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The melanopsin (OPN4) gene is crucial in visual and non-visual processes. Certain single-nucleotide polymorphisms (SNPs) of this gene have been linked to altered light sensitivity, photoentrainment, sleep disorders, and metabolic problems, which suggests a systemic effect of light exposure. The aim of this systematic review is to explore the current literature regarding the OPN4 gene and its SNPs, along with their associations with health-related problems. The literature search was conducted in PubMed and ScienceDirect databases using the following key terms: (“Melanopsin” OR “OPN4” OR “Opsin 4”) AND (“Polymorphism” OR “SNP” OR “Variant”). The publications were from January 1998 to February 2025. We identified 763 studies, and after screening titles, abstracts, full texts, and the inclusion and exclusion criteria, nine studies were included in the review. The review was conducted by two independent reviewers following the PRISMA guidelines. Our review revealed that some SNPs of the OPN4 gene, such as P10L, I394T, and R168C, are associated with affective states, changes in chronotype, and sleep disorders: P10L variant has been associated to seasonal affective disorder (SAD), chronotype, and chronic insomnia; I394T variant has been linked to the pupillary light response (PLR) and sleep/wake timing, while R168C variant has been associated with delayed sleep-wake phase disorder (DSWPD). Currently, the remaining SNPs have no reported associations, and the existing literature does not describe any specific molecular mechanisms through which these variants could modulate or alter OPN4 function. Future research should aim to explore these identified SNPs with alternative associations related to OPN4 functions.
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Introduction

Light regulates several physiological processes, many of which can persist even in the absence of vision. Opsins, which are membrane photosensitive proteins, can help with this task. Because they are G protein-coupled receptors (GPCRs), after absorbing photons, they generate a cellular response and a signaling cascade known as phototransduction (Haltaufderhyde et al., 2015; Moraes et al., 2021). Some opsins mediate visual functions, while others are involved in non-visual processes (Karthikeyan et al., 2023). Melanopsin (OPN4) plays a crucial role in these (Spitschan, 2019). It was first discovered and identified in embryonic melanophores of Xenopus laevis (Provencio et al., 1998), and its recognized role as a non-visual photoreceptor increased. The mammalian eye detects light through three types of photoreceptors: cones, rods, and OPN4, containing ganglion cells, so-called intrinsically photosensitive retinal ganglion cells (ipRGCs). Furthermore, OPN4 has been found in all vertebrate groups (Bellingham et al., 2006). It differs from the visual receptors in the retina and is especially sensitive to wavelengths of blue light (Buhr, 2023). This sensitivity allows the PRGs to send information through the retinohypothalamic tract (RHT) directly to the suprachiasmatic nucleus (SCN). Thus, ipRGCs play an essential role in photoentrainment by influencing physiological regulation processes such as sleep, hormonal regulation, eating patterns, along with weight control and even cognitive functions and emotions (Figure 1) (Foster et al., 2020). In recent years, OPN4 has been found in extraocular regions (Leung and Montell, 2017), such as the brain (Nissilä et al., 2017), skin (Kusumoto et al., 2020), and adipose tissue (Ondrusova et al., 2017). This suggests that the light in the body can induce a physiological response through mechanisms mediated by extraocular photoreceptors.
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FIGURE 1
 Overview of the role of melanopsin (OPN4) in circadian photoentrainment. Intrinsically photosensitive retinal ganglion cells (ipRGCs) containing melanopsin detect light at ~480 nm through the retina and transmit signals via the retinohypothalamic tract (RHT) to the suprachiasmatic nucleus (SCN). This process regulates key physiological processes such as sleep-wake cycles, hormone secretion, eating behavior, weight management, cognitive performance, and emotional health.


The OPN4 gene in humans exhibits a variety of single-nucleotide polymorphisms (SNPs) (Rodgers et al., 2018a, 2018b), which are a type of mutation more frequently found in the population (>1%) (Karki et al., 2015). A mutation in this gene can affect the functional response to light (Smieszek et al., 2022). This review aims to gather all the information available on the OPN4 gene SNPs and their associations with light perception disorder.



Methodology. Identification of manuscripts

The search was done using PubMed and ScienceDirect databases with the following key terms combination: (“Melanopsin” OR “OPN4” OR “Opsin 4”) AND (“Polymorphism” OR “SNP” OR “Variant”). The publication was delimited from January 1998 to February 2025, and two independent reviewers screened all titles and abstracts following the PRISMA guidelines (Page et al., 2021).


Inclusion criteria

• Peer-reviewed articles.

• Clinical trials (randomized or non-randomized) or case reports.

• Studies involving human subjects.

• Studies that include multiple species, along with humans.

• Studies that include in vivo, in vitro, or in silico.



Exclusion criteria

• Review articles.

• Documents written in languages other than English.



Data extracted

The authors, year, SNPs, sample size, population, country, findings, or associations were noted. The result section recorded the SNPs and associations as outcomes. The information from the included articles was listed by publication date to provide chronological order (Table 1). The missing information was classified as: not reported (n.r.) and entered in the table to complete the sections.



TABLE 1 Overview of the included studies.
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Quality assessment

The study critically assessed information retrieval and methodological problems. We used the risk of bias (RoB) (McGuinness and Higgins, 2021) as a quality assessment template. The RoB tool consists of questions on seven domains of potential biases. Each question had to be answered with an assignment of either “Low,” “High,” or “Unclear.”




Results


Summary of included studies

Figure 2 summarizes the selection process of included studies. The initial search strategy yielded 763 studies. Duplicates were searched manually and subsequently excluded, 8 duplicates. After duplicates were removed, 755 studies remained. A total of 741 studies were excluded in this step based on screening of titles (691) and abstracts (50). Two independent researchers (KRLE and JAPL) screened the remaining studies; 14 studies were assessed for eligibility, and 5 studies were excluded (4 review articles and 1 conference abstract). A total of 9 studies were included in the systematic review.
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FIGURE 2
 PRISMA flowchart of the literature research process.




Detailed description of included and analyzed studies

Table 1 describes the analyzed studies. There is a predominance of the SNPs P10L and I394T studies, where each appeared in 5 and 6 articles, respectively, out of the 9 included studies. The number of participants ranges from 1 individual in a case study (Smieszek et al., 2022) to 348 subjects (Lee et al., 2014). Meanwhile, Rodgers et al. (2018a, 2018b) assessed the SNPs in vitro.



Summary of risk of bias

The RoB traffic-light plot (Figure 3) visualizes the assessment for each RoB question. There is a range of 13 years between the first and last study included in this review. All the studies had the disadvantage of their randomization process criteria due to the researchers’ need to control the subjects’ characteristics so that they could conduct their experiments. Even with those concerns in the process, neither the methodology nor the result seemed compromised, having a low risk of bias. Aside from that, their protocols were assessed as adequate.
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FIGURE 3
 Traffic-light plot to risk of bias tool visualizes the assessment for each RoB question.




SNP P10L

The P10L SNP was first identified (Table 1) by Roecklein et al. (2009) as being associated with seasonal affective disorder (SAD). This is characterized by frequent depressive episodes, especially during fall and winter seasons (Gagné et al., 2011), showing a sudden remission during spring and summer. It has been speculated that light plays an important role in treating this disorder, making photoreceptors crucial because they process environmental light. It was considered that genes involved in this disorder were those of serotonin transporters, serotonin receptors, and clock genes (Figure 4). Thus, researchers hypothesized that ipRGCs are fundamental photoreceptors for non-visual functions and project light information directly to the SCN, and thus variations in the gene sequence could imply some modification in the function of circadian entrainment and light perception modulated by the pupillary light reflex, affecting the entry of light into the brain and increasing susceptibility to SAD. This could contribute to a higher light requirement for individuals to perform normal functions during low-light seasons. The study results showed that individuals with the P10L SNP, specifically with the T/T genotype, had a 5.6 times higher risk of developing SAD compared to the control group. It was also suggested that more distant regulatory regions of the gene might contribute to the hereditary risk of SAD associated with OPN4.
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FIGURE 4
 Functional roles of P10L and I394T polymorphisms in light-regulated physiological processes. The P10L polymorphism has been linked to seasonal affective disorder (SAD); this association highlights the role of genes involved in serotonin transport, serotonin receptors, and circadian clock regulation due to the decreased light input. Additionally, the P10L SNP shows a potential link to metabolic complications, as individuals with insomnia reported obesity or overweight. The I394T polymorphism has been associated with a reduction in pupil size and diminished light sensitivity, impacting the processes of circadian synchronization and hormone secretion.


Subsequently, in the study of Gutiérrez-Amavizca et al. (2021), an association of P10L with chronic insomnia was determined in a Mexican population of 127 subjects through a combination of genotyping and questionnaires. According to Bidaki et al. (2012), insomnia is described as the difficulty in initiating or maintaining sleep, leading to poor quality and non-restorative sleep. Moreover, this disorder is quite prevalent, affecting up to 50% of the general population. This information, along with the previous association of the polymorphism (Roecklein et al., 2009) and the functions of OPN4, indicates a connection with the OPN4 gene, its SNPs, and insomnia. The results showed a strong association between the SNP P10L and insomnia, with a higher risk of insomnia in individuals with the T allele present. Additionally, there was a tendency in the insomnia group to be overweight or obese, with 44.8% of the insomnia group being overweight and 20.7% being obese, suggesting a possible implication in metabolic complications.



SNP I394T

Another notable polymorphism is the I394T (rs1079610), substituting isoleucine with threonine at position 394. Studies have linked this SNP to the pupillary light reflex (PLR). Lee et al. (2013) investigated this association under diverse light conditions. The study was conducted with 195 participants exposed to different light intensities and wavelengths. The result indicated a significant reduction in the pupil size of individuals with TC + CC genotypes compared to those with the TT genotype (Figure 4).

Similarly, Higuchi et al. (2013) investigated the impact of this SNP on pupillary light response, finding various responses to the stimulation depending on light intensity. And while in this study the polymorphism in humans has been shown to affect PLP under low and high illuminance conditions, there are concerns regarding previous studies where melanopsin knockout (Opn4−/−) mice exhibit PLR deficits only under bright light (Lucas et al., 2003). The discrepancy may be due to its mechanism. While the precise mechanism by which the light perception is altered by the human I394T variant remains unknown, it is known that there is a partial loss of melanopsin function by disrupting ipRGCs without abolishment, only altering the light modulation levels. In contrast, the knockout mice completely lack melanopsin, leaving rods to entirely compensate during dim light conditions.

Roecklein et al. (2013) examined the post-illumination pupillary response (PIPR) in the population of individuals with seasonal affective disorder (SAD). This research was done in a smaller group of 30 individuals divided into 2 groups: subjects with SAD and a control group. The results indicated that the SAD group exhibited a lower PIPR response to blue light compared to the control group, and the response differed with the I394T genotype. This suggests that individuals with this condition have diminished light sensitivity, which influences the behavior and physiological response, affecting the mechanisms of circadian entrainment and hormone secretion (Figure 4) (Gnocchi and Bruscalupi, 2017).



Photoentrainment and circadian rhythms

Circadian rhythms are oscillations with a 24-h cycle that regulate various physiological processes (Gnocchi and Bruscalupi, 2017). These rhythms are driven by molecular clocks at the cellular level and regulated by a master clock located in the SCN of the hypothalamus (Spitschan and Joyce, 2023). The process by which light synchronizes these circadian rhythms is called photoentrainment (Duffy and Czeisler, 2009). This adaptation allows the body to align its internal clock with the external light-dark cycle (Astiz et al., 2019).

Human biology has evolved to follow these cycles to perform tasks optimally during certain times of the day (Finger and Kramer, 2021). The SCN, acting as a biological pacemaker, synchronizes the sleep-wake cycle and integrates environmental light inputs (Asgari-Targhi and Klerman, 2019; Gentry et al., 2021). The transmission of light signals to the SCN occurs via the retinohypothalamic tract (RHT), a pathway originating from the ipRGCs (Figure 1) (Díaz et al., 2016; Mure et al., 2019; Schoonderwoerd et al., 2022; Rabin et al., 2024).

ipRGCs play a central role in synchronizing circadian rhythms to environmental light. OPN4 is particularly sensitive to blue light (around 480 nm), which effectively suppresses melatonin release and shifts circadian phases (Roecklein et al., 2012). Variations in the OPN4 gene, such as P10L and I394T SNPs, may impact individuals’ sensitivity to light by altering the response properties of ipRGCs and making them more susceptible to mood disorders, sleep disturbances, or metabolic diseases (Rodgers et al., 2018a, 2018b). However, in modified mice, these polymorphisms did not significantly impair circadian photoentrainment or the pupillary light reflex, due to compensatory rods and cones. For instance, the pupillary light reflex has a fast component depending on cones and rods, and a slower component mediated by ipRGCs (Gooley et al., 2012; Lee et al., 2013). But, while the classical photoreceptors may compensate for some of the ipRGCs functions, for instance, the PPL as indicated above, the disruption in melanopsin signaling could still contribute to dysregulation of the circadian rhythm and specific diseases associated with SNPs because these variations on the melanopsin gene do alter the synaptic pathway of the RHT.

Exposure to light at specific times can shift the phases of circadian rhythms. For example, evening light exposure can delay sleep onset, while morning light helps advance the circadian clock, aligning it with daytime activities (Chellappa, 2021). However, disruptions to circadian rhythms through artificial light exposure or internal misalignments (e.g., due to sleep disorders) can negatively affect health by contributing to cardiovascular problems, cancer, obesity, type 2 diabetes (T2DM), and mood disorders through poor sleep quality (Foster, 2021).

OPN4 is critical in modulating circadian timing by regulating the body’s response to light. It modulates alertness, cognition, and the pupillary light reflex and helps synchronize physiological activities with the light-dark cycle (Rabin et al., 2024). By signaling light information to the SCN, OPN4 contributes to the adaptive timing of biological rhythms in response to environmental changes (Spitschan, 2019).



Sleep, chronotype, and insomnia

An essential physiological process for mental and physical health is sleep. It influences hormone control, cognitive performance, immunological and cardiovascular health (Baranwal et al., 2023). Furthermore, it promotes neuroplasticity during the acquisition of new abilities or knowledge and is also involved in recovery roles in processes like hormone release and muscle repair (Vorster et al., 2024). However, since sleep and mental health are linked, an individual’s well-being may be compromised when they are affected by sleep disorders (Turkistani et al., 2023). In addition, sleeping disorders might raise the risk of developing conditions like anxiety, depression, bipolar disorders (Howarth and Miller, 2024), and even metabolic problems such as obesity, type 2 diabetes, and changes in intestinal microbiota (dos Santos and Galiè, 2024). Individual circadian rhythms and sleep-wake cycles can be affected by their chronotype, which is a particular preference for morning or evening activity (Montaruli et al., 2021). People with evening chronotypes tend to have major difficulty adjusting to society’s demands due to the earlier sleep-wake times, which makes them more prone to insomnia and sleep disruptions. This leads to negative health outcomes, including psychological distress (PD) and mood disorders (Bradford et al., 2021).

ipRGCs are highly involved in sleep regulation, and it has been shown in OPN4 knockout mice studies that affect REM and NREM sleep by mediating light-induced sleep (Wang et al., 2022) and evening light exposure can influence sleep parameters such as sleep efficiency and latency (Cajochen et al., 2022). Also, OPN4 direct light effects contribute to the sleep-wake cycle involved through circadian input, effects relayed by the SCN, subsequently suppressing melatonin (Hubbard et al., 2021).

Melatonin is a hormone secreted at night and has an important role in the processes regulating sleep and circadian rhythms (de Toledo et al., 2023). When exposed to blue light in the evening, sleep patterns are disrupted by the suppression of melatonin, affecting the circadian rhythm (Diaconu et al., 2023). Ziółkowska et al. (2022) showed that blue light exposure decreases OPN4 expression in the ipRGCs. Light absorption control can diminish the effects since it shortens sleep latency, decreases alertness, and reduces melatonin suppression (Schöllhorn et al., 2023).

According to Howarth and Miller (2024), mental health conditions can provoke a disruption in sleeping patterns, leading to shorter sleep duration. A comparison between the morning and evening chronotypes in the study of Ahn et al. (2024) showed that the morning type has better cognitive performance with less sleep (5–6 h), compared to the evening chronotype that required more hours of sleep to have a better cognitive function (7–8 h). Also, evening chronotypes display a decreased sleep quality, shorter sleep time, and overall sleep efficiency compared to the morning type (Colelli et al., 2023).

Sleep-wake patterns are complex and possess significant importance in different health conditions. It is characteristic of patients with epilepsy to exhibit disruptions in sleep-wake patterns, leading to reduced synchronization and a delay in the sleep phases (Liguori et al., 2022). It is also common in Alzheimer’s disease to have a sleep-wake disturbance that leads to memory loss. However, the specific patterns remain unclear (Falgàs et al., 2021). A hint can come from a study by La Morgia et al. (2023), who demonstrated that AD patients had a pronounced dysfunction of ipRGCs.

Parkinson’s disease is another neuropathy in which the involvement of ipRGCs has been demonstrated. It is known that patients suffer from sleep and circadian rhythm disorders, and in biopsies analyzed, there is a diminished amount or alteration in morphology of ipRGCs (La Morgia et al., 2023; Ortuño-Lizarán et al., 2018).



Pupillary light reflex and ocular light perception disorders

Pupillary light reflex (PLR) is an involuntary response to changes in ambient light and is controlled by the autonomic nervous system (sympathetic and parasympathetic) (Hsu and Kuo, 2023). PLR has a complex role in the regulation of retinal illumination and the non-image forming (NIF) functions, and it has been found that PLR is useful to measure retinal irradiance to improve seasonal affective disorder analysis models (Klevens et al., 2024). The parameters by which PLR can be measured include initial pupil size, constriction velocity, dilation velocity, pupillary size, and ambient light conditions (Rosen et al., 2020). Some studies show that children at high risk of having an autism spectrum disorder (Kercher et al., 2020) and individuals with a history of concussions exhibit an altered PLR (Carrick et al., 2021). The role of ipRGCs in initiating this light response also has a plausible influence on the development of these dysfunctions.

Ambient light detection is possible due to photosensitive cells crucial for various physiological regulation processes. Cells that express melanopsin allow them to sense light directly (Lucas et al., 2020). And even though ipRGCs directly respond to light intensity for non-image forming functions, they can also receive input from cones and rods, contributing to the visual process (Mouland and Brown, 2022). Light detection is not limited to the retina since it has been shown that extraocular light perception can perform different functions in various tissues. Other opsins, particularly OPN3 and OPN5, have been shown to be involved in certain metabolic pathways (Andrabi et al., 2023). However, the mechanisms by which they work remain unknown.




Discussion

This review investigated how polymorphisms in the OPN4 gene might influence or benefit the functioning of various physiological processes. The discovery and ongoing research on OPN4 have shown significant advances in photobiology. Many studies have supported the idea that this pigment was among the first ones distinguished from those found in cones and rods (Provencio and Warthen, 2012). Compared to other opsins primarily involved in image formation, OPN4 containing cells function more as photoreceptors for non-visual tasks, including the previously mentioned ones: photoentrainment, PLR, and potential effects from light sensitivity, such as SAD, insomnia, and even associations with metabolism, obesity, and type 2 diabetes (Fleury et al., 2020).

The discovery of OPN4 opened various new areas of research that can be further developed in chronobiology, neuroscience, and even medicine. Studies have supported its role in regulating circadian rhythms due to its direct connection with the SCN and its implications in sleep disorders and related health issues (Feigl et al., 2020). Despite this, specific mechanisms remain to be fully elucidated. On the other hand, research has also explored the effects of blue light on the sleep-wake cycle and how OPN4 may help mitigate sleep issues (Diaconu et al., 2023). OPN4 is not only found in the retina, but it has also drawn attention to its possible implications in the skin and adipose tissue. However, to better understand the full impact, it is necessary to continue developing models of the potential mechanisms through which OPN4 functions in various regions (Kankanamge et al., 2018; Pan et al., 2023). These results suggest the opsin’s possible susceptibility to gene changes due to one or more SNPs.

The review identified several SNPs with associations related to sleep and the PLR (Table 2). Overall, we found mixed results for efficacy and comparison studies, as a few of these variations already have evidence of their potential implications for human function and health, while others remain unknown (Table 1). Nonetheless, no mechanisms have been definitively established to explain how these mutations in the gene might cause functional changes. Accordingly, Rodgers et al. (2018a, 2018b) showed an association between light sensitivity and altered OPN4 signaling, suggesting that protein function can be affected by the OPN4 SNPs. This might suggest that changes in specific parts of the phototransduction process could disrupt its ability to maintain consistent photoentrainment or even modify the cellular response to light. This modification can potentially lead to a decrease, increase, overexpression, or suppression of certain hormones, enzymes, or proteins.



TABLE 2 Single-nucleotide polymorphism associations.
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Regarding the therapeutic perspective, the functions and associations of OPN4, along with the alterations caused by its SNPs, are valuable due to their connections to health issues such as Alzheimer’s disease, Parkinson’s disease (La Morgia et al., 2017, 2023) and autism spectrum disorder (Kercher et al., 2020). Results also show potential links to increased body weight that could lead to obesity or type 2 diabetes. In the study of Gutiérrez-Amavizca et al. (2021), it was observed that individuals with chronic insomnia associated with the P10L SNP predominantly belonged to a population with these problems. Hence, there is a strong interest in further exploring these associations to develop targeted therapeutic interventions. Photobiomodulation (PBM) is one of the therapies based on light that can potentially help treat these conditions. The suggested role of the therapy in restoring homeostasis must occur because it has opsins and light-sensitive organelles, acting by different wavelengths, duration, and intensity (Galache et al., 2024; Santana-Blank and Rodríguez-Santana, 2018). However, it is still under development, and there is a need to use standardized protocols as a therapy for these conditions (Conus and Geiser, 2020).



Conclusion

This systematic review aimed to gather available information on the OPN4 gene SNPs and their impact on the health of carriers. Our review revealed that P10L, I394T, and R168C variants are associated with affective states, changes in chronotype, and sleep disorders. While some SNPs in the OPN4 gene have well-known associations, like those studied here, others remain unknown or have unclear effects on the gene, as most of those already reported. Additionally, we did not find any reports studying the function and association of OPN4 located in different body regions. To address these limitations, future research should focus on assessing more SNPs outside the eye, with associations that have not been previously tested, but that OPN4 has.

In summary, while the current review highlights the available information and possible applications, the field of this gene and its variations is still wide open since no clear understanding of the functioning of OPN4 containing these SNPs has been established.
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