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ARTICLE INFO ABSTRACT

Keywords: Major depressive disorder (MDD) is a prevalent psychiatric condition that results in persistent
AStaXﬁ"_thi“ feelings of sadness and loss of interest, imposing a significant economic burden on health systems
Depression and society. Impaired sleep is both a symptom and a risk factor for depression. Natural astax-
Circadian rhythm . . . . . . . .
Sleep anthin (AST), a carotenoid primarily derived from algae and aquatic animals, possesses multiple

pharmacological properties such as anti-inflammatory, anti-apoptotic, and antioxidant stress ef-
fects. Prior research suggests that AST may have antidepressant properties. This mini-review
highlights the potential mechanisms by which AST can prevent depression, providing novel in-
sights into drug research for depression treatment. Specifically, this mechanism suggests that
astaxanthin may improve sleep and thus potentially aid in the treatment of depression.

1. Introduction

Depression, or major depressive disorder (MDD), is a prevalent mood disorder that manifests as a reduction in an individual’s
capacity to experience pleasure. It has been identified as one of the leading causes of mortality and morbidity in modern times [1,2].
The World Health Organization’s most recent estimates indicate that over 300 million individuals are affected by depression [3].
Depression has climbed from the 15th position to the 10th leading cause of all-cause disability-adjusted life years (DALYs) in China
between 1990 and 2017 [4]. Depression’s high prevalence imposes a significant social and economic burden around the world. Despite
decades of research, the neurobiological underpinnings of depression remain unclear. However, oxidative stress has been identified as
a crucial factor in the development of depression [5]. Oxidative stress occurs when peroxisomal oxidases produce elevated levels of
reactive oxygen species (ROS) and superoxide anions (02°7) within cells. This process leads to the inactivation of catalase and
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subsequent increases in levels of hydrogen peroxide (H3O) [6]. Elevated levels of HyO5 can induce further oxidation of tryptophan
hydroxylase-2 (TPH2), leading to dysfunction of the 5-hydroxytryptamine (5-HT) system and ultimately resulting in depression-like
behaviors [6]. Brain-derived neurotrophic factor (BDNF) is a risk factor that can contribute to the development of major depressive
disorder. Individuals who are prone to depression may have low levels of BDNF, which can interfere with the interaction between
Keapl and Nrf2 proteins and trigger the activation of antioxidant enzymes. This can eventually lead to chronic oxidative stress [7]. In
postmortem brain samples taken from patients with MDD, there is a notable decrease in the expression of both Bdnf mRNA and
proteins. This reduction is particularly pronounced in the hippocampus and amygdala regions of the brain [8]. When there is excessive
generation of reactive oxygen species (ROS) and antioxidant-related enzymes become exhausted, it can activate pro-inflammatory
signaling pathways [5]. The occurrence and progression of depression are associated with neuroinflammatory signaling pathways,
which include pro-inflammatory cytokines (such as IL-1p, IL-6, and TNF-a) and activated NF-kB [9]. As the inflammation progresses,
essential macromolecules are damaged and induce apoptosis [5]. This is the reason why a significant increase in apoptosis was found in
postmortem brain samples of depressed patients [10].

Today, an increasing number of patients are seeking alternative therapies - including herbal medicines - to manage chronic con-
ditions. In the United States, the use and expenditure on alternative medicine increased by 45.2% between 1990 and 1997 [11].
Clinical studies have found that St. John’s wort and curcumin exhibit good efficacy as antidepressants [12,13]. Astaxanthin (C40Hs5204,
AST) is a red-orange fat-soluble carotenoid found in the marine world of algae and aquatic animals [14]. Trans-isomeric forms are
typically the natural presentation of it in nature (Fig. 1) [15]. AST has been approved as a dietary supplement (nutraceutical) since
1999 [16]. Astaxanthin also plays a role in promoting skin health, particularly in the prevention or reduction of skin photoaging [17].
For human consumption, the only form of astaxanthin approved as safe and effective is derived from the microalgae Haematococcus
pluvialis [15]. Astaxanthin (AST) has been shown to have several potential benefits for individuals with depression. It can reduce the
pro-inflammatory factor cyclooxygenase-2 (COX-2), activate the Nrf2 pathway, increase BDNF levels, and promote neurogenesis by
crossing the blood-brain barrier (BBB) [14,18,19]. Additionally, AST possesses various neuroprotective properties such as antioxidant
stress, anti-inflammatory effects, and anti-apoptotic properties [20]. Given these beneficial effects, AST may represent a promising
alternative therapeutic approach for depression [21].

2. Method

To search for relevant literature from 1980 to 2022 on PubMed and Web of Science, we utilized a set of targeted keywords that
included “astaxanthin” or “depression” and “depression,” “circadian rhythm,” “sleep,” “insomnia,” or “sleep quality.” Our aim was to
obtain a comprehensive pool of information that would be useful for our research. We conducted a search on PubMed to collect data on
animal experiments and clinical trials related to the keywords “astaxanthin” and “depression or sleep.” Additionally, we paid attention
to papers published in high-impact international journals and references cited within these papers to investigate the underlying
mechanisms of antidepressants and circadian rhythms. This approach aimed to provide a thorough understanding of the topic and
ensure that our research was based on reliable and significant scientific findings.

2.1. Circadian rhythm system and depression

Circadian rhythms are a set of physiological, behavioral, and metabolic oscillations that conform to a 24-h cycle. This cycle consists
of inputs, oscillators, and outputs [22,23]. The central circadian clock in mammals is located in the suprachiasmatic nucleus (SCN),
which receives light signals via intrinsic photoreceptor retinal ganglion cells (ipRGCs). These signals are then transmitted to other
brain regions and surrounding organs, where they regulate various rhythms [24,25]. The circadian system is primarily controlled at a
molecular level through complex interactions involving the core clock genes. These genes include Clock, Bmall, Per1-3, and Cryl-2,
which are regulated through a series of positive (CLOCK: BMAL1) and negative (PER: CRY) transcriptional-translational feedback
loops. Sleep/wake patterns are closely associated with the circadian rhythm system, and the SCN can directly regulate sleep by
controlling the synthesis of melatonin in the pineal gland [26]. During the day, light signals inhibit the production of melatonin, while
melatonin is synthesized and released at night [27]. Research studies have demonstrated that melatonin can synchronize circadian
rhythms and significantly improve sleep efficiency and quality [28]. Melatonin has two types of G-protein-coupled receptors, known as
MT1 and MT2 [29]. The activation of the MT1 receptor is primarily involved in the regulation of rapid eye movement (REM) sleep,
while the MT2 receptor is responsible for increasing non-rapid eye movement (NREM) sleep [30].

Circadian rhythm disturbances are frequently observed in individual with depression [31]. Approximately 90% of people with
major depressive disorder (MDD) experience difficulty falling asleep, prolonged sleep latency, early awakening, and fragmented sleep
[32,33]. In individuals with depression, the REM latency is typically shortened and there may be a delay in the sleep-wake phase [34,
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Fig. 1. (3S, 3'S)- Astaxanthin.
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35]. Patients with depression release melatonin significantly earlier, causing the circadian rhythm to be earlier than their sleep time.
This is consistent with early awakening in depression [36]. These alterations can lead to impaired sleep quality in both NREM and REM
stages, decreasing the number of slow-wave sleep (SWS) cycles [33,37]. Iman Hashemzadeh et al. conducted a survey that supports
this view. They found that patients with comorbid substance use disorder (SUD) and major depressive disorder (MDD) experienced
more early awakening, poorer sleep quality, and worse quality of life compared to patients with SUD alone [38]. A recent study has
suggested that REM sleep plays a role in preventing emotional overreaction through somatodendritic decoupling, which can help
dissolve negative emotions such as fear and stress [39]. Therefore, improving sleep quality may serve as an early predictor of the
effectiveness of antidepressants [40,41]. When sleep function is disrupted, toxic substances produced in the brain cannot be effectively
eliminated, leading to potential damage to neurons and glial cells [42]. The lack of sleep can also significantly increase blood-brain
barrier permeability, likely due to astrocyte damage [43,44]. Pathological changes in astrocytes are involved in depression, with
decreased glial fibrous acid protein (GFAP)-positive astrocyte density [45,46]. They have molecular clocks that can restore clock gene
expression of SCN neurons through glutamate, playing a role in controlling rhythms [47,48]. Astrocyte expression of Per] is regulated
by glutamate, serotonin, and dopamine-activated extracellular regulated protein kinases (ERK) signaling pathways [49]. Persistent
damage can further disrupt circadian rhythms and worsen insomnia.

There are significant molecular changes associated with major depressive disorders. Abnormal Per2 expression in rodents is
associated with depressive-like behavior [50,51]. In a rat model of depression, researchers found that the peaks of Per2 were advanced
by approximately 4 h in the SCN, while Bmall was delayed by about 4 h [52]. When the light and dark cycle was changed to 22 h in a
rat model of depression, the rats showed increased immobility during the dark phase and decreased immobility during the light phase.
These changes indicate depressive behavior and disrupted circadian rhythm [53]. Clinical studies have reported variants of Bmall,
Per2, and Cry2 genes in patients with depression [54,55]. Analysis of postmortem brain tissue in individuals with major depressive
disorder showed a decrease in the expression of rhythm genes such as Bmall and Per2 [56]. Overall, depression is associated with
disturbances in the circadian rhythm, and the clock genes that are most closely linked to this condition are Bmall and Per2.

On the other hand, patients with depression show reduced levels of glutamate metabolites in the medial frontal cortex region [57].
The decrease in glutamate may be influenced by various factors, such as abnormal changes in glutamate synthesis, metabolism, and
reuptake into neurons and glial cells [58,59]. Moreover, reduced levels of y-aminobutyric acid (GABA) have been detected in the
cerebrospinal fluid of individuals with depression [60]. Postmortem studies have also shown decreased levels of GABA synthesis [61].
Structural and functional abnormalities have also been observed in both glutamate and GABA receptors in patients with depression,
providing further evidence of dysregulation in the delivery of these neurotransmitters [60,62]. GABA is a crucial neurotransmitter that
affects circadian rhythms, typically being released at night and binding to GABAA receptors in the postsynaptic membrane. This
binding causes changes in Ca?t concentrations, which in turn inhibit Per2 synthesis [49].

2.2. The antidepressant effect of astaxanthin and its impact on circadian rhythm

There have been several reports on the effects of AST treatment on rodent behavior. We have summarized the role of AST in rodent
antidepressant-like behavior in Table 1. In terms of sleep, a clinical trial has shown that intake of zinc and AST can improve sleep-onset
latency [63]. However, due to the relatively low absorption efficiency of AST, which is an astaxanthin fatty acid diester, the afore-
mentioned study did not specifically examine the effect of AST on sleep alone. As a result, it is challenging to determine whether AST
directly influences sleep. A recent study of people who are severely depressed showed improvements in sleep after AST oral

Table 1
Summary of anti-depressive-like behavior effect of rodent models with astaxanthin.

Tested Parameters Animal models AST dosage Effect Reference

FST, TST, LA, NO, iNOS, nNOS, eNOS, Male ICR mice (4-6weeks, 20-22 g) were Trans-AST Trans-AST has counteracted the [65]
COX-2, NF-kB p65, IL-1p, IL-6, injected with LPS (0.83 mg/kg). (20,40,80 mg/ depressive-like behavior of LPS-
TNF-a, and related mRNA. kg). induced depression mice.

OFT, TST, Hole-board test, and Adult (6 months) female swiss albino mice 2 mg/kg. AST has counteracted the LPS- [66]
oxidative stress estimation. were injected intraperitoneally LPS(300 exposure induced behavioral deficits.

ng/kg).

OFT, EMP, FST, LA, OGTT, pERK, Male Sprague-Dawley rats (300-350 g) 7.5, 15, 25 mg/ AST has counteracted comorbid [67]
PCREB, pAKT, and BDNF in the were injected STZ (25 mg/kg). kg/d. diabetes and depression disorders.
PFC.

OFT, FST, TST, neuronal morphology, Adult male Kunming mice (35-40 g) were 50 mg/kg/d. LiCl + AST treatment could counteract [21]
p-Pi3K, p-Akt, p-GSK3p, and p- injected omethoate (5 mg/kg) every day depression-like symptom.
CREB. for 4 weeks.

The modified TST, the modified FST, Adult male ICR mice (18-20 g) were 25 mg/kg/d. AST has an anti-depressant effect on [68]
GFAP, cleaved caspase-3, IL-6, IL- injected intraperitoneally STZ (150 mg/ diabetic mice.
1p, and COX-2. kg).

CLET, UALST, FST, Bdnf mRNA, Arc Audlt male (175-200 g) and femal Krill 0il 0.2 g/ Krill oil improved learning processes [69]
mRNA. (125-150 g) Wistar-Unilever rats. rat/d. and provided antidepressant-like

effects.

Note: FST: forced swimming test, TST: tail suspension test, LA: locomotor activity, NO: nitric oxide, iNOS: inducible nitric oxide synthase, nNOS:
neuronal NOS, eNOS: endothelial NOS, OFT: open field test, EMP: elevated plus maze, OGTT: oral glucose tolerance test, CLET: conditioned light
extinction test, UALST: unavoidable aversive light stimulus.
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administration [64]. The above research is summarized in Table 2.

Molecular docking shows that AST inactivates glutamate N-methyl-p-aspartate (NMDA) receptors because AST is suitable for
binding to the NMDA receptor subunit NR2B pocket. Compared to ketamine, it has a close docking score [70]. According to the new
mechanistic hypothesis of antidepressants, overstimulation of NMDA receptors triggers the activation of eukaryotic elongation factor-2
(eEF2), which in turn leads to decreased levels of BDNF. By blocking NMDA receptors on postsynaptic neurons and GABA interneurons,
antidepressants can produce a direct or indirect beneficial effect on depression [71]. AST has the ability to enhance BDNF levels,
potentially by impeding and obstructing NMDA receptors on the postsynaptic membrane, thus preventing eEF2 activation [71,72].
Furthermore, AST stimulates the incorporation of a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors into the
postsynaptic membrane and increases glutamate, finally triggering activation of AMPA receptors to enhance BDNF expression [72,73].
Subsequently, BDNF binds to TrKB receptors on neurons, initiating downstream signaling pathways such as PI3K/AKT/mTORC1 and
MAPK/ERK, which ultimately lead to the manifestation of antidepressant effects [71,67]. Interestingly, mTOR involves the expression
of Per1-2, and the expression of TrkB is regulated by circadian rhythms [74]. BDNF also protects astrocytes from death. Because as-
trocytes express TrkB-T1 (TrkB truncated receptor) and p75 neurotrophin receptor (p75N %) [75,76]. BDNF combines TrkB-T1 to
activate the ERK and Akt signaling pathways. It also activates the PKC(-CK2-Nrf2 pathway of dimers consisting of TrkB-T1 and p75~ &
[75,76]. Additionally, AST raises levels of 5-HT, which could affect the rhythm of astrocytes [49,77]. Based on previous research, we
have put forward hypotheses regarding the antidepressant effects of AST and its potential role in regulating circadian rhythms (Fig. 2).
These intricate regulatory mechanisms could impact melatonin expression and play a role in regulating sleep patterns.

3. Discussion

While depression is a significant issue, there are medications available that can alleviate its symptoms. Fluoxetine, a selective
serotonin reuptake inhibitor (SSRI), is a prescription drug used to treat major depressive disorder. However, common side effects of
fluoxetine include nausea, anxiety, and sleep disturbances, among others [78]. In comparison to fluoxetine, natural AST offers many
advantages and has been extensively utilized in nutraceuticals, cosmetics, food, and beverage products, due to its high safety profile
[79]. As astaxanthin is edible and safe for human consumption, there is no need to be concerned about toxicity or side effects in future
clinical studies. Research has shown that AST or AST-containing foods may have a positive effect on sleep, suggesting a potential
anti-depressive effect, although the underlying molecular mechanisms remain unclear. As insomnia has been linked to Per and Bmall
genes, AST may modulate related pathways. Therefore, several key questions need to be addressed, such as whether AST has an
antidepressant mechanism akin to ketamine, if it can affect the rhythm of astrocytes and neurons in the SCN and regulate the phase of
melatonin expression, and whether it improves sleep in depressed patients. Our research group has found that AST can impact the
expression of Per2 (although these findings are unpublished) and require further confirmation. It’s worth noting that circadian rhythms
regulate the expression of p75~ ' and TrkB genes [74,76]. Additionally, proper timing of medication or supplement intake is crucial, as
it can influence your body’s circadian rhythms and result in varying outcomes at different times. Certain medications may work best
when taken at specific times during the day, while others may cause more pronounced side effects if taken at particular periods, such as
those impacting sleep or digestion [80].

AST has limited clinical applications due to its low aqueous solubility and bioavailability [81]. Its effectiveness in improving sleep
may be impacted as a result. To address this issue, scientists have explored multiple methods to enhance AST’s bioavailability, such as
using polymeric, lipid-based, inorganic, and hybrid nanocarriers [81,82]. This trend is likely to continue in future research involving
AST. With further investigation into AST, we anticipate it will demonstrate additional valuable applications in the pharmaceutical and
biomedical fields.

4. Conclusion

Although astaxanthin has demonstrated promising antidepressant effects in animal studies, clinical research has yielded limited
data on its efficacy. Given the high degree of bias associated with individual clinical trials, it remains unclear whether these findings
translate to human treatment. However, based on the mechanisms discussed earlier, astaxanthin may play a significant role in
enhancing antidepressant and sleep-improving effects. To provide more conclusive evidence, additional clinical trials should be
conducted to determine its effectiveness in humans.

Table 2
Existing clinical studies of astaxanthin in antidepressant or sleep improvement.
Study design Sample AST Diagnosis criteria Outcome Reference
dosage
Randomised, double- There were 25 participants in 12 mg/ Profile of Mood States 2nd Edition Participants with a score [64]
blind, placebo- the astaxanthin group. There d. (POMS2).0guri-Shirakawa—-Azumi >65 (depression) had
controlled, parallel- were 29 participants in the Sleep Inventory (OSA-MA). significantly improved
group comparisons. placebo group. sleep
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Fig. 2. The polypharmacology of astaxanthin in antidepressants and regulation of circadian rhythms. A. Astaxanthin has activated the Nrf2
pathway to show antioxidant activity, thereby playing an antidepressant effect [19]. Another potential mechanism is theoretically similar to ke-
tamine. AST increases GABA release by blocking NR2B receptors on GABAergic interneurons, stimulating glutamate release [70]. Subsequently,
glutamate binds to AMPA receptors to increase BDNF synthesis and release [71]. It is worth noting that AST causes AMPA receptors to be inserted
more into the postsynaptic membrane, which amplifies glutamate signaling [72]. Blocking NR2B on postsynaptic neurons and increase can also
increase BDNF levels. BDNF binds to the TrkB receptor of neurons and activates downstream signaling pathways to improve synaptic plasticity and
exert antidepressant effects [71]. B. The density of astrocytes and their markers showed significant pathological changes in MDD [46]. These
changes may lead to circadian rhythm disorders in patients with depression, and spikes in clock gene expression may occur earlier or later. AST
significantly increases BDNF levels and subsequently binds to the TrkB-T1 receptor on astrocytes, triggering anti-apoptotic pathways and protecting
astrocytes [75,76]. There are currently no direct reports of the effect of AST on astrocyte rhythms. But AST increases serotonin and glutamate levels,
suggesting that it may affect the rhythm of astrocytes [49,73,77]. These effects may normalize the astrocyte rhythm, restores the out-of-balance
rhythm, and improves sleep in depressed patients. These effects may normalize astrocyte rhythms, restore the out-of-balance rhythm, regulate
Ca* concentrations in postsynaptic neurons, and regulate the expression of the Per gene [49]. In addition, the BDNF-TrkB-mTOR pathway is also
involved in regulating circadian rhythms [74].
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