRT1 functions to large and 

healthy cohorts.
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BP blood pressure

CSF cerebrospinal fluid

FSH follicle stimulating hormone

GDM gestational diabetes mellitus

GnRH Gonadotropin releasing hormones

HCRT hypocretin

HRT hormone replacement therapy
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LH luteinizing hormone

NC narcolepsy with cataplexy

PCOS polycystic ovarian syndrome
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PRACTICE POINTS

1. Experimental animal reports associate HCRT1 deficiency with obesity and 

metabolic disruptions.

2. A limited number of clinical studies have suggested HCRT1 role in metabolic 

and reproductive functions, but their findings are mixed.

3. Current clinical studies are cross-sectional by design with small sample sizes 

and heterogeneity in assay methods for HCRT1.
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RESEARCH AGENDA

1. Prospective, larger cohorts with intensive biomarker assessment to examine 

temporal associations between HCRT1, metabolic and reproductive functions 

across the lifespan.

2. Development of a sensitive assay to reliably measure HCRT1 in plasma 

would allow large scale investigations.
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Figure 1: 
Flowchart of screening of records in the systematic review of hypocretin1 and metabolism
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Figure 2: 
Flowchart of screening of records in the systematic review of hypocretin1 and reproduction
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