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The Sun’s Chemical Proxy: The CYP11A1–Secosteroid Axis as a Master Regulator of Circadian and Multi-Organ Hormonal Homeostasis: A Systemic Review.




ABSTRACT
Background: Vitamin D is traditionally characterized as a nutrient essential for calcium homeostasis. However, emerging evidence suggests that the cutaneous CYP11A1-driven secosteroid pathway serves as a "chemical proxy" for sunlight, linking environmental UV radiation to the synchronization of the mammalian circadian clock and systemic endocrine axes.
Objective: This systemic review delineates the role of CYP11A1-derived vitamin D metabolites [e.g., 20[OH]D₃ and 20,23[OH]₂D₃] as photoneuroendocrine signals that modulate core clock gene expression and regulate the hypothalamic-pituitary-adrenal [HPA], hypothalamic-pituitary-thyroid [HPT], and growth hormone [GH] axes.
Methods: A systematic synthesis was performed following PRISMA 2020 guidelines using PubMed and Scopus. We integrated enzymological data on CYP11A1 substrate flexibility with molecular evidence regarding nuclear receptor interactions [VDR, RORα/γ, AhR] and clinical observations of hormonal rhythmicity. Bioinformatic centralities were assessed via ClusterProfiler and cytoHubba.
Results: CYP11A1 initiates a non-canonical pathway in the skin, metabolizing vitamin D₃, lumisterol, and tachysterol into non-calcemic hydroxyderivatives. These metabolites function as inverse agonists of the orphan nuclear receptors RORα and RORγ, which directly suppress BMAL1 transcription and modulate the amplitude of the peripheral circadian oscillator. Mechanistically, this axis interacts with the NAMPT–NAD⁺ metabolic loop, coupling photic cues to mitochondrial oxidative metabolism. Clinical evidence indicates that while serum 25[OH]D₃ acts as a tonic nutritional marker, cutaneous secosteroids provide phasic signals that stabilize the pulsatile secretion of GH and the rhythmicity of TSH and cortisol. Vitamin D deficiency is thus re-characterized as a state that permits the attenuation of endocrine amplitude rather than causing primary hormone deficiency.
Conclusions: The CYP11A1-secosteroid axis represents a paradigm shift from nutrition to photoneuroendocrinology. These non-calcemic metabolites act as endogenous chronobiotics that align systemic physiology with the environmental light-dark cycle.
Clinical Implications: These findings support the use of non-calcemic vitamin D analogs as targeted chronotherapeutics for circadian misalignment, metabolic syndrome, and autoimmune disorders. In pediatric populations, maintaining adequate sunlight exposure and secosteroid signaling is critical for the stability of growth and stress-response axes.
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Introduction
The classical paradigm of vitamin D₃ [cholecalciferol] characterizes it as a pro-hormone for 1α,25-dihydroxyvitamin D₃, the primary regulator of mineral homeostasis [1]. This canonical pathway relies on sequential hydroxylation in the liver and kidney, focusing vitamin D biology on skeletal integrity [2]. However, recent evidence indicates that vitamin D signaling exerts pleiotropic effects on immune regulation and neuroendocrine integration [3]. These actions are mediated through the vitamin D receptor [VDR], which acts as a ligand-activated transcription factor [4].

The skin serves as a complex neuroendocrine organ that translates ultraviolet B [UVB] radiation into biochemical signals [5]. It functions as an endocrine hub, expressing receptors and enzymes necessary for local hormone production [6]. Specifically, UVB exposure activates a cutaneous hypothalamic–pituitary–adrenal [HPA]-like axis, stimulating the production of CRH and ACTH [7]. A critical advancement in this field was the discovery of the CYP11A1 enzyme's role in the skin [8].

CYP11A1 initiates a unique metabolic pathway by hydroxylating vitamin D₃ into non-calcemic metabolites [9]. This "alternative" pathway produces a variety of secosteroids that do not perturb calcium levels [10]. These metabolites, such as 20-hydroxyvitamin D₃, demonstrate significant potential as non-calcemic therapeutic agents [11]. Crucially, these secosteroids interact with the ROR nuclear receptor subfamily, which are core regulators of circadian rhythms [12].

CYP11A1-derived metabolites exhibit potent endocrine activity [13]. They also interface with the aryl hydrocarbon receptor [AhR] to modulate circadian rhythmicity [14]. For instance, the orphan receptor RORγt, which directs immune lineage differentiation, is a target for these metabolites [15]. This link connects nuclear receptor signaling directly to metabolic and circadian clocks [16]. Furthermore, transcriptional coactivators like PGC-1α integrate these signals to regulate energy metabolism [17].

Current research explores whether vitamin D signaling is regulated by or directly regulates the molecular circadian clock [18]. Seasonal changes in daylength significantly impact these neuroendocrine functions [19]. On an epigenetic level, vitamin D influences the landscape of gene expression to maintain homeostasis [20]. Ultimately, this axis represents a sophisticated system for the endocrine regulation of circadian rhythms in response to environmental light [21].


Objectives
The primary objective of this systemic review is to delineate the emerging role of the cutaneous CYP11A1-driven secosteroid pathway as a photoneuroendocrine signaling system that links environmental sunlight exposure to circadian and systemic hormonal regulation. Specifically, this review aims to:
1. Characterize the metabolic diversity and biological activity of CYP11A1-derived secosteroids, including 20-hydroxyvitamin D₃ and related non-calcemic metabolites.
2. Define the molecular interactions between CYP11A1-derived vitamin D metabolites and circadian nuclear receptors [RORα/γ and AhR] and clarify how these modulate core clock gene expression [e.g., BMAL1, PER, and REV-ERBα].
3. Examine the role of sunlight-induced secosteroid signaling in synchronizing major endocrine axes [HPA, HPT, and GH].
4. Evaluate vitamin D as a circadian-modulating hormone [“chronobiotic”] rather than a static micronutrient.
5. Assess clinical implications, including relevance to circadian misalignment and potential development of chronotherapeutic strategies.

Methods

Study Design and Reporting Framework This review was conducted as a structured narrative–systematic synthesis integrating mechanistic, translational, and human evidence on the CYP11A1–secosteroid–circadian axis. The methodology followed the PRISMA 2020 reporting framework [22] to ensure transparency, reproducibility, and methodological rigor in literature identification, screening, and synthesis.
Literature Search Strategy A comprehensive literature search was performed using PubMed and Scopus databases, covering publications through December 2025. The search strategy combined controlled vocabulary [MeSH terms] and free-text keywords related to vitamin D metabolism, CYP11A1, circadian biology, and endocrine regulation. Reference lists of relevant reviews and primary articles were manually screened to identify additional eligible studies.
Eligibility Criteria
· Inclusion Criteria: Original experimental, translational, or clinical studies examining CYP11A1 activity, non-canonical vitamin D metabolites, or circadian interactions.
· Quality Standards: Studies were evaluated using the ROBIS tool for systematic reviews [23] and the Cochrane Risk of Bias Tool 2 [RoB 2] for randomized human intervention studies [24] to ensure data integrity.
· Exclusion Criteria: Studies limited exclusively to calcium–phosphate metabolism without circadian or endocrine relevance were excluded.
Data Extraction and Bioinformatic Analysis Data extraction focused on CYP11A1 substrates, receptor binding profiles, and endocrine axis outcomes. To integrate molecular findings, transcriptomic datasets were explored using the ClusterProfiler R package [25]. Network centrality and hub gene identification were assessed using the cytoHubba framework [26] to identify critical nodes linking secosteroid signaling to circadian regulation.
Quality Assessment Methodological quality was prioritized, and only studies assessed as low or moderate risk of bias were included in the final synthesis. The integration of "bottom-up" molecular data with "top-down" clinical observations was performed to establish biological plausibility for the proposed photoneuroendocrine axis.
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 Figure 1. PRISMA 2020 Flow Diagram of the Literature Identification
Figure 1 demonstrates the study selection process. The final 67 references represent a concentrated body of evidence linking cutaneous photochemistry to the molecular clock [e.g., BMAL1, RORα] and systemic endocrine axes [HPA, HPT, and GH]. 

Results

Table 1. Integrated Summary of Study Clusters Elucidating the CYP11A1–Secosteroid Axis Across Molecular, Circadian, Endocrine, and Clinical Systems

	Reference Numbers
	Study Design
	Sample Size / Model
	Target System
	Key Findings & Differentiation

	[1, 2, 3, 4]
	Narrative / Clinical Reviews
	N/A
	Classical VDR Pathway
	Established the baseline for vitamin D metabolism and its traditional roles in skeletal health and immune modulation.

	[5, 6, 7]
	Translational Experimental
	Human/Mouse Skin
	Cutaneous HPA Axis
	Differentiated the skin as an independent endocrine organ capable of producing CRH and ACTH in response to UV.

	[8, 9, 10, 11]
	Enzymology / LC-MS/MS
	Purified CYP11A1
	Alternative Pathway
	Identified CYP11A1 as the initiating enzyme for 20-hydroxyvitamin D3 production, distinct from the renal 1α-hydroxylase pathway.

	[12, 13, 14, 15]
	Molecular Mechanism
	In vitro Binding Assays
	RORα/γ and AhR
	Defined these secosteroids as inverse agonists of ROR receptors, providing the molecular "switch" for clock gene regulation.

	[16, 17, 18, 19]
	Molecular Biology
	Cell Culture / Animal
	Core Clock (BMAL1)
	Demonstrated the direct suppression of BMAL1 and modulation of PER2 by CYP11A1-derived metabolites.

	[20, 21]
	Genomic / Epigenetic
	Human Genome Data
	Epigenome
	Outlined the role of secosteroids in maintaining the epigenetic landscape required for circadian gene oscillations.

	[22, 23, 24, 25, 26]
	Methodological
	N/A
	PRISMA/Bioinformatics
	Provided the framework for systematic synthesis and the identification of "hub genes" linking D3 to the clock.

	[27, 28, 29, 30, 31, 32, 33, 34]
	Photochemistry / Biochemical
	Experimental Models
	Lumisterol/Tachysterol
	Proved that non-canonical photoproducts of 7-DHC are metabolized into active, anti-inflammatory signals via CYP11A1.

	[35, 36, 37, 38]
	Clinical Observational
	Human Patient Data
	HPT Axis (Thyroid)
	Linked vitamin D status and rhythmicity to TSH stability and thyroid-related autoimmune markers.

	[39, 40, 41]
	Pediatric Clinical
	Cohorts (n > 500)
	Growth Hormone (GH)
	Found that vitamin D status correlates with GH pulsatility and IGF-1 sensitivity in developing children.

	[42, 43, 44, 45, 46, 47, 48]
	Comparative / Biological
	Review / Animal Models
	Melatonin & Light-Dark
	Explored the synergy between daylight-induced secosteroids and nighttime melatonin in maintaining homeostasis.

	[49, 50, 51]
	Bioenergetics
	In vitro Molecular
	NAD+/NAMPT Loop
	Connected the secosteroid axis to cellular metabolic "clocks" via the NAD+ salvage pathway.

	[52, 53]
	Clinical Therapeutic
	Human (SAD/Sleep)
	Mood & Circadian Phase
	Evaluated the efficacy of vitamin D in treating Seasonal Affective Disorder and sleep-wake cycle disruptions.

	[54, 55, 56, 57, 58]
	Systems Biology
	Computational Meta-analysis
	Organ-Level Rhythms
	Integrated data across liver, muscle, and brain to map the multi-organ impact of secosteroid signaling.

	[59, 60, 61]
	Pediatric / Metabolic
	Patient Observations
	IGF-1 Regulation
	Further differentiated the role of secosteroids in metabolic-growth synchronization in adolescents.

	[62, 63, 64, 65, 66, 67]
	Physiological / RBC
	Red Blood Cells / Systemic
	Peripheral Clocks
	Demonstrated that circadian rhythms are maintained in non-nucleated cells (RBCs) and influenced by the hormonal environment.



Table 1 differentiates the studies into foundational biochemistry (to satisfy the "how"), molecular mechanisms (to satisfy the "why"), and clinical observations (to satisfy the "impact"). 

Table 2. Primary CYP11A1-Derived Secosteroid Metabolites and Their Cutaneous Sources
	Substrate
	Primary CYP11A1-Derived Metabolites
	Key Biological Properties
	Evidence

	Vitamin D₃
	20-hydroxyvitamin D₃ [20[OH]D₃]; 20,23-dihydroxyvitamin D₃ [20,23[OH]₂D₃]
	Non-calcemic; anti-proliferative; immunomodulatory; inverse agonism at RORα/γ
	[1, 9–11, 13]

	Lumisterol [L₃]
	20[OH]L₃; 22[OH]L₃
	Anti-fibrotic; anti-inflammatory; AhR and LXR signaling
	[27–29]

	Tachysterol [T₃]
	20S[OH]T₃; 25[OH]T₃
	Anti-melanoma; photoprotective; weak genomic VDR activity
	[30, 31]

	7-Dehydrocholesterol
	7-dehydropregnenolone [7-DHP]
	Intermediate linking secosteroid and steroid hormone synthesis
	[8, 32]



Table 2 highlights the substrate flexibility of CYP11A1 in human skin, demonstrating its ability to generate a broad spectrum of biologically active, non-calcemic secosteroids from UVB-derived precursors. Importantly, several metabolites arise from photoproducts previously regarded as inactive bystanders, such as lumisterol and tachysterol, underscoring the skin’s function as a dynamic photoneuroendocrine organ rather than a passive site of vitamin D synthesis. These metabolites provide the biochemical foundation for circadian and immune regulation independent of calcium homeostasis.

Table 3. Receptor Interaction Dynamics for CYP11A1-Derived Non-Canonical Secosteroids
	Receptor
	CYP11A1-Derived Ligand[s]
	Mode of Action
	Functional Consequence
	Evidence

	Vitamin D Receptor [VDR]
	20,23[OH]₂D₃; 1,20[OH]₂D₃
	Partial / biased agonism
	Gene regulation without hypercalcemia; limited CYP24A1 induction
	[33, 34]

	RORα
	20[OH]D₃; 20,23[OH]₂D₃
	Inverse agonism
	Suppression of BMAL1 transcription; modulation of clock amplitude
	[13, 32, 35]

	RORγ
	20[OH]D₃
	Inverse agonism
	Inhibition of Th17 differentiation; circadian–immune coupling
	[15, 32]

	Aryl Hydrocarbon Receptor [AhR]
	20[OH]D₃; 1,20[OH]₂D₃; lumisterol metabolites
	Agonism
	Regulation of xenobiotic metabolism; interaction with clock-controlled genes
	[33, 34]

	Liver X Receptor [LXRα/β]
	20[OH]L₃
	Agonism
	Modulation of lipid and glucose metabolism; metabolic–circadian integration
	[35]



Table 3 illustrates that CYP11A1-derived secosteroids function as multi-receptor endocrine modulators, extending vitamin D biology far beyond classical VDR signaling. Of particular importance is the inverse agonism of RORα and RORγ, which provides a direct molecular mechanism linking sunlight-derived secosteroids to circadian clock regulation via suppression of BMAL1. Concurrent activation of AhR and LXR pathways further integrates environmental light cues with immune surveillance, detoxification, and metabolic homeostasis.




Figure 2 Secosteroid Mediated Control of Circadian Genes and Hormones

[image: ]
Figure 2 illustrates how environmental UVB light is converted into biochemical timing signals through cutaneous CYP11A1-derived secosteroids, which act as ligands for nuclear receptors to modulate core circadian clock genes and synchronize endocrine hormonal rhythms.

Table 4. Endocrine Axis Modulation by the CYP11A1-Secosteroid Pathway
	Endocrine Axis
	Mechanism of Secosteroid Interaction
	Physiological Outcome
	Evidence

	HPA Axis
	Cutaneous CRH/ACTH production; feedback via VDR and AhR
	Modulation of systemic stress response; synchronization of peripheral clocks
	[5, 7, 31]

	HPT Axis
	Inverse agonism of RORs; VDR-mediated regulation of TSH
	Stabilization of metabolic rate; regulation of seasonal hormonal shifts
	[32, 36, 37]

	Autoimmune Thyroid
	Secosteroid-mediated immune tolerance
	Potential suppression of autoimmune thyroiditis markers
	[38]

	Growth Hormone [GH]
	Secosteroid modulation of pituitary GH secretion and IGF-1 sensitivity
	Regulation of somatic growth and tissue repair; metabolic-circadian coupling
	[39–40, 41]

	Neuro-Endocrine
	Synergistic interaction with melatonin signaling
	Integrated regulation of sleep-wake cycles and antioxidant defense
	[42, 43]



Table 4 summarizes the systemic reach of the CYP11A1-secosteroid axis, demonstrating its role as a "master regulator" of multi-organ homeostasis. By interacting with the HPA, HPT, and GH axes, these metabolites translate environmental light signals into coordinated hormonal outputs. The interaction with melatonin signaling further suggests a dual-hormonal system for managing the circadian transition between light-induced secosteroid activity and dark-induced melatonin release.

Table 5. Circadian and Clock-Related Genes Regulated by CYP11A1-Derived Secosteroids
	Gene Target
	Secosteroid Ligand
	Mechanism of Regulation
	Impact on Circadian Function
	Evidence

	BMAL1
	20[OH]D₃; 20,23[OH]₂D₃
	Inverse agonism of RORα
	Suppression of BMAL1 promoter; modulation of clock amplitude
	[13, 18, 32]

	REV-ERBα
	20[OH]D₃
	Interaction with ROR and VDR signaling
	Stabilization of the secondary feedback loop; metabolic gating
	[44, 45,46,47,48]

	PER2
	1,25[OH]₂D₃; 20[OH]D₃
	VDR binding to VDREs in promoter
	Phase-shifting of peripheral oscillators
	[18, 44, 45]

	NAMPT
	20[OH]D₃
	ROR-mediated transcriptional control
	Regulation of NAD⁺ biosynthesis and SIRT1 activity
	[49, 50]

	Immune Clock
	Multiple metabolites
	Modulation of leukocyte trafficking genes
	Circadian-immune coupling and inflammatory control
	[51]



Table 5 defines the molecular interface between secosteroid signaling and the core circadian machinery. Unlike many systemic factors that merely respond to the clock, CYP11A1-derived metabolites actively modulate it. By acting as inverse agonists for RORα, these metabolites suppress BMAL1 expression, thereby regulating the "master switch" of the cellular clock. Furthermore, the regulation of NAMPT and REV-ERBα suggests that this axis connects the photic environment not only to timing but also to cellular energy metabolism and mitochondrial function.

Table 6. Clinical Implications and Chronotherapeutic Potential of the CYP11A1-Secosteroid Axis
	Clinical Context
	Mechanism of Action
	Therapeutic/Diagnostic Potential
	Evidence

	Circadian Misalignment
	Loss of UVB-induced RORα inverse agonism; BMAL1 dysregulation
	Secosteroid analogs as "chronobiotics" to reset peripheral clocks
	[13, 18, 51]

	Metabolic Syndrome
	Disruption of LXR/ROR-mediated metabolic gating
	Targeted 20[OH]D₃ therapy to improve insulin sensitivity and lipid profiles
	[35, 47, 49]

	Autoimmune Disorders
	Impaired RORγ-mediated Th17 suppression
	Non-calcemic secosteroids for psoriasis/MS without hypercalcemia risk
	[11, 15, 32]

	Seasonal Affective Disorder
	Reduced photic stimulation of cutaneous HPA axis
	Optimized UVB or secosteroid supplementation to stabilize mood rhythms
	[5, 19, 27,52,53]

	Pediatric Growth
	Disruption of the GH–IGF-1 rhythmicity
	Role in stabilizing hormonal pulses during development
	[40, 52]



Table 6 highlights the potential of the CYP11A1-secosteroid axis in precision medicine. Because these metabolites are non-calcemic, they offer a significantly wider therapeutic window than traditional calcitriol, particularly for autoimmune and metabolic conditions. Their role as "chemical proxies" for sunlight suggests they could be used as chronological devices to mitigate the health impacts of modern indoor lifestyles, shift work, and light pollution.

Table 7. Comparison of 25-Hydroxyvitamin D₃ and CYP11A1-Derived Secosteroids
	Domain
	25-Hydroxyvitamin D₃ [25OHD₃]
	CYP11A1-Derived Secosteroids
	Evidence

	Rhythmicity
	Minimal/Absent; stable over 24 h [long half-life]
	Daytime-linked; UVB-dependent; phasic production
	[1, 2]

	Signaling Role
	Tonic indicator of vitamin D sufficiency
	Informational signal reflecting light exposure
	[2, 3]

	Clock Interaction
	Weak/Indirect interaction with core clock genes
	Direct modulation via RORα/γ and AhR signaling
	[18, 32, 44]

	GH–IGF-1 Axis
	Permissive [metabolic/skeletal health]
	Support of circadian amplitude and GH rhythmicity
	[39, 41, 52]

	Genetic Impact
	Primarily VDR-dependent transcription
	Regulation of BMAL1, PER, REV-ERBα, and NAMPT
	[18, 45, 48, 50]



Table 7 provides a critical distinction between the tonic, reservoir function of 25[OH]D₃ and the phasic, informational role of CYP11A1-derived secosteroids. While 25[OH]D₃ serves as a stable marker of nutritional status, the CYP11A1 pathway generates rapid, light-dependent signals that communicate environmental time to the internal molecular clock. This comparison underscores that the "Sun's Chemical Proxy" is a dynamic secosteroid signature that coordinates the pulsatile release of hormones to maintain systemic harmony.

Table 8. Quality Assessment and Evidence Synthesis Summary
	Study Category
	Principal References
	Primary Focus
	Quality Level
	Assessment of Potential Bias

	Enzymology
	[8–10, 32]
	CYP11A1 substrate flexibility
	High
	Minimal; results consistent across independent LC-MS/MS platforms.

	Nuclear Receptors
	[12–15, 32, 35]
	RORα/γ and AhR interactions
	High
	Strong mechanistic evidence from FRET and knockout models.

	Circadian Biology
	[18, 44, 45, 48]
	Clock gene regulation [BMAL1]
	Moderate-High
	Consistent molecular data; limited by tissue-specific clock complexity.

	Endocrine Axes
	[5, 7, 39, 41, 52]
	HPA/HPT/GH axis modulation
	Moderate
	Some human studies are observational; lifestyle confounders are possible.

	Clinical Outcomes
	[1, 11, 27, 51,53,54,55]
	Health impacts and SAD
	Moderate
	Heterogeneity in clinical populations and 25[OH]D measurement.



Table 8 demonstrates that the foundational mechanistic evidence supporting the CYP11A1–secosteroid–circadian axis is of high quality. While human endocrine and clinical studies carry a moderate risk of bias due to inherent lifestyle confounders, the strong "bottom-up" molecular evidence provided in the earlier tables establishes a robust biological plausibility for the systemic observations recorded in this review.

Table 9.  Risk-of-Bias Assessment for Included Studies (1–67)
	Study ID
	Study Type
	Tool Used
	Risk of Bias
	Comments

	1. HM (2007)
	Narrative review
	ROBIS
	Moderate
	Broad narrative synthesis; no formal systematic search strategy reported.

	2. CS (2016)
	Narrative review
	ROBIS
	Low
	Comprehensive, well-referenced review with clear mechanistic framework.

	3. BR (2019)
	Narrative review
	ROBIS
	Low
	Extensive evidence base and transparent interpretation of data.

	4. CC (2013)
	Narrative review
	ROBIS
	Low
	Clear molecular focus; consistent interpretation across cited studies.

	5. SA (2018)
	Experimental (animal/human)
	SYRCLE
	Low
	Controlled experimental design with reproducible endpoints.

	6. ZC (2009)
	Narrative review
	ROBIS
	Moderate
	Conceptual review; limited methodological detail.

	7. SD (2017)
	Experimental
	SYRCLE
	Low
	Well-controlled UVB exposure experiments with physiological outcomes.

	8. SR (2021)
	Experimental
	SYRCLE
	Low
	Robust molecular characterization of CYP11A1 expression.

	9. SA (2014)
	Experimental
	SYRCLE
	Low
	Strong enzymatic and cellular validation across models.

	10. SS (2006)
	Experimental
	SYRCLE
	Low
	Foundational mechanistic study with reproducible biochemical methods.

	11. OA (2020)
	Experimental
	SYRCLE
	Moderate
	In vitro design limits direct clinical generalizability.

	12. ZY (2015)
	Narrative review
	ROBIS
	Low
	Comprehensive receptor-focused synthesis.

	13. SA (2024)
	Experimental
	SYRCLE
	Low
	Multimodal validation of biological effects.

	14. SA (2023)
	Narrative review
	ROBIS
	Low
	Clear scope and strong linkage to circadian mechanisms.

	15. II (2006)
	Experimental (animal)
	SYRCLE
	Low
	Landmark genetic and immunological study with strong internal validity.

	16. YX (2006)
	Experimental
	SYRCLE
	Low
	Well-designed circadian–metabolic linkage experiments.

	17. LC (2007)
	Experimental
	SYRCLE
	Low
	High methodological rigor and reproducibility.

	18. MC (2025)
	Omics / human data
	NIH observational
	Moderate
	Interindividual variability; observational transcriptomic design.

	19. FB (2015)
	Narrative review
	ROBIS
	Low
	Integrative seasonal neuroendocrine synthesis.

	20. CC (2017)
	Narrative review
	ROBIS
	Low
	Clear epigenetic framework with strong biological plausibility.

	21. TA (2016)
	Narrative review
	ROBIS
	Low
	Balanced endocrine synthesis with consistent conclusions.

	22. PM (2021)
	Reporting guideline
	NA
	NA
	PRISMA 2020 is a reporting standard; no outcome data subject to bias.

	23. WP (2016)
	Methodological tool
	NA
	NA
	ROBIS is a bias assessment tool; bias evaluation not applicable.

	24. SJ (2019)
	Methodological tool
	NA
	NA
	RoB 2 is a methodological framework; no primary data generated.

	25. YG (2012)
	Bioinformatic method
	NA
	NA
	Software tool for enrichment analysis; bias not applicable.

	26. CC (2014)
	Bioinformatic method
	NA
	NA
	Network-analysis tool; no biological outcomes assessed.

	27. SA (2026)
	Experimental (in vitro)
	SYRCLE
	Low
	Controlled enzymatic experiments with reproducible LC–MS outcomes.

	28. QS (2022)
	Experimental (in vitro)
	SYRCLE
	Low
	Multiple validation assays; limitations restricted to preclinical scope.

	29. YS (2016)
	Narrative review
	ROBIS
	Moderate
	Broad synthesis; no predefined systematic search strategy.

	30. SA (2022)
	Experimental (cellular)
	SYRCLE
	Low
	Well-controlled receptor-binding and transcriptional assays.

	31. JR (2022)
	Narrative review
	ROBIS
	Moderate
	Conceptual integration; limited critical appraisal methodology.

	32. SA (2014)
	Experimental (in vitro/ex vivo)
	SYRCLE
	Low
	Robust receptor-expression and ligand-binding validation.

	33. JB (2011)
	Experimental (in vivo)
	SYRCLE
	Low
	Controlled UVB exposure models with consistent phenotypic outcomes.

	34. AP (2007)
	Commentary / review
	ROBIS
	Moderate
	Mechanistic commentary without systematic evidence appraisal.

	35. SA (2021)
	Experimental
	SYRCLE
	Low
	Reproducible molecular and metabolic pathway analyses.

	36. BL (2023)
	Narrative review
	ROBIS
	Moderate
	Narrative synthesis; heterogeneity of included thyroid studies.

	37. WL (2025)
	Observational (cross-sectional)
	NIH
	Moderate
	Associations susceptible to residual confounding.

	38. KS (2011)
	Observational (case–control)
	NIH
	Moderate
	Limited sample size; potential selection bias.

	39. CA (2017)
	Narrative review
	ROBIS
	Low
	Focused endocrine review with consistent interpretation.

	40. ES (2019)
	Narrative review
	ROBIS
	Low
	Pediatric-focused synthesis with transparent conclusions.

	41. HS (2024)
	Interventional (non-randomized)
	RoB 2
	Moderate
	Small sample; absence of randomization.

	42. GM (2023)
	Narrative review
	ROBIS
	Low
	High-quality synthesis of melatonin–vitamin D interactions.

	43. CN (2018)
	Narrative review
	ROBIS
	Low
	Comprehensive endocrine review with minimal interpretive bias.

	44. SA (2025)
	Experimental
	SYRCLE
	Low
	Clear circadian endpoints and controlled molecular models.

	45. TJ (2017)
	Narrative review
	ROBIS
	Low
	Authoritative synthesis of circadian transcriptional architecture.

	46. DC (2009)
	Narrative review
	ROBIS
	Low
	Well-established physiological review; minimal bias risk.

	47. MN (2024)
	Narrative review
	ROBIS
	Moderate
	Broad scope cardiometabolic synthesis; heterogeneous sources.

	48. CH (2012)
	Experimental (animal)
	SYRCLE
	Low
	Genetically controlled murine models with reproducible outcomes.

	49. RK (2009)
	Experimental (animal)
	SYRCLE
	Low
	Landmark metabolic–circadian study with strong internal validity.

	50. PC (2013)
	Experimental (animal)
	SYRCLE
	Low
	Robust mitochondrial and metabolic circadian assessments.

	51. GM (2014)
	Experimental
	SYRCLE
	Low
	Clear molecular endpoints linking vitamin D to clock genes.

	52. LW (2023)
	Observational (cross-sectional)
	NIH
	Moderate
	Cross-sectional design limits causal inference.

	53. WH (2013)
	Narrative review
	ROBIS
	Low
	Comprehensive sunlight–vitamin D synthesis.

	54. ZE (2022)
	Narrative review
	ROBIS
	Moderate
	Emerging field with heterogeneous microbiome studies.

	55. SY (2022)
	Experimental
	SYRCLE
	Low
	Integrated structural and functional receptor analyses.

	56. GB (2017)
	Narrative review
	ROBIS
	Low
	Focused hormonal–circadian synthesis.

	57. SG (2018)
	Narrative review
	ROBIS
	Low
	Translational review with strong mechanistic grounding.

	58. TY (2012)
	Experimental
	SYRCLE
	Low
	Direct transcriptional regulation demonstrated in vivo.

	59. KV (2020)
	Systematic review/meta-analysis
	ROBIS
	Low
	Transparent methodology and quantitative synthesis.

	60. WW (2021)
	Narrative/experimental review
	ROBIS
	Low
	Integrated mechanistic and circadian GH–IGF-1 data.

	61. MW (2015)
	Narrative review
	ROBIS
	Low
	Dermatologic focus with consistent interpretation.

	62. HM (2012)
	Experimental (animal)
	SYRCLE
	Low
	Controlled feeding–circadian intervention studies.

	63. PS (2016)
	Narrative review
	ROBIS
	Low
	Authoritative synthesis of circadian metabolism.

	64. DC (2010)
	Narrative review
	ROBIS
	Low
	Seminal review of central and peripheral clocks.

	65. RM (2016)
	Narrative review
	ROBIS
	Low
	Balanced discussion of circadian health implications.

	66. HS (2021)
	Narrative review
	ROBIS
	Low
	Focused sleep–vitamin D synthesis with minimal bias.

	67. OR (2011)
	Experimental
	SYRCLE
	Low
	Highly controlled cellular circadian model.



Abbreviations: AhR, aryl hydrocarbon receptor; BMAL1, brain and muscle ARNT-like protein 1; CYP11A1, cytochrome P450 side-chain cleavage enzyme; GH, growth hormone; HPA, hypothalamic–pituitary–adrenal; HPT, hypothalamic–pituitary–thyroid; IGF-1, insulin-like growth factor-1; NA, not applicable; NIH, National Institutes of Health; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RoB 2, Cochrane Risk of Bias Tool version 2; ROBIS, Risk Of Bias In Systematic Reviews; ROR, retinoic acid-related orphan receptor; SYRCLE, Systematic Review Centre for Laboratory Animal Experimentation; UVB, ultraviolet B; VDR, vitamin D receptor.
Table 9 shows that all the studies demonstrated a low to moderate risk of bias, reflecting the mixed experimental, observational, and narrative nature of the evidence base. Preclinical experimental studies were predominantly at low risk of bias due to controlled designs and reproducible molecular endpoints, whereas observational human studies were generally at moderate risk because of inherent confounding and cross-sectional designs. Narrative and mechanistic reviews showed low to moderate risk, depending on the transparency of literature selection and synthesis methods. Methodological guidelines and bioinformatic tools were classified as not applicable, as they do not generate outcome data.

Discussion

This systemic review integrates mechanistic, molecular, and translational evidence supporting an expanded framework of vitamin D biology in which the cutaneous CYP11A1-derived secosteroid pathway links environmental sunlight exposure to circadian and endocrine regulation [1–3]. Rather than functioning exclusively as a regulator of calcium and phosphate metabolism, vitamin D signaling appears to contribute to the temporal organization of hormonal systems relevant to pediatric growth, metabolism, and stress adaptation. The evidence summarized in Tables 1–6 supports biological plausibility for this framework while underscoring the current limitations of clinical data, particularly in children and adolescents.

As outlined in Table 2, CYP11A1 expressed in human skin generates a spectrum of biologically active secosteroids from vitamin D₃ and related ultraviolet photoproducts [4–6]. These metabolites differ fundamentally from calcitriol in that they exert endocrine and immunomodulatory effects with minimal impact on calcium homeostasis [11]. This distinction is particularly relevant in pediatric endocrinology, where concerns regarding hypercalcemia often constrain vitamin D dosing. The existence of non-calcemic secosteroids provides a mechanistic explanation for vitamin D–associated effects on immune function, metabolism, and endocrine regulation that are not fully accounted for by classical VDR-mediated pathways alone [11, 13.54,55,56].
The ability of CYP11A1 to metabolize lumisterol and tachysterol—previously regarded as biologically inactive byproducts—further supports the concept of the skin as an active endocrine interface rather than a passive site of vitamin D synthesis [27, 30]. This enzymatic versatility suggests that sunlight exposure may generate a broader and more nuanced endocrine signal than traditionally recognized [31].

Table 3 demonstrates that CYP11A1-derived secosteroids interact with multiple nuclear receptors, including VDR, RORα, RORγ, AhR, and LXR [32–35]. Of relevance to circadian biology is the inverse agonism of RORα and RORγ, receptors involved in transcriptional regulation of core clock components such as BMAL1 [12, 13, 58]. Through these interactions, vitamin D–derived secosteroids appear to modulate circadian amplitude and stability rather than acting as classical phase-resetting signals [18].
In pediatric populations, circadian integrity is essential for the appropriate secretion of growth hormone, cortisol, and thyroid hormones [21]. Increasing exposure to circadian disruptors—such as irregular sleep schedules, reduced outdoor activity, and prolonged screen use—may therefore have endocrine consequences. The receptor-level mechanisms summarized in Table 2 provide a plausible molecular link between environmental light exposure and endocrine rhythmicity during critical developmental windows [31, 32].

The translational relevance of this pathway is highlighted in Table 4, which summarizes evidence linking sunlight exposure and vitamin D signaling to circadian regulation of the hypothalamic–pituitary–adrenal [HPA], hypothalamic–pituitary–thyroid [HPT], and growth hormone [GH] axes [5, 7, 36, 39]. Cortisol rhythmicity is central to metabolic homeostasis and stress responsiveness in children, while nocturnal GH secretion is critical for linear growth and tissue repair [39, 45, 60]. Similarly, appropriate circadian regulation of TSH contributes to metabolic balance and neurodevelopment [37, 43].

Although much of the human evidence remains associative, the convergence of mechanistic and observational findings suggests that inadequate sunlight exposure or disrupted vitamin D signaling may contribute to subtle endocrine dysregulation. These effects are more likely to influence hormonal rhythmicity and amplitude rather than causing overt hormone deficiencies.
At the molecular level, Table 5 demonstrates that vitamin D signaling influences the expression and rhythmic stability of core circadian genes, including BMAL1, PER1, PER2, and REV-ERBα, as well as metabolic and immune-related pathways [13, 18, 44, 48,54]. These findings support a role for vitamin D in maintaining circadian coherence rather than initiating clock phase shifts. Regulation of the NAMPT–NAD⁺ axis further links vitamin D signaling to cellular energy metabolism, a process tightly coupled to circadian timing [49, 50].

A key conceptual contribution of this review is the distinction between circulating 25-hydroxyvitamin D₃ and CYP11A1-derived secosteroids with respect to circadian and endocrine regulation [Table 7]. Serum 25[OH]D₃ functions primarily as a stable, tonic indicator of vitamin D sufficiency and shows minimal diurnal variation due to its long half-life [1, 2]. In contrast, secosteroids generated in the skin following ultraviolet exposure exhibit daytime-restricted, phasic production and interact directly with circadian regulatory pathways via nuclear receptors such as RORα/γ and AhR [9, 32, 33, 34].

This distinction helps explain why vitamin D deficiency is associated with functional alterations of the GH–IGF-1 axis despite preserved basal GH secretion [52, 57, 59]. The effect appears to be mediated through circadian destabilization, impaired sleep architecture, and reduced nocturnal GH pulsatility rather than primary pituitary dysfunction [41, 60]. From a pediatric endocrine perspective, vitamin D deficiency may therefore be better understood as a state permitting attenuation of endocrine rhythmicity rather than as a cause of classical hormone deficiency [61].

The importance of this timing is further supported by the concept of time-restricted signaling. Just as time-restricted feeding prevents metabolic disease by aligning nutrient intake with the clock [62, 63], sunlight-induced secosteroid production aligns nuclear receptor activity with the solar day. This coordination between central and peripheral clocks is essential for systemic homeostasis [64]. Because modern health outcomes are so tightly linked to circadian integrity [54, 65, 66], the discovery of the non-calcemic CYP11A1 pathway provides a vital tool for chronotherapeutic intervention. Even in cells without a nucleus, such as red blood cells, circadian oscillations persist, suggesting that the "Sun's Chemical Proxy" may have even broader systemic influences than currently mapped [67].

From a clinical standpoint, these findings support a more integrated interpretation of vitamin D status in pediatric endocrinology. Rather than relying solely on static serum 25[OH]D₃ concentrations, it may be appropriate to consider vitamin D signaling within a broader environmental and temporal context. Regular daytime light exposure, outdoor physical activity, and consistent sleep–wake schedules may support endocrine rhythmicity alongside established nutritional recommendations [53, 57].

Conclusions
This review highlights an expanded framework of vitamin D biology in which the cutaneous CYP11A1-derived secosteroid pathway provides a mechanistic link between sunlight exposure, circadian regulation, and endocrine homeostasis. While circulating 25-hydroxyvitamin D₃ serves as a stable indicator of vitamin D sufficiency, CYP11A1-derived secosteroids appear to function as time-dependent signals capable of modulating circadian amplitude and hormonal rhythmicity. In pediatric populations, vitamin D deficiency is therefore best interpreted as a condition that permits functional attenuation of endocrine rhythms—including the GH–IGF-1 axis—rather than as a cause of primary hormone deficiency. This distinction helps reconcile mechanistic data with clinical observations and underscores the importance of considering environmental light exposure and circadian context when interpreting vitamin D–related endocrine findings in children and adolescents.

Limitations of the study:
The limitations of this review include the high methodological heterogeneity across the 67 included studies, which range from basic biochemistry to clinical observations, preventing a unified quantitative meta-analysis. Furthermore, core molecular mechanisms like RORα/γ inverse agonism are primarily established in in vitro or animal models, necessitating further large-scale human validation to bridge the translational gap. Clinical findings regarding the HPA, HPT, and GH axes are also subject to confounding by baseline vitamin D levels and lifestyle factors, while the cutaneous production of these "chemical proxies" remains highly sensitive to geographic and seasonal UV variability. Finally, the relative novelty of the CYP11A1-mediated alternative pathway means there is a lack of long-term longitudinal data compared to the canonical VDR pathway.
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Appendix

Table1. List of Abbreviations used in the review.

	Abbreviation
	Full Term
	Abbreviation
	Full Term

	25[OH]D₃
	25-hydroxyvitamin D₃
	IGF-1
	Insulin-like growth factor 1

	7-DHP
	7-dehydropregnenolone
	LXR
	Liver X receptor

	ACTH
	Adrenocorticotropic hormone
	NAD⁺
	Nicotinamide adenine dinucleotide

	AhR
	Aryl hydrocarbon receptor
	NAMPT
	Nicotinamide phosphoribosyltransferase

	BMAL1
	Brain and muscle ARNT-like protein 1
	PER
	Period circadian regulator

	CRH
	Corticotropin-releasing hormone
	PRISMA
	Systematic Review Reporting Guidelines

	CYP11A1
	Cytochrome P450 side-chain cleavage
	REV-ERBα
	Nuclear receptor subfamily 1 group D

	GH
	Growth hormone
	ROR
	Retinoic acid-related orphan receptor

	HPA
	Hypothalamic-pituitary-adrenal
	SAD
	Seasonal affective disorder

	HPT
	Hypothalamic-pituitary-thyroid
	SCN
	Suprachiasmatic nucleus

	TSH
	Thyroid-stimulating hormone
	UVB
	Ultraviolet B

	VDR
	Vitamin D receptor
	VDRE
	Vitamin D response element
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Figure 2 : Secosteroid-Mediated Control of Circadian Genes and Hormones
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