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Abstract 

Circadian disruption is a pervasive environmental stressor that increases susceptibility to metabolic and 

inflammatory diseases, yet sex-specific adaptive strategies remain poorly understood. Here, we show that 

constant light (LL) exposure alters gut microbial communities and triggers sex- and tissue-specific host 

adaptations in the endocannabinoidome and other bioactive lipids. Using 16S rRNA sequencing, short 

chain fatty acid (SCFA) quantification, LC-MS/MS lipidomics, and cytokine profiling, we identified 

divergent coping strategies across brain, metabolic and intestinal tissues and reproductive organs. In 

females, LL induced microbial restructuring, with enrichment of Rikenellaceae, Butyricicoccaceae, and 

Alistipes, but these changes were uncoupled from short-chain fatty acids (SCFA) output. Also, they 

engaged N-acylethanolamine (NAE)-driven endocannabinoidome signaling in the brain (AEA, DHEA, 

OEA, PEA, SEA), accompanied by omega-6 prostaglandin upregulation and increased cytokines (IL-5, 

IFN-γ, MIP-2). The 2-monoacyl glycerols (2-MAGs) increased selectively in liver and skeletal muscle, 

reflecting tissue-specific lipid remodeling. In males, microbial shifts were limited (e.g., Ruminococcaceae 

depletion, Tuzzerella enrichment), yet LL triggered robust metabolic adaptation resulting in elevated 

SCFA levels (isobutyric, butyric, isovaleric, valeric acids) in faeces and elevation of several DHA-derived 

bioactive lipids in different intestinal tissues Few alterations in brain bioactive lipids were found, while 

several 2-MAGs were elevated skeletal muscles and testes. In contrast, several oxylipins were decreased 

within subcutaneous but not other adipose tissue depots.  Together, the data shows that changes in 

bioactive lipid levels in response to circadian rhythm disruption are organ- and sex-specific as are 

alterations in microbiota populations, positioning sex as a key determinant of responses to circadian 

stress. 

Introduction  

Environmental factors such as the photoperiod (duration of light exposure) significantly influence the 

behavior and metabolism of organisms. Light is the most significant factor regulating circadian rhythms, 

which are estimated to regulate between 20–50�% of the genome (1). Light detection by photosensitive 

retinal ganglion cells (ipRGCs) transfers information to the suprachiasmatic nucleus (SCN) in the 

hypothalamus to orchestrate circadian regulation (2). The majority of cells, including those in the SCN, 

contain a core clock mechanism involving genes such as CLOCK (Circadian Locomotor Output Cycles 

Kaput), BMAL1 (Brain and Muscle ARNT�like 1), CRY (Cryptochrome) and PER (Period). CLOCK 

and BMAL1 form a complex that drives PER and CRY gene expression, which in turn regulate their own 

expression, creating a cyclical loop (3). Disruption of the circadian rhythm by constant light or darkness 

in rodents induces weight gain, impaired glucose and triglyceride metabolism, reduced insulin sensitivity, 

altered energy expenditure (4, 5). Similarly, rotating light schedules that mimic shift work increase 
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adiposity, hepatic lipid storage, glucose intolerance, and insulin resistance in mice (6). In humans, 

circadian disruption from shift work is linked to metabolic dysfunction and observed in night�shift 

workers, including nurses in Brazil and Poland, steel workers in Japan (7), as well as offshore oil industry 

workers in the North Sea (8). Even dim light at night can perturb metabolism by altering the timing of 

food intake (5) and energy expenditure (9), thereby increasing susceptibility to obesity (10), type 2 

diabetes (11), and metabolic dysfunction-associated steatotic liver disease (MASLD) (12).  

In obese individuals, chronic low-grade inflammation perturbs circadian clock gene expression (13) 

indirectly through hyperinsulinemia and hyperglycemia (14), and directly through cytokines (15) such as 

IL-6, IL-1β, TNF-α, and prostaglandins (including PGF2α and PGE2), which can directly regulate BMAL1 

expression in peripheral tissues (16, 17). The endocannabinoid system (ECS) regulates circadian rhythms 

via CB1/CB2 signaling, linking environmental cues to internal homeostasis (18, 19). Endogenous ligands 

of cannabinoid CB1 and CB2 receptors, known as endocannabinoids, show daily oscillations that align 

with sleep-wake cycles and may influence eating behavior (20). CB1 activation by synthetic cannabinoids 

disrupts circadian entrainment by light, while CB1 antagonism under conditions of constant dark results in 

subtle phase shifting (21). Evidence suggests that this may be a result of CB1 -mediated alteration of 

PER2 rhythm in the SCN (22) through altered levels of the endocannabinoid, 2-arachidonoyl-glycerol (2-

AG) (19). The hypothalamic levels of this lipid are enhanced by blue light in mice to modulate orexin-A 

neuron firing in the perifornical hypothalamic area receiving inputs from the retinohypothalamic tract 

(23).  

Beyond the ECS, the endocannabinoidome (eCBome) encompasses a broader family of lipid mediators 

structurally related to endocannabinoids, such as N-acylethanolamines (NAEs) and 2-monoacylglycerols 

(2�MAGs) (24). The eCBome displays circadian rhythmicity in the brain (25), jejunum (19), plasma, and 

liver (26), indicating broad regulation of the eCBome across tissues. For example, in the cerebellum, 

NAEs increase at light/dark transitions while 2-MAGs decrease, whereas in the cortex and hippocampus 

sleep modulates N-acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) expression and 

light exposure alters monoacylglycerol lipase (MAGL) (27). NAPE-PLD and MAGL, respectively, 

contribute to the formation and degradation of NAEs and 2-MAGs (28). Their levels also shift under 

stressful conditions (29), including chronic unpredictable mild stress (30) kainic acid induced 

excitotoxicity (31, 32), ischemia (33), inflammatory bowel diseases (IBD) (34), UV-B radiation exposure 

(35) and in obesity/diabetes (36). The eCBome, acts through G�protein�coupled receptors (GPCRs), 

establishing versatile signaling pathways (37). For example, N-palmitoyl-ethanolamine (PEA) activates 

GPR55 and peroxisome proliferator-activated receptor alpha (PPARα) (38); N-oleoyl-ethanolamine 

(OEA) activates TRPV1, PPARα and GPR119 (39), and N-docosahexaenoyl-ethanolamine (DHEA), 
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whose levels are increased by dietary docosahexaenoic acid (DHA), acts through GPR110 and reduces 

cytokine production (40). DHA also mitigates HFD-induced circadian disruption, potentially through 

DHEA anti-inflammatory effects (41). Under prolonged metabolic (42), obesogenic, oxidative or 

inflammatory stress eCBome mediator production may be blunted (43, 44) or increased (45), and either 

imbalance disrupts homeostasis and elevates disease risk.  Therefore, disruption of the eCBome under 

conditions of light cycle disruption may in part contribute to increased susceptibility to metabolic 

dysregulation. 

Variation in most eCBome lipids and receptors have been associated with the gut microbiota, both 

dependent and independent of dietary lipid intake (46). The microbiota links diet to systemic physiology; 

for instance, diets rich in unsaturated fatty acids increase fecal levels of the corresponding eCBome 

mediators (47), and microbiota can convert eicosapentaenoic acid (EPA) and DHA into oxylipins or 

stearidonic acid (SDA) into its corresponding NAE (48). In this way, the microbiota translates dietary fat 

intake into metabolic responses partly through the production of eCBome lipids. Beyond diet, the 

microbiome also modulates host eCBome directly at both lipid and receptor expression levels� (49). The 

microbiota itself shows diurnal rhythmicity and influences circadian regulation in mice and humans; for 

example, Lactobacillus reuteri and Dehalobacterium, exhibit robust rhythmicity over time, while 

Ruminococcaceae (50) lose rhythmicity under jet-lag conditions, demonstrating the dynamic relationship 

between microbial activity and the host’s circadian clock. Microbial metabolites such as acetate, 

propionate and butyrate further affect peripheral clocks by modulating the expression of core clock genes 

including BMAL1 and PER2 in the peripheral tissues (51, 52).  

Disruption of circadian rhythms may alter eCBome lipid levels and receptor-mediated signaling in a 

tissue specific manner, contributing to pathophysiological outcomes, such as increased susceptibility to 

metabolic disorders. To address the complex interplay between the eCBome, gut microbiota, and 

circadian rhythms, we investigated how constant light exposure in male and female mice affects the gut 

microbiome in feces and intestinal sections, as well as tissue-specific eCBome lipid levels at a defined 

circadian time point. 

Study design and methodology 

Sixteen C57BL/6J mice (8 male/ 8 female), aged 33-weeks, were randomly assigned to one of two 

experimental groups (n=4 per group per sex) and housed individually with a running-wheel. Animals had 

ad libitum access to food (Prolab RMH 3000, 5P00; LabDiet, St. Louis, MO, USA) and water Animals 

were placed on a 12-hour light/12-hour dark (LD) cycle for 2-weeks before the beginning of this 

experiment. Half of the mice were maintained under the standard (12:12 - LD) photoperiod (control 

group) and half were exposed to constant light (24:0 - LL) (experimental group) for 10 consecutive days 
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to challenge the circadian system with an extended photoperiod rather than to induce circadian rhythm 

disruption. Overhead lighting was approximately 100 lux, ambient chamber temperature was 21°±2°C, 

and wheel-running activity was monitored with Clocklab (Actimetrics circadian cabinets, Wilmette, IL, 

USA) to determine individual circadian rhythms. After 10 days in either LD or LL conditions, mice were 

transferred to clean, empty cages for feces collection at zeitgeber/circadian time (ZT/CT) 15-16. Feces 

were stored on dry ice during collection and at -80°C until ready for analysis. Following feces collection, 

mice were placed back in their respective lighting conditions for 5 days before being sacrificed between 

ZT/CT 11 by cervical dislocation.  

Food was removed 6 hours prior to euthanasia and tissue collection was completed within 15-18 minutes. 

Animals were sacrificed over multiple successive days to account for time.  Tissue dissection proceeded 

as follows: trunk blood collected in EDTA coated tubes and spun down for plasma collection, brain 

separated into the hypothalamus, cerebellum, left hemisphere, and right hemisphere (consisting of the 

cerebrum), intrascapular brown adipose tissue, liver (right lobe), epididymal/ovarian white adipose tissue, 

retroperitoneal white adipose tissue, inguinal subcutaneous white adipose tissue, gonads, soleus, 

gastrocnemius, quadriceps, colon (distal section with lumen content removed), caecum, ileum, jejunum, 

and duodenum. Tissues were weighed and 10-20mg/tissue was frozen in liquid nitrogen, moved to -80°C.  

The Institutional Animal Care and Use Committee (IACUC) at Kent State University approved all 

experiments and procedures (protocol number 488 EM 19-12) and they followed the National Institutes of 

Health guidelines for the care and use of laboratory animals for experimental procedures. 

Gut microbiota sequencing and library preparation 

DNA Extraction and 16S rRNA Sequencing; total DNA was extracted using PowerSoil pro DNA 

Extraction kit (Qiagen, Hilden, Germany), following the manufacturer's instructions. This included 

mechanical lysis steps by bead-beating and enzymatic digestion to ensure effective disruption of bacterial 

cell walls and maximize DNA yield. DNA quality and concentration were assessed using a plat reader 

and fluorometrically with a Qubit fluorometer (Thermo Fisher Scientific, MA, USA). A sequencing 

library was then prepared targeting the hypervariable V3–V4 regions of the 16S rRNA according to 

Illumina’s amplicon library preparation protocol for the MiSeq System using primer pair-F(5′-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-

3′),R(5′GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′), 

in combination with the Illumina DNA Prep kit (Sets A–D; Illumina, USA) and Illumina DNA 

Preparation kit (Illumina, USA) PCR amplification was performed under standardized cycling conditions, 

and amplicon products were purified using magnetic bead-based cleanup by AMPure XP beads. Indexed 

adapters were ligated during a second round of PCR to allow multiplexing of samples. Libraries were 
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normalized and pooled at 4 nM, denatured, and diluted to a final concentration of 8 pM. Paired-end 

sequencing (2 × 300 bp) was performed using the MiSeq Reagent Kit v3 (600 cycles) on an Illumina 

MiSeq platform. Raw sequencing reads were processed using the DADA2 pipeline (53) which includes 

filtering for quality, dereplication, chimera removal, and inference of exact amplicon sequence variants 

(ASVs). Taxonomic classification was assigned on a reference database SILVA (54) corresponding to the 

targeted V3–V4 region. Data were processed using the MicrobiomeAnalyst platform (55). Microbiota 

composition was assessed by calculating alpha and beta-diversity indexes obtained using the Bray–Curtis 

index. Principal Coordinate Analysis (PCoA) was performed and analysed using the pairwise 

PERMANOVA analysis. 

Short-Chain Fatty Acid (SCFA) Analysis 

SCFAs in feces were analyzed using gas chromatography with flame ionization detection (GC-FID). 

Briefly, 50–100 mg of feces was homogenized with 1 mL of Milli-Q water per 100 mg of feces, 

homogenized for 2 minutes, and centrifuged at 18,000 × g for 10 minutes at 4°C. Subsequently, 200 µL of 

the supernatant was transferred to a 2 mL Eppendorf tube, and 10 µL of the internal standard was added 

along with 200 µL of MTBE. The mixture was vortexed for 20 minutes and centrifuged at 18,000 × g for 

10 minutes. Finally, 150 µL of the organic phase was used for GC-FID analysis. 

Lipid Extraction Protocol 

For tissue samples, lipid extraction was performed using a modified Bligh and Dyer method (56). Briefly, 

weighed tissue samples were homogenized in an Eppendorf tube with 500 µl of Tris-HCl buffer (50 mM, 

pH 7) using a tissue homogenizer. The homogenate was transferred to a 15 ml glass tube, followed by the 

addition of 500 µl LC-MS grade methanol containing 0.01% acetic acid and 5 µl of the deuterated 

internal standards (ISTDs). One milliliter of chloroform was added with a glass pipette, and the mixture 

was vortexed for 30 seconds. Samples were centrifuged at 4,000 × g for 5 minutes at room temperature, 

and the organic phase (lower layer) was collected in a glass tube. This extraction step was repeated twice 

with 1 ml chloroform. The combined organic phases (~3 ml chloroform) were evaporated to dryness 

using a rotary evaporator. Plasma (40 µl) samples we extracted as before(57). The dried lipid extracts of 

tissue and plasma samples were resuspended in 60 µl LC-MS mobile phase (50:50 A: B) and vortexed for 

15 seconds and analyzed on a Shimadzu 8050 triple quadrupole mass spectrometer (58). Retention times 

of each compound was validated with a mix pure standard that was injected with each sample batch. For 

the MAGs, we combined the signal of sn-1(3) and sn-2 isomers, due to acyl migration from the sn-2 to 

the sn-1(3) position in presence of water. Only peaks with a signal-to-noise ratio ≥ 5 were kept for 

quantification, as recommended recently(59). 
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Cytokines analyses 

Cytokine and chemokine levels were determined via a high-sensitivity 18-plex discovery assay 

(MDHSTC18) performed by Eve Technologies (Calgary, AB). 

Statistical analysis 

For gut microbiome analysis, data were processed using MicrobiomeAnalyst.ca (55). For lipid mediator 

(LC-MS/MS), SCFA, and cytokine datasets, statistical analyses were performed in Python (v3.11) with 

the scipy.stats package. Raw intensity values were log2-transformed to stabilize variance. Group 

comparisons were assessed using two-tailed independent-samples t-tests. Molecules were considered 

significantly regulated when p < 0.05 and the absolute log2 fold change exceeded 0.5. 

Results 

Constant Light Alters Overall Gut Microbial Community Structure 

To investigate the impact of circadian rhythm disruption on gut microbiota, 16S rRNA gene sequencing 

was performed on fecal samples collected from male and female mice exposed to either a 12:12 light/dark 

cycle (LD) or constant light (LL). Stacked bar plots of genus-level relative abundances suggested shifts in 

the microbial community structure across experimental groups in a sex dependent manner. In females, LL 

exposure appeared to increase the proportion of Lactobacillus, Eisenbergiella, and 

Clostridium_sensu_stricto_1, accompanied by a decrease in Turicibacter. In males, LL exposure 

appeared to similarly induce a relative increase in Lactobacillus while decreasing 

Clostridium_sensu_stricto_1 and Lachnospiraceae_NK4A136 (Fig. 1A). Shannon α-diversity was not 

statistically significant between treatment groups in females; however, in males, a strong trend for 

decrease (P= 0.07) in α-diversity was found, which was maintained when data from both sexes were 

merged (Fig. 1 B).  Analysis of β-diversity using Principal Coordinate Analysis (PCoA) based on Jensen-

Shannon Divergence revealed that LL treatment significantly influenced microbial community 

composition in females (p = 0.03), but not in males (p = 0.43). In the merged analysis, LL also 

significantly shaped β-diversity (p = 0.035) (Fig 1C). 

Heat tree analysis (60) in males identified Tuzzerella as the only taxa that increased along with 

Eisenbergiella, whereas Turicibacter showed decreased. in females. Merged sex data revealed increases 

in Eisenbergiella, Tuzzerella, Alistipes (genus), and Rikenellaceae (family), and a significant reduction in 

Ruminococcaceae UCG-005 (Fig. 2A). We then went on to perform LEfSe analysis, which further 

identified taxa that define the different treatments, and confirmed treatment-specific differences. In 
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females, Turicibacter and Alistipes, were the abundant taxa that significantly changed in response to light 

treatment, with the former being high in LD and the latter high in LL mice, while males showed no 

significant taxa shifts. In merged data, Turicibacter and Alistipes were similarly identified along with 

decrease in Lactobacillus (Fig. 2B). We then identified effects of constant light exposure on the relative 

proportions of individual bacterial taxa (Fig. 2C). At the family level, females exhibited higher 

Rikenellaceae and Butyricicoccaceae with a marked reduction of Erysipelotrichaceae, while males 

displayed depletion of Ruminococcaceae under LL. In the merged sex analysis, Rikenellaceae remained 

enriched, while Erysipelotrichaceae was consistently depleted under LL.  At the genus level, males 

showed increased Tuzzerella and Oscillospirales-UCG-010 under LL, while females showed an increase 

in Alistipes, Eisenbergiella, Enterorhabdus, and Butyricicoccus, and Turicibacter and Ruminococcaceae-

UCG-005 decreased under LL. Merged sexes showed that Alistipes, Eisenbergiella, Enterorhabdus, and 

Tuzzerella were enriched, while Turicibacter and Ruminococcaceae-UCG-005 were reduced, under LL. 

Short chain fatty acids (SCFAs) were then measured via gas chromatography to determine if alterations in 

the gut microbiomes by LL modified the levels of these key bacterial metabolites in feces.  Surprisingly, 

despite notable taxonomic shifts, LL did not in induce significant changes in SCFA levels in female mice; 

however, it did significantly increase isobutyric, butyric, isovaleric, and valeric acid in males. Except for 

butyric acid, these increases were similarly observed when data from male and female samples were 

merged. The results suggest a sex-dependent metabolic output, with males exhibiting greater fermentation 

activity under circadian disruption (Fig. 2D). 

Endocannabinoidome Lipid Mediators Are Altered by Constant Light 

Principal Component Analysis (PCA) was used to assess global variation, with treatment separation 

tested by PERMANOVA (Euclidean distances; permutations with F, p, and R² reported), and variable 

contributions quantified by Cohen’s d per molecule. We first sought to investigate the global impact of 

LL exposure on the eCBome by PCA within anatomical groups. This analysis revealed significant 

treatment separation within the gastrointestinal tract (p=0.008) (liver, duodenum, jejunum, ileum, colon), 

brain regions (p=0.036) (cerebellum, hypothalamus, midbrain, right hemisphere), and skeletal muscle 

(p=0.001) (gastrocnemius, quadriceps, soleus). In contrast, adipose tissues (p=0.408) (gonadal WAT, 

retroperitoneal WAT, inguinal WAT, interscapular BAT) did not show significant differences. Also, PCA 

showed a significant sex effect on lipid profiles (Fig. 3), motivating subsequent analyses stratified by 

females, males, and merged data. This approach allowed us to capture the distinct remodeling of the 

eCBome within tissues in response to constant light. 
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Constant light (LL) exposure induced extensive remodeling across all major classes of lipid mediators. To 

highlight coordinated physiological patterns, results are presented by lipid class. 

1. Fatty Acids (FAs) and Fatty acid-derived oxylipins 

Fatty acids undergo extensive remodeling across tissues, reflecting changes in lipid precursor availability 

(fig. 4 & 5). In the brain, LL treatment reduced DGLA, DPA(n-3/n-6) and DHA in the right hemisphere, 

with sex-specific responses: DHA decreased in males and DGLA in females. Here, the oxylipin 12-KETE 

was broadly downregulated across sexes, while 15-HETrE decreased only in the merged group. In the 

hypothalamus, AA was the only fatty acid found to be increased in females, where sex-dependent 

modulation of oxylipins was also observed: females upregulated AA-derived mediators (5-HETE, 5-

KETE, 8-HETE, 15-HETE, 5,15-DiHETE and15-KETE) and DHA-derived oxylipins (4-HDHA, 17-

HDHA, 14-HDHA + 7-HDHA) , whereas males showed reductions in 12-KETE. Similarly, 12-HETE and 

12-KETE lipids were decreased in the male midbrain along with 12-HEPE, whereas only females 

increased 4-HDHA. 

In the gastrointestinal tract, LL caused segment-specific effects that were almost exclusively observed in 

females or when the sexes were merged for fatty acids: in the duodenum, the n-3FAs SDA and DPA were 

reduced along with the n-6 FAs LA and DPA(n-6), with LA and SDA similarly reduced in the jejunum 

along with OA.  In marked contrast the ileum saw increases in n-3 (EPA, DPA(n-3), DHA) and n-6 

DGLA, AA, DPA(n-6)) FAs while no changes were observed in the colon other than an increase in DHA 

in males. Interestingly, several duodenal LA-, DGLA-, AA- and DHA-derived oxylipins (e.g 13-KODE, 

15-HETrE, 5-HETE, 5-KETE, 12-HETrE, 4-HDHA, 10,17-DiHDHA) were upregulated in males and 

when sexes were combined. In marked contrast few changes in the jejunum were observed in males, 

while in females oxylipins (e.ge 13-HOTrE, 15-HETE, 12-HEPE) were decreased in this section of the 

small intestine.  Strong changes in the Ileum were limited to increases in 5-KETE, 8,15-DiHETE and 

10,17-DiDHA, largely driven by changes in males.  and increases in DHA-derived 10,17-DiHDHA, along 

with sex-specific oxylipin changes. In the colon, similar to FAs, oxylipin levels were largely unchanged, 

except for in males that showed increased 14 + 7-HDHA, a DHA-derived oxylipin. 

Shifting to peripheral metabolic tissues, Adipose depots exhibited heterogeneous responses to LL. In 

gonadal WAT, LL increased DPA(n-3), DHA, and LA, although the rise in DPA(n-3) appears to be 

driven by an increase in males. Conversely, in other adipose tissues, changes occurred in the opposite 

direction. In inguinal WAT and retroperitoneal WAT, LL decreased DGLA, an effect restricted to males, 

which also showed broad downregulation of oxylipins derived from LA (9-HODE, 13-HODE), AA (5-

HETE, 15-HETE, 12-HETE, 12-KETE), ALA (13-HOTrE), EPA (15-HEPE, 12-HEPE), DPA (17-
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HDPA) and DHA- (14+7-HDHA). Among these only 12-HEPE was also decreased in the sex-merged 

group. Unlike WAT depots, BAT showed a more restricted pattern of downregulation consisting of SDA 

and OA, along with a decrease in DPA(n-3). Here, males exhibited decreased 18-HEPE, whereas females 

showed downregulation of 8-HETE, resulting in its reduction also in the merged sex group.  

In contrast to adipose tissue, the muscle tissues (quadriceps, gastrocnemius, and soleus) showed robust 

increases in fatty acid and fatty acid derived oxylipins. In the gastrocnemius, when combining the sexes 

LL increased LA and SDA, along with elevations across several oxylipins, including LA-derived 9-

HODE, 13-KODE, 13-HODE, ALA-derived 13-HOTrE, AA-derived mediator 15-HETrE and DPA-

derived 17-HDPAe. In this muscle group the males generally drove these changes except for 15-HETrE 

which was increased in females. In the quadriceps, LL elevated DHA, DPA (n-3 and n-6), and EPA, again 

driven largely by increases in males, though DHA also increased in females.  These changes were 

accompanied by elevated levels of 12-HETE and 12-HEPE in females. FA and oxylipin changes in the 

soleus were instead was more evident in females, with LL increasing LA, AA, and DHA and DPA (n-3 

and n-6), though males showed increases in LA and EPA. Notably, FA derived oxylipins levels have 

increases similar to their precursors, for example in females we observed increased levels of LA-derived 

13-KODE, 13-HODE, 9-HODE; AA-derived 15-KETE, 15-HETrE, 5-HETE; and the DHA-derived 4-

HDHA. Similarly, in males, LL increased LA-derived 9-HODE and 13-HODE, AA-derived 15-HETrE, 

DPA-derived 17-HDPA, and DHA-derived 4-HDHA. All of these elevations were also reflected in the 

merged dataset. 

Despite the widespread upregulation of fatty acids and oxylipins in skeletal muscle, the liver displayed a 

contrasting response, with reduced EPA in general and SDA only in females. SDA similarly declined in 

the plasma under LL, particularly in females. No changes in oxylipin levels were observed in either the 

liver or plasma. Outside somatic tissues, in the reproductive system, the female ovary showed a decrease 

in DPA(n-6) along with increases in AA-derived 8,15-DiHETE and DHA-derived 17-HDHA. In contrast, 

male reproductive tissue exhibited increased DPA(n-3) along with elevations in AA-derived 8,15-

DiHETE and DHA-derived 4-HDHA. These oxylipin patterns persisted in the merged dataset, which 

showed consistent upregulation of 8,15-DiHETE, 4-HDHA, and 17-HDHA, highlighting a clear sex-

dependent conservation in long-chain PUFA conversion to oxylipins. 

2. N-Acylethanolamines and NAE-derived oxylipins  

NAEs showed tissue-specific regulation under LL exposure (Fig. 6 & 8). In the brain, regions like the 

cerebellum exhibited increased levels of PEA, OEA, AEA and DHEA, especially in females, with notable 

elevations in PEA, SEA, OEA, AEA and DHEA. Males, however, showed minimal response, limited to 
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an increase in 17-HDPA-EA. The hypothalamus in females also showed significant increases in LEA and 

AEA, with a decrease in SEA, indicating sex-specific eCBome responses. Conversely, the midbrain 

displayed downregulation of PEA, SEA and EPEA, suggesting reduced NAE signaling. In the right 

hemisphere, LL exposure increased LEA-derived 13-HODE-EA in males, but not in females or the 

merged dataset. Outside the CNS, LL generally reduced NAEs in the gastrointestinal tract, with specific 

decreases in OEA, LEA and EPEA in the duodenum, and reductions in SDEA in the jejunum. The ileum 

showed decreased OEA and LEA, primarily in males, while the colon exhibited decreased LEA and 13-

HODE-EA, especially in males. In adipose tissues, LL increased PEA and OEA in gonadal WAT, with 

females showing broader responses, including increases in PEA and DPEA, and a decrease in EPEA. In 

inguinal WAT, LL elevated EPEA in both sexes, but males also showed reductions in SEA and 13-

HODE-EA. In interscapular BAT, LL decreased EPEA in females. Skeletal muscles were largely 

unresponsive, except for LEA increases in female soleus and quadriceps. The liver showed consistent 

downregulation of NAEs, with reductions in LEA and DHEA. In the reproductive system, the testis 

showed increased OEA in males, indicating sex specific NAE regulation. 

3.  Monoacylglycerols and 2-MAGs-derived oxylipins 

Metabolic remodeling in neural, metabolic, and peripheral tissues was observed following specific 

characteristics (fig 7 & 8). In the midbrain, reductions in several 2-MAGs such as 2-OG, 2-LG, 2-AG, 2-

DPG and 2-DHG were noted, with sex-specific patterns: males showed decreases in 2-OG and 2-DHG, 

while females exhibited reductions in 2-LG and 2-OG. These changes suggest increased turnover of 2-

MAGs in this brain region. Additionally, in the female cerebellum, 2-DHG decreased, whereas 2-AG 

increased in the right hemisphere, coinciding with elevated levels of its oxylipin product, 15-HETE-G, 

which was upregulated in both the female right hemisphere and hypothalamus. In the gastrointestinal 

tract, particularly the small intestine, reductions in 2-MAGs such as 2-SDG and 2-EPG were observed, 

with females showing broader suppression including 2-PG, 2-OG, and 2-LG. These decreases were 

accompanied by reductions in oxylipins like 13-HODE-G and 17-HDPA-G. Conversely, in males, 2-AG 

derived HETE- and KETE-glycerols increased. Along the intestinal tract, the jejunum showed decreased 

2-LG, with females also exhibiting reductions in 2-SDG and 2-PG. Adipose tissues displayed mixed 

responses, with some MAGs increasing and others decreasing. In gonadal white adipose tissue (WAT), 2-

PG decreased in males, while 2-SDG increased in both sexes. In inguinal WAT, 2-PG decreased across 

groups, but females showed increases in 2-DPG and 2-AG, along with elevated 2-AG derived oxylipin 5-

KETE-G. Retroperitoneal WAT exhibited increased 2-DHG and 2-AG in females, indicating broader 

MAG elevation. Skeletal muscles, including gastrocnemius, quadriceps, and soleus, showed significant 

sex-specific increases in MAGs, with notable elevations in 2-OG, 2-LG, 2-AG, and 2-DPG, and 
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associated oxylipins like 13-HODE-G. Hepatic tissue demonstrated a consistent increase in multiple 

MAGs, with females showing elevated 2-SDG and 2-AG, and males showing increases in 2-SDG and 2-

OG. The reproductive organs also showed upregulation of 2-AG and 2-DPG, with males additionally 

increasing 2-EPG. Systemically, plasma MAGs showed a decrease in 2-AG only in males, indicating 

tissue-specific and sex-specific metabolic adaptations. 

4. Prostaglandins (PGs) and Eicosanoid-Derived Lipid Mediators 

Prostaglandins exhibit significant tissue-specific and sex-dependent remodeling (fig 9). In the brain, the 

cerebellum shows increased PGB�, especially in females, along with PGE� and 1a,1b-dihomo-PGF�α. 

The hypothalamus displays elevated PGD� in both sexes, sexes, with TXB� specifically increased in 

males; coordinated increases in PGD�, TXB�, PGE�, and PGE� are observed in the merged dataset. 

The midbrain shows a reduction in PGD�-EA, and the right hemisphere exhibits decreased 12-oxo-

LTB� in males and overall. The duodenum demonstrates male-biased prostaglandin upregulation, 

including LTB�, 12-oxo-LTB�, PGB�, and 5,6-DiHETE, with coordinated increases in these mediators 

and a decrease in 12-HHTrE. The ileum shows increased PGF�α in females, while PGF3α is up in the 

merged dataset. In adipose tissue, PG levels vary: 6-keto-PGF�α decreases in males, and PGE�-G 

increases in females and males. The jejunum displays decreased 17-oxo-DHA in females and increased 

PGE�-G, with males showing elevated PGF�α-EA. The colon shows increased 17-oxo-DHA and 

PGF�α in males. Skeletal muscle exhibits sex-specific changes: in gastrocnemius, PGE�-EA decreases 

in females; in quadriceps, LL increases 12-HHTrE in females, while PGE� decreases in males; and in 

soleus, PGE�, PGD�, and PGF�α are upregulated, especially in females. Liver responses are 

characterized by suppression of prostanoids like PGF�α and PGE�, as well 12-HHTrE, mainly in males. 

Adipose depots show increased PGD� and PGB� in retroperitoneal and gonadal WAT, while BAT 

shows decreased PGF�α and PGE�. Systemically, plasma 12-HHTrE and PGD� are reduced, with 

increased 12-oxo-LTB� in females and elevated 17-oxo-DHA, 12-oxo-LTB�, and PGE� in males. 

Cytokine analysis reveals sex-specific immune responses (fig 10): females show increased IL-5, MIP-2, 

and IFN-γ, while males exhibit elevated IL-2 and trends toward increased IFN-γ. When combined, IFN-γ, 

IL-1β, IL-13, and GM-CSF are elevated, indicating systemic inflammatory modulation aligned with 

female-driven lipid remodeling. 

Discussion 

Circadian rhythm disruption profoundly alters host physiology and increases susceptibility to metabolic 

and inflammatory conditions (4). Given the intimate role of gut microbiota and the eCBome in regulating 

multiple aspects of metabolic health (47, 61) and responding to circadian cycling (26, 50), we went on to 
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determine how circadian rhythm disruption using constant light modulates eCBome lipid levels and gut 

bacteria. We selected ZT11 and CT11 for organ collection because it represents a transition point into the 

dark cycle and active phase, making it ideal for studying metabolic and circadian-regulated processes 

(27). Our findings reveal clear sex-dependent adaptive strategies to constant light (LL) with respect to 

changes induced in bioactive lipid levels in different organs and fecal bacteria composition. 

LL exposure altered the gut microbiota in a sex-dependent manner. In females, taxa such as 

Rikenellaceae, Butyricicoccaceae, Alistipes, Eisenbergiella, and Enterorhabdus were enriched, while 

Erysipelotrichaceae, Turicibacter, and Ruminococcaceae UCG-005 were depleted. Males showed fewer 

compositional shifts, with increases in Tuzzerella and Oscillospirales-UCG-010 and reductions in 

Ruminococcaceae. Several of these taxa have been linked to circadian disruption or rhythmicity in prior 

studies. For example, in constant darkness (DD), Alistipes (62) significantly changes in the opposite 

direction to our protocol (constant light), whereas Rikenellaceae (63) increased in the same direction. 

These differences likely reflect the distinct circadian stressors of LL versus DD (loss of light–dark cycles 

vs. loss of photic cues), highlighting their sensitivity to circadian misalignment.  

Indeed intestinal epithelium disruption of Bmal1 leading to disruption of the intestinal clock disrupts 

Alistipes rhythmicity (64), and constant light exposure causes the opposite effect on its levels compared to 

what we report here (64).Thus our data suggests that this genus may be particularly sensitive to light 

exposure, though the potential effects of this would be dependent on the species affected, as different 

Alistipes spp. have been found to associate with positive or negative physiological effects (65). The 

consistent reduction of Turicibacter, a genus positively associated with metabolic health, potentially by 

modifying bile acids and thus affecting lipid metabolism (66), further suggests that LL disrupts microbial 

taxa normally linked to rhythmicity and beneficial functions. 

Despite pronounced taxonomic alterations in females, SCFA production increased only in males, with 

higher levels of isobutyric, butyric, isovaleric, and valeric acids. These shifts coincided with reductions in 

the Ruminococcaceae family and enrichment of Oscillospirales-UCG-010 and Tuzzerella at the genus 

level. The Oscillospirales-UCG-010 correlate with SCFA levels (67). This enrichment is consistent with 

the elevated fecal SCFA levels observed in males, suggesting a functional link between microbial 

composition and metabolite output. Tuzzerella, although not a major SCFA producer, has been reported to 

increase in models of gut inflammation (68), where it modulates immune responses by regulating T cell 

infiltration (69). Its enrichment under LL may therefore reflect proliferation during inflammatory stress. 

In parallel, SCFAs such as acetate, propionate, and butyrate can enter the liver and directly modulate 

circadian clock gene expression (51). SCFAs also exert local benefits, including reducing systemic 

inflammation, improving hepatic lipid metabolism, and ameliorating mucosal injury in the small intestine 
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(70). Given established associations between SCFAs and sleep duration (71), their elevation in males may 

indicate a behavioral or metabolic protective adaptation to LL-induced circadian rhythm disruption. These 

elevated levels of SCFAs might potentially have affected the levels of oxylipins within the distal 

intestinal tract, which in fact increased in the duodenum and jejunum of male LL mice, and decreased in 

females.  Indeed, in comparison to the duodenum, the lower intestinal regions showed also significant 

increases in long-chain PUFAs, including DHA and its LOX-derived oxylipins, accompanied by 

suppression of NAEs and prostaglandins, emphasizing the distal gut as a hotspot of circadian stress 

responses. 

In females, although the microbial community composition changed markedly, SCFA levels did not. 

Instead, intestinal lipid remodeling reflected widespread depletion of protective mediators. The proximal 

small intestine showed downregulation of fatty acids (LA, OA), MAGs (2-SDG), and prostaglandins 

(PGE2). NAEs were largely unchanged in the duodenum and jejunum but markedly suppressed in the 

ileum (LEA, PEA).  While DHA was increased in the ileum where, unlike males, its oxidized metabolites 

were not. These signatures align with prior reports linking circadian disruption to intestinal inflammation 

(72) and heightened metabolic disease susceptibility (73, 74).  Such sex-specific differences may reflect 

greater disruption of intestinal clock gene expression and metabolic adaptation in females (75) and their 

propensity of female mice to lose weight under protocols of light-cycle disruption while males gain 

weight (76).  

Under LL, females showed suppression of lipid mediators in the proximal intestine but activation in the 

distal gut, muscle, and reproductive organs (e.g., DPA n-3, 2-AG, 15-HpEDE, PGD�), indicating a 

redistribution of lipid signaling from the gut toward peripheral tissues. Females engaged NAE-centered 

eCBome signaling (e.g., AEA, OEA, PEA) in the brain and liver, accompanied by systemic inflammatory 

cytokine responses. In contrast, males exhibited activation of oxylipin and 2-MAG pathways in the 

intestine and liver (e.g., 5-HETE, 5-KETE, 10,17-DiHDHA, 14-/ 7-HDHA, 2-AG) and in skeletal muscle 

(e.g., 2-AG, 2-LG). In the adipose tissues, particularly inguinal WAT, males showed coordinated 

suppression of anti-inflammatory oxylipins (e.g., 15-HEPE, 5-/ 15-HETE, 14-/ 7-HDHA, 13-HODE-G, 6-

keto PGF�α). Overall, males relied on SCFA- and ω-3-derived resolution pathways, particularly in the 

colon and liver, whereas females engaged eCBome-driven signaling and immune activation under 

circadian disruption. The liver exhibited a mixed regulatory profile. In females, ω-3 fatty acids (SDA, 

EPA) decreased alongside increased 2-MAGs (2-SDG, 2-AG). In males, prostaglandins (PGF�α, PGE�) 

and NAEs (LEA, DHEA) were suppressed, while also in this sex 2-MAGs (2-SDG, 2-OG) increased. 

When sexes were combined, reduced prostaglandins and NAEs persisted and 2-MAGs remained elevated. 

This shift mirrors metabolic liver disease, where reduced ω-3 fatty acids (77) and prostaglandins (78) 
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promote accumulation of 2-MAG-derived diacylglycerol (DAG) via monoacylglycerol acyltransferases 

(MGATs), subsequently forming triacylglycerols (TAGs) through DGAT2 (79), an enzyme that itself 

exhibits rhythmic expression (80). This pathway contributes to non-alcoholic fatty liver disease (NAFLD) 

(81). Interestingly, however, 2-SDG emerged as the most responsive hepatic molecule under LL in both 

sexes. This 2-MAG is derived from the ω-3 fatty acid, SDA, which is associated with potential anti-

inflammatory properties (82). However, the precise biological role of 2-SDG remains to be clarified both 

metabolically and with respect to its potential involvement in light-cycle disruption effects on liver 

metabolism. 

The brain showed a sex dependent response; in females, the cerebellum displayed robust upregulation of 

NAEs and prostaglandins which is consistent with neuroprotective response of NAEs (83-86). This 

response was absent in males. The hypothalamus also showed LOX-derived oxylipins (derived from both 

FAs and 2-MAGs; e.g., 12-HETE, 15-HETE, 15-HETE-G) proposed to modulate neuroinflammation and 

neuronal lipid signaling (87), reflecting the sensitivity of this brain area to circadian stress. 

Pharmacological CB1 activation reduces the phase-shifting effects of light on the suprachiasmatic nucleus 

in male but not female mice (88), further supporting tissue- and sex-specific differences in circadian 

responsiveness. By contrast, the midbrain and right hemisphere exhibited marked downregulation of 

NAEs, 2-MAGs, oxylipins, and long-chain fatty acids (e.g., DGLA, DHA, DPA), with males showing a 

more prostaglandin-centered response. Although NAEs are generally considered neuroprotective, 

multiple studies indicate they can also contribute to pathogenesis and elevate disease risk. Elevated NAE 

levels have been linked with aging, neuroinflammation, and ischemia (89), can directly trigger cell death 

(90, 91), and are increased in psychotic patients (92). This duality likely reflects the several molecular 

targets for each of these mediators, ranging from CB1 and TRPV1, which may play pro-inflammatory and 

brain function disrupting effects, to GPR110, PPARs and CB2, which instead play pro-homeostatic anti-

inflammatory actions (37).  Circadian disturbances are highly prevalent in schizophrenia and psychosis 

(93) and with aging, the amplitude of circadian rhythms progressively declines (94). Collectively, these 

findings suggest that female brains preferentially engage NAE pathways as a protective buffer against 

circadian rhythm disruption. However, given the dual role of NAEs in both protection and pathology, 

their alteration under light-cycle disruption may lead to maladaptive neurobiological changes in females, 

potentially contributing to greater vulnerability to shift-work disorder, stress, and insomnia (95).  

LL exposure induced FA accumulation across several skeletal muscles, with little or no effect, however, 

on eCBome mediators. Sleep restriction and loss of circadian rhythmicity are known to cause atrophy and 

impaired metabolic plasticity in muscles such as the quadriceps, soleus, and gastrocnemius (96, 97). 

These muscles are enriched for rhythmic genes involved in fatty acid metabolism, mitochondrial 
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oxidative phosphorylation, and glucose handling (98, 99). Moreover, post-flight biopsies of human soleus 

have demonstrated susceptibility to lipid accumulation under circadian misalignment (100). Within this 

context, our data show that LA and OA accumulated in the gastrocnemius, and LA in the soleus, 

indicating maladaptive lipid storage particularly within glycolytic muscle fibers, consistent with reduced 

oxidative flexibility and altered energy metabolism. 

In contrast to muscles the adipose tissue was less effected by circadian rhythm disruption; in inguinal 

WAT, females showed increased 2-MAGs, including 2-AG, indicating enhanced cannabinoid receptor 

CB� activity (101). Adipose CB� signaling is known to impair insulin sensitivity, enhance lipogenesis, 

and suppress mitochondrial oxidative capacity, ultimately promoting lipid accumulation and endoplasmic 

reticulum stress (102, 103). These changes may therefore represent an early maladaptive metabolic 

response to circadian disruption. In contrast, males exhibited coordinated suppression of multiple 

oxylipins and NAEs, suggesting loss of local anti-inflammatory tone that may predispose to low-grade 

inflammation (104). In retroperitoneal WAT, increases in prostaglandins (PGD�, PGB�) and 2-MAGs 

(2-AG, 2-DPG, both of which have been shown to have context-dependent anti- and pro-inflammatory 

activities (43)) highlighting coordinated eCBome response within a given family of lipids. The decreased 

levels of DGLA may indicate limited substrate availability for the production of  anti-inflammatory 

prostaglandin synthesis and thus a relative increase in pro-inflammatory ones, potentially exacerbating 

inflammation (105). Interscapular BAT displayed suppression of bioactive lipids including ω-3 fatty 

acids, EPEA, and prostaglandins, consistent with reduced lipid signaling capacity that could blunt 

thermogenic and oxidative functions (106). An increase in 2-MAGs across multiple adipose tissues may 

contribute to metabolic dysfunction and obesity-related complications, such as insulin resistance and type 

2 diabetes, through their role as intermediates in triglyceride synthesis (107). Together, these findings 

align with the LL disruption of adipose lipolysis and its coordination with skeletal muscle fatty acid 

uptake to cause a systemic metabolic dysfunction (108). 

Reproductive tissues displayed a similar remodeling under constant light with having increased the 2-

MAGs, and FA-oxylipins in male and female. In particular, the males showed upregulation of OEA, 

DPA(n-3), PGE�, multiple oxylipins (4-HDHA, 17-oxo-DHA, 5-KETE-G), and 2-MAGs (2-AG, 2-

DPG, 2-EPG). In females, we also observed increased in oxylipins (12-oxo-LTB4, 8,15-DiHETE, 17-

HDHA), and 2-MAGs (2-AG, 2-DPG) were elevated while DPA(n-6) was downregulated. Both testes 

and ovaries have functional molecular clocks; in males, these clocks regulate testosterone production, 

spermatogenesis, and sperm motility (109), and in females, they coordinate hypothalamic-pituitary-

gonadal (HPG) axis output with ovarian steroidogenesis and ovulation timing, partly through rhythmic 

prostaglandin and NAE signaling (110). Disruption of these rhythms is therefore likely to impair fertility. 
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Clinical observations support this interpretation. Elevated seminal 2-AG has been associated with reduced 

sperm motility in men (111), while high 2-AG levels are reported in women with endometriosis and 

infertility (112). Similarly, increased oxylipins and associated oxidative stress can impair gamete function 

and reproductive outcomes (113), linking circadian disruption, dysregulated lipid signaling, and chronic 

inflammation to infertility. Supporting this link, clinical studies indicate that misalignment of circadian 

rhythms such as that caused by shift work or constant light, leads to reduced fertility, irregular cycles, and 

lower conception rates (114). 

Systemic cytokine profiling revealed distinct sex-specific immune signatures under constant light. 

Females displayed elevated IL-5, IFN-γ, and the neutrophil-recruiting chemokine MIP-2, whereas males 

showed only IL-2 significant increase. This pattern suggests that circadian disruption amplifies immune 

responsiveness more strongly in females and is consistent with computational and experimental models 

indicating that circadian clocks modulate immune activity in a sex-dependent manner (115). IFN-γ levels 

were reported to be significantly altered in Per2 mutant mice, which lacked a daily rhythm (116), and 

studies in non-human primates showed that the severity of circadian rhythm disturbances correlates with 

plasma IFN-γ levels (117). Interestingly, despite the heightened cytokine response, plasma lipid mediators 

showed a predominantly suppressive profile under constant light. In females, both SDA and the oxylipin 

12-HHTrE were reduced, while males exhibited lower 2-AG levels.  

The present study has some limitations. The relatively small sample size (n=4 per sex for each treatment) 

may have limited statistical power. We assessed tissues at a single circadian timepoint, which may not 

capture dynamic oscillations of microbial and lipid networks. Finally, the sex hormone status in females 

was not considered and could have contributed to variability in circadian responses.  

Conclusions  

Constant light exposure disrupted circadian homeostasis, inducing sex-dependent alterations in fecal 

microbiota, eCBome and other bioactive lipids, and systemic immune networks. Females exhibited 

marked microbiota remodeling, depletion of protective intestinal lipids, and of NAE-mediated response in 

the brain area, accompanied by elevated pro-inflammatory cytokines such as IFN-γ, IL-5, and MIP-2. In 

contrast, males displayed increased fecal SCFAs and enhanced oxylipin levels in the intestine and liver, 

reflecting a metabolic adaptation centered on lipid oxidation rather than inflammation. The liver and 

reproductive tissues emerged as key sites of lipid mediator remodeling, with LL exposure often 

promoting ω-3 fatty acid depletion, 2-MAG accumulation, and prostaglandin and oxylipin pathway 

activation; patterns that are linked to metabolic stress and reproductive dysfunction. Collectively, these 

findings reveal that circadian disruption under constant light disturbs the coordination between microbial, 
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lipidomics, and immune pathways in a tissue- and sex-specific manner, predisposing the organism to 

inflammation and metabolic imbalance. 
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Figures 

Figure 1 Effects of constant light on the gut microbiomes of male and female mice. (A) Stacked bar plots 
show relative abundance of the taxonomic composition at the genus level for female (F) and male (M) 
mice in light/dark (LD) constant light (LL). (B) Alpha diversity (Shannon index) of the gut microbiome at 
the genus level in females (left) p-value: 0.7, males (middle) p-value: 0.07, and combined samples (right) 
p-value: 0.7. (C) Beta diversity (PCoA using Jensen–Shannon divergence) showing microbial community 
differences in females (left) p-value: 0.04, males (middle) p-value: 0.4, and combined samples (right) p-
value: 0.03. 

Figure 2 Differential abundance of microbial taxa between constant light (LL) and light/dark (LD) 
conditions at the genus level. A, Heat tree visualization shows taxa that significantly differ in abundance 
females (F; left), males (M; middle), combined sexes (right) between LL and LD groups. Red branches 
indicate taxa enriched under LL conditions, while blue branches indicate those more abundant in LD. 
Node size corresponds to taxon abundance, and color intensity reflects the log�-fold change in median 
relative abundance. B, Linear Discriminant Analysis Effect Size (LEfSe) analysis (P-value cutoff < 0.05, 
log LDA score > 2.0, the LDA score on the x-axis indicates the effect size of each taxon); C, Box-and-
whisker plots of relative abundance for gut microbiota taxa (Family and Genus) that differed significantly 
between light–dark (LD) and constant light (LL) conditions; females (F; left; purple), males (M; middle; 
green), combined sexes (right; blue). Significant differences were determined by students t-test (p < 0.05). 
D, Box-and-whisker plots of Log10 fold change in the concentrations of various SCFAs that were 
measured via gas chromatography. The analysis was performed using an unpaired Student's t-test 
separately for females (F; left; purple), males (M; middle; green), combined sexes (right; blue). Asterisks 
denote statistically significant differences: * p < 0.05.  

Figure 3 Principal Component Analysis (PCA) plots illustrate treatment- and sex-dependent clustering of 
lipid mediators in (A) Female (blue) and male (purple), there is significant sex effect in the groups (p= 
0.001). PCA showed significant treatment effect in (B) gastrointestinal tract (p=0.008) (liver, duodenum, 
ileum, jejunum, colon), (D) skeletal muscle (p=0.001) (gastrocnemius, quadriceps, soleus), and (E) brain 
regions (p=0.036) (cerebellum, hypothalamus, midbrain, right hemisphere) but not significant in (C) 
adipose Tissues (p=0.408) (gonadal, retroperitoneal, inguinal, interscapular BAT). Ellipses represent 
95% confidence intervals. PERMANOVA results (F, p, R²) indicate significant effects of treatment or sex. 
Arrows highlight the top two lipid mediators contributing to separation along PC1 and PC2. 

Figure 4 volcano plot of FAs; volcano plot showing differential levels of fatty acid (FAs) between LL and 
LD across all tissues analyzed. Each point represents one FAs measured in a specific tissue, with symbol 
shapes indicating the corresponding organ. Data are stratified by sex: females (purple), males (green), 
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and combined (merged sex; yellow). The x-axis shows the log� fold change (LL/LD) and the y-axis shows 
the –log��(p-value). Molecules above the dashed horizontal line reached nominal statistical 
significance (p < 0.05). Labels highlight representative significant lipid mediators in each tissue. Chord 
Diagram (summary figure of FA changes; bottom right); Significant fatty acid changes across tissues in 
female and male mice under constant light exposure. Tissue nodes are aligned vertically, molecules 
appear on sex-specific arcs, and curves indicate LL-vs-LD regulation colored by sex and direction. 

Figure 5 volcano plot of FA-derived Oxylipins; volcano plot showing differential levels of Fatty acid 
(FAs) derived oxylipins between LL and LD across all tissues analyzed. Each point represents one FAs-
oxylipins measured in a specific tissue, with symbol shapes indicating the corresponding organ. Data are 
stratified by sex: females (purple), males (green), and combined (merged sex; yellow). The x-axis shows 
the log� fold change (LL/LD) and the y-axis shows the –log��(p-value). Molecules above the dashed 
horizontal line reached nominal statistical significance (p < 0.05). Labels highlight representative 
significant lipid mediators in each tissue. Chord Diagram (summary figure- of FA derived oxylipin 
changes; bottom right); Significant FA derived oxylipin changes across tissues in female and male mice 
under constant light exposure. Tissue nodes are aligned vertically, molecules appear on sex-specific arcs, 
and curves indicate LL-vs-LD regulation colored by sex and direction. 

Figure 6 volcano plot of NAEs; volcano plot showing differential levels of N-acylethanolamines (NAEs) 
between LL and LD across all tissues analyzed. Each point represents one NAE measured in a specific 
tissue, with symbol shapes indicating the corresponding organ. Data are stratified by sex: females 
(purple), males (green), and combined (merged sexes; yellow). The x-axis shows the log� fold change 
(LL/LD) and the y-axis shows the –log��(p-value). Molecules above the dashed horizontal line reached 
nominal statistical significance (p < 0.05). Labels highlight representative significant lipid mediators in 
each tissue. Chord Diagram (summary figure of NAE changes; bottom right); Significant NAEs changes 
across tissues in female and male mice under constant light exposure. Tissue nodes are aligned vertically, 
molecules appear on sex-specific arcs, and curves indicate LL-vs-LD regulation colored by sex and 
direction. 

Figure 7 volcano plot of 2-MAGs; volcano plot of monoacylglycerols (2-MAGs) comparing LL and LD 
across all tissues. Each point corresponds to a MAGs species measured in one tissue, with symbol shapes 
indicating organ identity. Data are stratified by sex: females (purple), males (green), and combined 
(merged sexes; (yellow). The x-axis shows the log� fold change (LL/LD) and the y-axis shows the –
log��(p-value). Molecules above the dashed horizontal line reached nominal statistical significance (p 
< 0.05). Labels highlight representative significant lipid mediators in each tissue. Chord Diagram 
(summary figure of 2-MAG changes; bottom right); Significant 2-MAGs changes across tissues in female 
and male mice under constant light exposure. Tissue nodes are aligned vertically, molecules appear on 
sex-specific arcs, and curves indicate LL-vs-LD regulation colored by sex and direction. 

Figure 8 volcano plot of NAE- and 2-MAG-derived Oxylipins; volcano plot showing differential levels of 
N-Acylethanolamines (NAEs) and Monoacylglycerols (MAGs) derived Oxylipins between LL and LD 
across all tissues analyzed. Each point represents one NAES and MAGs-oxylipins measured in a specific 
tissue, with symbol shapes indicating the corresponding organ. Data are stratified by sex: females 
(purple), males (green), and combined (merged sexes; yellow). The x-axis shows the log� fold change 
(LL/LD) and the y-axis shows the –log��(p-value). Molecules above the dashed horizontal line reached 
nominal statistical significance (p < 0.05). Labels highlight representative significant lipid mediators in 
each tissue. Chord Diagram (summary figure of NAE- and 2-MAG-derived oxylipin changes; bottom 
right); Significant NAE- and 2-MAG-oxylipin changes across tissues in female and male mice under 
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constant light exposure. Tissue nodes are aligned vertically, molecules appear on sex-specific arcs, and 
curves indicate LL-vs-LD regulation colored by sex and direction. 

Figure 9 Volcano plot of PGs; volcano plot showing differential levels of prostaglandin (PG) between LL 
and LD across all tissues analyzed. Each point represents one PG measured in a specific tissue, with 
symbol shapes indicating the corresponding organ. Data are stratified by sex: females (purple), males 
(green), and combined (merged sexes; yellow). The x-axis shows the log� fold change (LL/LD) and the y-
axis shows the –log��(p-value). Molecules above the dashed horizontal line reached nominal statistical 
significance (p < 0.05). Labels highlight representative significant lipid mediators in each tissue. Chord 
Diagram (summary figure of PG changes; bottom right); Significant PGs changes across tissues in 
female and male mice under constant light exposure. Tissue nodes are aligned vertically, molecules 
appear on sex-specific arcs, and curves indicate LL-vs-LD regulation colored by sex and direction. 

Figure 10 Heatmap of plasma cytokine responses under LL) LD exposure. Shown are log�� fold 
changes (LL vs LD) for individual cytokines in males, females, and merged data. Color coding indicates 
the magnitude and direction of fold change (red = increase, blue = decrease). Notably, IL-1β, IL-2, IL-
13, GM-CSF, and IFN-γ were significantly increased, with sex-specific patterns including elevated IFN-γ, 
MIP-2 and IL-5 in females and increased IL-2 in males. Significant changes are highlighted with 
asterisks (* for p < 0.05, ** for p < 0.01). 
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