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Abstract: Polyunsaturated fatty acids (PUFAs) are essential lipid components that maintain human health and 
take part in various physiological and pathological processes. PUFAs are metabolized to bioactive mediators, such 
as prostaglandins (PGs), leukotrienes (LTs), epoxyeicosatrienoic acids (EETs), and hydroxyeicosatrienoic acids 
(HETEs), which play critical roles in cardiovascular function, metabolic homeostasis, neural activity, and 
inflammatory responses. Emerging evidence has shown that the circadian clock regulates the metabolism of 
PUFAs, exhibiting marked circadian rhythms varying across different disease states. This review explores the 
circadian dynamics of PUFAs metabolism and its implications in cardiovascular disease, metabolic disorders, 
neurodegenerative conditions, and immune diseases. Special attention is given to the circadian expression changes 
in PUFAs metabolic enzymes, like cyclooxygenases (COXs), lipoxygenases (LOXs), and cytochrome P450s 
(CYPs), and their potential mechanisms in disease development. In addition, the review discusses the application 
of circadian rhythms of PUFAs metabolism to optimize clinical strategies such as chronotherapy and personalized 
medicine. Understanding the circadian regulation in PUFAs metabolism could unveil new insights into disease 
mechanisms and inspire innovative approaches for the prevention and treatment of multiple diseases. 
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1. Introduction 

PUFAs are a class of essential fatty acids characterized by two or more cis carbon-carbon double bonds 
arranged in a divinylmethane pattern. They are primarily divided into two major groups, ω-3 and ω-6, based on 
the location of the terminal double bond [1]. Since most ω-3 and ω-6 fatty acids cannot be synthesized 
endogenously, they must be obtained through dietary sources. Key ω-3 fatty acids include α-linolenic acid (ALA), 
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), commonly found in deep-sea fish oils, flaxseed 
oils, and certain vegetable oils. In contrast, ω-6 fatty acids, such as linoleic acid (LA), γ-linolenic acid (GLA), and 
arachidonic acid (AA), are primarily sourced from vegetable oils [2]. The metabolism of PUFAs is largely 
mediated by three enzymatic pathways: COXs, LOXs, and CYPs [3] (Figure 1). Although ω-3 and ω-6 fatty acids 
undergo similar metabolic pathways, their metabolites play pleiotropic roles in immune response, neuroprotection, 
vascular function and insulin signaling [4]. For instance, metabolites derived from ω-6 fatty acid, such as 
prostaglandins (PGs), thromboxanes (TXs), and leukotrienes (LTs), play significant roles in pro-inflammatory 
responses [5], while metabolites derived from ω-3 fatty acid tend to exhibit notable anti-inflammatory properties. 
Such as metabolites derived from EPA and DHA, E-series and D-series specialized pro-resolving mediators 
(SPMs) like resolvins, protectins, and maresins, are recognized as potent anti-inflammatory and pro-resolving 
agents [6]. These SPMs suppress the production of inflammatory mediators, facilitate tissue repair, and promote 
the resolution of inflammation [7]. The diverse functions of PUFAs metabolites are essential for maintaining 
normal physiological functions. However, dysregulation in PUFAs metabolism can trigger various pathological 
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conditions. For example, excessive production of specific ω-6 metabolites can lead to acute and chronic 
inflammation, whereas a deficiency in specific ω-3 metabolites may weaken the body’s anti-inflammatory 
capacity, raising the risk of chronic diseases [8,9]. Recent studies have shown that PUFAs metabolism follows a 
circadian rhythm, suggesting that it may be regulated by the circadian clock [10]. 

 

Figure 1. A brief scheme of metabolism of PUFAs. PUFAs are metabolized by LOXs, COXs, and CYPs to produce 
different metabolites. The metabolic flow of each PUFAs is shown using the same colors. The abbreviations are 
defined in the abbreviation table. The figure was cropped from Pharmacology & Therapeutics 2024, 256, e108612 
by courtesy of the journal. 

Circadian rhythms are intrinsic physiological cycles in organisms, typically following an approximately 24-
h period. These rhythms are prevalent across species, from single-celled organisms to complex multicellular 
systems, and regulate a wide array of physiological processes, including sleep, metabolism, body temperature, and 
hormone secretion [11]. Importantly, circadian rhythms are not merely passive responses to environmental cues, 
such as light-dark cycles, but are actively regulated by an internal circadian clock [12,13]. The molecular 
mechanism of the circadian clock is primarily composed of a set of highly conserved genes and proteins that form 
a complex transcription-translation feedback loop. Within this loop, core transcription factors like CLOCK and 
BMAL1 form dimers, binding to the promoter regions of circadian genes to activate the transcription of negative 
feedback regulators, including PER and CRY. These feedback regulators subsequently accumulate in the nucleus 
and inhibit the activity of the CLOCK-BMAL1 complex, establishing a roughly 24-h oscillation in gene expression 
(Figure 2) [12]. 

The circadian clock directly influences fluctuations in metabolic processes by modulating the expression of 
metabolism-related genes, thereby optimizing energy efficiency and maintaining metabolic homeostasis across 
varying environmental conditions [14]. Specifically, the circadian clock can regulate the activity of enzymes 
involved in PUFAs metabolism through core clock genes such as CLOCK and BMAL1 by multi-tiered regulation, 
imparting rhythmicity to PUFAs metabolic pathways throughout the circadian cycle [15,16]. However, disruptions 
in modern lifestyles, such as shift work, insomnia, jet lag, and irregular routines, can disturb these metabolic 
rhythms, leading to metabolic disorders and related health issues [17]. These chronic diseases can further disrupt 
circadian regulation, leading to weakened metabolic cycles [18]. Therefore, it is crucial to elucidate the effects of 
the circadian clock on PUFAs metabolism to understand the mechanisms of these diseases. 
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Figure 2. Molecular transcriptional and translational feedback loops of the mammalian core circadian clock. The 
mammalian circadian clock orchestrates daily rhythms through a sophisticated core mechanism, driven by a 
network of activators and repressors organized into interconnected feedback loops and multiple regulatory layers. 
These layers encompass transcriptional control, post-translational modifications, and dynamic cytoplasm–nucleus 
translocation processes. At the heart of the primary loop, the transcriptional activators BMAL1 and CLOCK bind 
to E-box motifs in DNA, initiating the expression of repressor proteins, including the PERIOD (PER1, PER2, 
PER3) and CRYPTOCHROME (CRY1, CRY2) families. As PER and CRY proteins accumulate, they form 
complexes and undergo phosphorylation by casein kinase 1δ/ε (CK1δ/ε), facilitating their translocation into the 
nucleus. Once inside, they inhibit BMAL1 and CLOCK activity, effectively suppressing their own transcription 
and completing the feedback loop. Post-translational mechanisms further refine this rhythmicity: AMPK and 
FBXL3 mediate CRY degradation in the nucleus, while CK1δ/ε and FBXL21 regulate CRY turnover in the 
cytoplasm. Similarly, PER proteins are targeted for cytoplasmic degradation upon phosphorylation by CK1δ/ε and 
β-TRCP. A secondary feedback loop involves BMAL1 and CLOCK activating the expression of REV-ERBα/β and 
RORα/β/γ, which act as transcriptional repressors and activators, respectively. These proteins rhythmically 
modulate BMAL1 expression, adding another layer of regulation. CK1δ/ε and FBXW7 control the degradation of 
REV-ERBα/β, further enhancing the precision of the circadian clock. Abbreviations: P, phosphorylation; Ub, 
ubiquitin. 

2. Risk Assessment of PUFAs Dysregulation in Chronic Diseases 

Dysregulation of PUFAs is strongly associated with an increased risk of chronic diseases such as 
cardiovascular disease, metabolic syndrome, type 2 diabetes, neurodegeneration, and immune diseases. Low 
omega-3 PUFAs levels (EPA/DHA) are associated with an increased cardiovascular risk, whereas a 5% increase 
in dietary omega-3 PUFAs intake has been shown to reduce cardiovascular mortality risk by 15–20% [19]. ω-3 
supplementation (2–4 g/day) effectively lowers blood triglycerides by 25–30%, thereby decreasing the risk of 
atherosclerosis [20]. Furthermore, a higher omega-6/omega-3 ratio (>10:1) has been linked to a 1.8- to 2.5-fold 
increased risk of coronary artery disease, primarily due to elevated TXA2 and LTB4 levels derived from PUFAs 
metabolism, which contribute to thrombosis and vascular dysfunction [21]. PUFAs imbalances also play a 
significant role in metabolic disorders, contributing to insulin resistance, obesity, and hepatic lipid accumulation. 
Individuals with a low omega-3 intake and high omega-6 intake have a 3.2-fold increased risk of developing 
metabolic syndrome [22]. PUFAs-driven inflammation further exacerbates this risk, increasing the likelihood of 
Type 2 diabetes, particularly in individuals with low DHA levels [23,24]. Notably, omega-3 supplementation 
(EPA/DHA 3–4 g/day) can improve insulin sensitivity by 12–15% in prediabetic individuals [19]. Low DHA 
levels are also associated with an increased risk of neurodegenerative diseases such as Alzheimer’s and 
Parkinson’s [25]. PUFAs-driven inflammation exacerbates oxidative stress and accelerates neurodegeneration, 
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with individuals who have low DHA levels exhibiting a 47% higher risk of developing Alzheimer’s disease [26]. 
ω-3 supplementation (DHA 1–2 g/day) has been shown to improve cognitive function scores by 10–15% in early-
stage neurodegenerative disease patients [19]. Chronic inflammation in autoimmune diseases is exacerbated by 
pro-inflammatory eicosanoids such as PGE2, TXA2, and LTB4 [27], whereas SPMs derived from PUFAs, including 
resolvins and protectins, play a crucial role in inflammation resolution [28]. Elevated PGE2 levels correlate with a 
3.5-fold increased risk of chronic inflammatory diseases such as RA and IBD [29]. Additionally, individuals with 
low DHA levels exhibited a higher risk of systemic inflammation linked to increased NF-κB activation [30]. ω-3 
supplementation (2–3 g/day) has been found to reduce inflammatory cytokine levels by 25–30% in rheumatoid 
arthritis patients [19]. 

3. Diurnal Changes in the Enzymes and Metabolites Associated with PUFAs Metabolism 

The metabolism of PUFAs involves a series of enzymatic reactions, primarily mediated by COXs, LOXs, 
and CYPs. These enzymes show circadian rhythms in expression and activity, influencing the production of 
downstream metabolites in alignment with the body’s circadian cycle. 

3.1. Circadian Rhythmicity of COXs 

Circadian rhythms are regulated by endogenous clocks that are synchronized with the circadian cycle of the 
environment. It has been found that the expression and activity of COXs show circadian fluctuations. Core 
circadian clock genes regulate the circadian expression of COX-2, which has been observed across various tissues, 
including the liver, adipose tissue, and vascular endothelium [31–33]. Studies have shown that COXs expression 
is higher at night than in daytime, which is consistent with the increased production of PGs and TXs during 
nighttime hours [34]. PGI2 and TXA2 have converse effects on the cardiovascular system, with PGI2 playing a role 
in vasodilatation, peaking during the active phase, while TXA2 dominates during rest, increasing the risk of 
thrombosis by promoting platelet aggregation and vasoconstriction [35]. Such time-dependent variations in 
metabolite levels are thought to contribute to the observed nocturnal increase in cardiovascular events, like 
myocardial infarctions, occurring in individuals with disrupted sleep cycles or irregular lifestyles [36]. In the 
nervous system, the rhythmic expression of COX-2 may also influence neuroinflammatory processes by the 
excessive production of PGE2 and TXA2 at night, impacting brain health and responses to environmental stressors 
[37]. 

3.2. Circadian Rhythmicity of LOXs 

Similar to COXs, LOX enzyme expression and activity exhibit pronounced circadian rhythmicity under 
regulating circadian clock genes [38]. There are several isoforms of LOX enzymes, with 5-LOX, 12-LOX, and 
15-LOX being the most studied ones. While 5-LOX catalyzes the formation of pro-inflammatory LTs, it also 
produces anti-inflammatory lipoxins, orchestrating with 12-LOX and 15-LOX [3]. The activity of 5-LOX ends to 
peak during early morning hours, coinciding with increased inflammatory responses, as LTs levels rise in response 
to circadian signals [39]. Lipoxins, which are anti-inflammatory, also show rhythmic production, generally 
balancing the pro-inflammatory effects of LTs and other mediators [40]. This balance helps maintain physiological 
homeostasis in tissues and plays a role in resolving inflammation after acute responses [41]. When circadian 
rhythms are disrupted, such as through extended wakefulness or irregular sleeping patterns, the rhythmic 
expression of LOX enzymes can become desynchronized, leading to an imbalance in LTs and lipoxins production 
[42]. This desynchronization may contribute to chronic inflammatory diseases, suggesting a crucial role of LOX 
enzyme rhythmicity in inflammatory homeostasis and potential therapeutic targets for conditions like asthma and 
atherosclerosis [43,44]. 

3.3. Circadian Rhythmicity of CYPs 

The CYP enzyme family is central to lipid metabolism, drug metabolism, and the synthesis of signaling 
molecules, with circadian rhythms observed in their expression and activity [45]. CYP enzyme expression 
fluctuates over the circadian cycle in tissues such as the liver, adipose tissue, and vasculature, playing a key role 
in lipid metabolic processes and metabolic health [46]. Certain isoforms, such as CYP2J and CYP4A, exhibit peak 
activity at night or early morning, coinciding with shifts in the body’s metabolic demands [47,48]. Among various 
CYP isoforms, CYP2C and CYP2J are actively involved in PUFAs metabolism, particularly in generating EETs, 
which are released by astrocytes, neurons, and vascular endothelial cells [3]. The circadian regulation of CYP 
enzymes significantly affects EETs production, which influences vascular function, as well as inflammatory 
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responses [49,50]. Disruptions in the circadian rhythm of CYP activity, due to factors like irregular sleep or dietary 
patterns, can decrease EETs production, potentially impairing vascular health and increasing the risk of conditions 
such as hypertension and atherosclerosis [51,52]. 

4. Multi-Level Regulation of PUFAs Metabolism by Circadian Clock 

The circadian clock is a complex system driven by endogenous biorhythm genes that regulate the 
physiological rhythms of the body, including sleep, metabolism, and immune responses. Circadian clocks regulate 
physiological processes through various regulatory mechanisms, including transcriptional, epigenetic, and post-
transcriptional regulation. The rhythm of these physiological processes can also be affected by variations in clock 
genes and environmental factors. The enzymes mediating the metabolism of PUFAs, such as LOXs, COXs, and 
CYPs, are regulated by the circadian clock at multiple levels [45,53] (Figure 3). 

 

Figure 3. Multi-level Regulation of Polyunsaturated Fatty Acid (PUFAs) Metabolism by the Circadian Clock. (A) 
The circadian clock regulates the transcription of polyunsaturated fatty acid-metabolizing enzyme (PME) genes 
through several key transcription factors, including CLOCK/BMAL1, REV-ERB, and the PER/CRY complex. 
These transcription factors rhythmically bind to the promoter regions of PME genes, modulating their expression 
across the circadian cycle. (B) Circadian clock-related factors regulate PME gene activity through histone 
modifications. CLOCK, which has histone acetyltransferase (HAT) activity, rhythmically activates PME 
transcription by acetylating histones near these genes. In contrast, histone deacetylases (HDACs) collaborate with 
the PER/CRY complex to deacetylate histones, reducing PME gene activity cyclically. (C) REV-ERBα, a core 
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circadian transcription factor, rhythmically regulates the expression of pre-microRNAs (premiRNAs). These 
premiRNAs are exported from the nucleus, pairing with PME mRNAs in the cytoplasm to form RNA-induced 
silencing complexes (RISC), which mediate target mRNA degradation. (D) PUFAs metabolites, including LTs and 
PGs, also exert feedback on circadian clocks in peripheral tissues, influencing the expression of core circadian 
genes and modulating PUFAs metabolite production rhythmically. (E) Variations in clock genes, such as CLOCK, 
BMAL1 and REV-ERBα, significantly influence PME transcription and disrupt the diurnal regulation of PUFAs 
metabolism. (F) External factors, including High-fat diets, irregular meal timing and light exposure exert a profound 
influence on circadian clock, consequently modulating PUFAs metabolism. Abbreviation: PME: PUFAs 
metabolizing enzymes; RISC: RNA-induced silencing complex. 

4.1. Transcriptional Regulation of PUFAs Metabolizing Enzymes by the Circadian Clock 

The circadian clock controls gene transcription of PUFAs-metabolizing enzymes via key transcription 
factors, including CLOCK, BMAL1, REV-ERB, and the PER/CRY complex. The BMAL1/CLOCK heterodimer 
binds to E-box elements in the promoters of PUFAs-metabolizing enzymes, driving their rhythmic transcription. 
This process directly upregulates COX-2 and 5-LOX gene expression, promoting the synthesis of PGs and LTs 
[4,54]. REV-ERBα functions as a transcriptional repressor by binding to RORE elements, inhibiting the expression 
of BMAL1 and its downstream targets. This mechanism prevents excessive production of pro-inflammatory 
mediators such as PGs and LTs during the inactive phase [55]. Similarly, PER and CRY form a repressor complex 
that inhibits BMAL1/CLOCK transcriptional activity, reducing inflammatory lipid production during the resting 
phase [56]. Meanwhile, RORα competes with REV-ERBα for binding to RORE elements, thereby promoting 
BMAL1 expression and enhancing PUFAs metabolism [4]. Notably, Das reported that RORα-deficient mice 
exhibit reduced levels of anti-inflammatory lipid mediators, leading to prolonged inflammation [54]. 

4.2. Epigenetic Regulation of PUFAs Metabolism 

Through histone acetylation and deacetylation, transcription factors related to circadian clock regulation 
could precisely regulate the transcriptional activity of PUFAs metabolizing enzyme genes. CLOCK, which serves 
as a core circadian regulator and a histone acetyltransferase (HAT), activates gene transcription by acetylating 
histones near LOX and COX genes [57]. This modification is rhythmic, as CLOCK/BMAL1 complex activity 
varies over the circadian cycle, synchronizing enzyme expression with circadian demands [58]. Conversely, 
histone deacetylation suppresses the transcription of PUFAs-metabolizing enzymes. Histone deacetylases 
(HDACs) work in tandem with circadian rhythm-associated proteins, such as PER and CRY, to downregulate 
enzyme activity, ensuring reduced production of PUFAs metabolites during certain periods of the day [59]. 

4.3. Post-Transcriptional Regulation 

Beyond transcriptional and epigenetic controls, the circadian clock also regulates the stability of mRNA 
transcripts encoding PUFAs-metabolizing enzymes [60]. REV-ERBα, a core circadian transcription factor, 
rhythmically influences the production of precursor microRNAs (pre-miRNAs). These pre-miRNAs are exported 
from the nucleus, where they pair with mRNAs of PUFAs-metabolizing enzymes, forming RNA-induced silencing 
complexes (RISC) that mediate target mRNA degradation [61]. Circadian genes and miRNAs act in concert to 
maintain specific mRNA stability of PUFAs-metabolizing enzymes at different circadian phases, thus influencing 
enzyme translation in alignment with physiological demands [62]. This regulation allows PUFAs-metabolizing 
enzyme protein levels to adapt to the body’s metabolic needs throughout the circadian cycle, ensuring efficient 
metabolic processes [63]. 

4.4. Genetic Polymorphisms of PUFAs Metabolism 

Genetic polymorphisms in CLOCK, BMAL1, and REV-ERBα significantly influence PUFAs metabolism, 
thereby modulating lipid mediator production and inflammatory responses. Variations in the CLOCK gene disrupt 
circadian lipid homeostasis, leading to dysregulated PUFAs-derived eicosanoids. For instance, the CLOCK 
mutation rs1801260 results in delayed gene expression, reducing PUFAs oxidation cycles and consequently 
shifting lipid mediator production [64,65]. Additionally, the rs3749474 variant affects the stability of the CLOCK-
BMAL1 heterodimer, impairing COX-2 transcription and disrupting the diurnal regulation of PGE2 [66]. BMAL1 
plays a crucial role in controlling the diurnal expression of LOX and COX enzymes, thereby orchestrating the 
balance between pro- and anti-inflammatory PUFAs metabolites [67]. Specific BMAL1 mutations, such as 
rs3816358 and rs11022775, lead to decreased 15-LOX transcription, impairing the resolution of inflammation via 
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SPMs like LXA4 and RvD1, thereby prolonging chronic inflammation [68,69]. Similarly, variations in REV-
ERBα(rs2071427), disrupt the regulation of COX-2 and CYP4A genes, leading to elevated synthesis of PGE2 and 
20-HETE [70]. These mutations also interfere with the CLOCK-BMAL1 feedback loops, fostering a state of 
persistent inflammation [71]. 

4.5. Environmental Factors of PUFAs Metabolism 

External factors, including diet composition, meal timing and light exposure, profoundly influence circadian 
rhythms, consequently modulating PUFAs metabolism. High-fat diets have been shown to shift the expression of 
LOX enzymes in a circadian-dependent manner, leading to an upregulation of pro-inflammatory PUFAs 
metabolites, particularly LTB4 and 5-HETE [72]. This metabolic shift exacerbates systemic inflammation and 
contributes to chronic disease progression. Similarly, prolonged light exposure during nighttime suppresses 
BMAL1 and CLOCK activity, thereby impairing the conversion of DHA into neuroprotective mediators such as 
NPD1 and RvD1 [73]. This disruption fosters neuroinflammation and heightens the risk of neurodegenerative 
conditions [74]. Furthermore, irregular meal timing disrupts CLOCK-BMAL1 expression, altering EPA 
metabolism and increasing PGE2 synthesis, amplifying inflammatory responses and elevating disease 
susceptibility [75]. 

4.6. Metabolic Feedback Regulation: PUFAs Metabolites as Regulators of the Circadian Clock 

Metabolites derived from PUFAs metabolism, such as PGs, LTs, and EETs, follow circadian regulation and 
exert feedback effects on the circadian clock itself. For instance, PGs, major metabolites of COX, have been shown 
to influence the expression of core circadian genes by acting on circadian centers in peripheral tissues, including 
in liver and macrophages [76,77]. This feedback mechanism allows PUFAs metabolites to impact circadian 
rhythms, further modulating metabolic and inflammatory responses. In addition, LTs affect the circadian clock by 
altering the expression of inflammatory mediators and modulating immune responses. For example, LTs can 
influence the rhythmic fluctuation of PUFAs metabolism by regulating immune cell activity and circadian gene 
expression at specific times [78,79]. This metabolic feedback mechanism suggests that PUFAs metabolites serve 
as reverse regulators of the circadian clock, highlighting their integral role in the interplay between circadian 
rhythms and PUFAs metabolism [80]. 

5. Roles and Mechanisms of Metabolic Rhythmicity of PUFAs in Multiple Diseases 

PUFA metabolism exhibit circadian rhythmicity regulated by the circadian clock, which plays a crucial role 
in maintaining physiological homeostasis. Disruptions in the temporal regulation of PUFA metabolism have been 
increasingly implicated in the development and progression of various diseases, including cardiovascular disease, 
metabolic diseases, neurological disorders, and immune disorders (Table 1). 

5.1. Cardiovascular Disease 

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortality globally. Emerging 
evidence underscores the significant roles of PUFAs and their metabolites in cardiovascular health, including PGs, 
LTs and EETs, which regulate cardiovascular processes such as vasodilation, inflammatory responses, and platelet 
aggregation [4]. PUFAs and their metabolites, particularly those derived through COX, LOX and CYPs, exhibit 
rhythmic fluctuations that profoundly influence cardiovascular health [81,82]. 

Circadian rhythms in the expression and activity of COX significantly contribute to daily blood pressure 
fluctuations and thrombosis [83]. Among the COX-derived metabolites, primarily PGs (PGI2, PGE2) and TXs 
(TXA2, TXB2), play a pivotal role in regulating vascular function and thrombosis. PGI2 is a potent vasodilator and 
inhibitor of platelet aggregation, produced primarily by COX-2 in endothelial cells, counteracting TXA2 to 
maintain vascular homeostasis and prevent thrombosis [84]. PGI2 exerts its vasodilatory effects by binding to the 
IP receptor on vascular smooth muscle cells (VSMCs), activating adenylate cyclase (AC), which in turn increases 
the levels of cyclic AMP (cAMP) within the cell. The elevated cAMP levels reduce the concentration of 
intracellular calcium (Ca²⁺) in VSMCs, resulting in vascular relaxation and a subsequent reduction in blood 
pressure [85]. The reduction of PGI2 is often observed in myocardial infarction and stroke, contributing to 
endothelial dysfunction and atherosclerosis [86]. TXA2 is a strong vasoconstrictor and activator of platelet 
aggregation, synthesized primarily by COX-1 in platelets. Excess TXA2 leads to atherosclerosis and increased 
thrombotic risk [87]. TXA2 binds to TP receptors on VSMCs, activating phospholipase C (PLC). This leads to an 
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increase in inositol triphosphate (IP₃) levels, which triggers calcium influx into the cells. This mechanism plays a 
key role in regulating vascular tone and blood pressure, especially under conditions that promote platelet 
aggregation and clot formation [88]. In acute coronary syndrome (ACS), TXA2 spikes in the morning increase the 
risk of myocardial infarction [84]. PGE2 has a dual role in vascular effects, with low concentrations inducing 
vasodilation and high concentrations leading to vasoconstriction. At low concentrations, PGE2 binds to the EP2 
and EP4 receptors, leading to vasodilation through the cAMP/PKA pathway. This results in the relaxation of 
vascular smooth muscle and decreased blood pressure [89]. At higher concentrations, PGE2 binds to the EP1 and 
EP3 receptors, which activate PLC, leading to calcium release, vasoconstriction, and increased blood pressure 
[90,91]. Increased PGE2 promotes vasodilation in atherosclerosis, but it can also destabilize atherosclerotic 
plaques, increasing the risk of acute cardiovascular events such as heart attacks or strokes [92]. PGE2 levels are 
also elevated in heart failure, where they contribute to vascular dysfunction and fluid retention. This is primarily 
through EP3 receptor activation, which leads to vasoconstriction and worsens symptoms of heart failure by 
increasing vascular resistance and impairing cardiac output [93]. Endothelial dysfunction is a hallmark of 
hypertension. PGE2 reduces eNOS expression, impairing NO-mediated vasodilation through EP3 receptor 
activation, while TXA2 induces endothelin-1 (ET-1) secretion, promoting vasoconstriction. Furthermore, PGE2 is 
also a pro-inflammatory prostaglandin derived from AA, exerting inflammatory effects by binding to EP2 and EP4 
receptors on macrophages, activating NF-κB signaling and inducing the release of IL-1β, TNF-α, and IL-6. The 
balance between these metabolites, often influenced by circadian regulation, governs vascular homeostasis and 
thrombosis risk. These metabolites exhibit daily oscillations aligned with blood pressure rhythms. PGE2 and PGI2 

levels peak during the active phase, enhancing vasodilation and antithrombotic effects, while TXA2 dominates 
during rest, promoting platelet aggregation and vasoconstriction to minimize hemorrhagic risks [94]. REV-ERBα, 
a circadian repressor, inhibits the pro-thrombotic mediator TXA2 at night. Disrupted circadian cycles enhance 
TXA2 levels, increasing early morning thrombosis risk and contributing to myocardial infarction [95,96]. The 
occurrence of cardiovascular events exhibits a circadian rhythm, with incidents being more common during 
nighttime or early morning when blood pressure rises. This pattern may be linked to the rhythmic expression of 
COX enzymes and their metabolites [97]. 

Similarly, EETs, produced via CYP2Cs, CYP2J2, and CYP3A4 enzymes, follow a circadian pattern that 
aligns with cardioprotective functions, including vasodilation, anti-inflammatory effects, and myocardial 
protection against ischemic damage [98]. However, in CVD, particularly conditions like hypertension and 
atherosclerosis, EET production is often reduced, leading to impaired vasodilation and contributing to increased 
vascular resistance [99]. Studies suggest that EETs derived from the endothelium help maintain vascular integrity, 
and their reduction in atherosclerotic plaques contributes to increased thrombosis risk [100]. CYP2J2 and EETs 
play a protective role in preventing the pathological growth of cardiac tissue, and EET deficiency has been linked 
to worsened cardiac function in conditions such as heart failure [101]. Studies have demonstrated that EET levels 
fluctuate in a circadian pattern, with variations influencing vascular reactivity in the context of hypertension and 
CVD [102,103]. EETs activate potassium channels in cardiomyocytes, mitigating ischemia-reperfusion injury 
during peak activity periods [104]. Studies found that circadian rhythmicity of CYP2C and CYP2J are often 
disrupted in atherosclerosis. BMAL1 methylation reduces CYP2J2 transcription, lowering EET levels and 
elevating nocturnal blood pressure, thereby increasing the risk of cardiovascular events [98,105]. 

LOX-derived metabolites, including LTs like LTB4 and LTC4, also display circadian rhythms and contribute 
to inflammation and atherosclerosis in CVD. LTB4 facilitates neutrophil recruitment and vascular inflammation, 
exacerbating atherosclerotic lesion development, while LTC4 promotes vascular permeability and smooth muscle 
contraction, which can destabilize plaques [106,107]. LTB4 levels rise during injury-prone times to recruit immune 
cells, while rhythmic suppression limits chronic inflammation and vascular damage [108]. Lipoxins, which play a 
critical role in terminating inflammation via anti-inflammation and resolution of inflammation, also exhibit 
circadian rhythmicity, particularly with increased production at night [40]. Lipoxin A4 (LXA4) has been found to 
inhibit inflammatory responses in vascular endothelial cells by reducing pro-inflammatory cytokines and 
chemokines. It blocks the activation of NF-kB and reduces the expression of vascular adhesion molecules, 
preventing leukocyte recruitment to the vessel walls, and thus protects against atherosclerotic plaque formation 
[109]. Studies have shown that lipoxins can resolve inflammation in atherosclerosis by counter-regulating the pro-
inflammatory actions of other eicosanoids such as PGs and LTs [110]. Pirault, J. and M. Bäck also reported that 
beyond their anti-inflammatory effects, lipoxins can reduce plaque formation by modulating the functions of 
vascular smooth muscle and endothelial cells, highlighting their therapeutic potential in cardiovascular protection 
[111]. The circadian production of lipoxins is associated with the timing of atherosclerosis progression and 
cardiovascular events, especially at night [40]. 
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5.2. Metabolic Diseases 

PUFAs and their metabolites are essential in regulating glucose and lipid metabolism, influencing 
inflammation, and modulating insulin signaling pathways in metabolic diseases, including obesity, type 2 diabetes 
(T2D), and non-alcoholic fatty liver disease (NAFLD) [112,113]. Importantly, these processes are influenced by 
circadian rhythms, which regulate the expression and activity of the enzymes mediating PUFAs metabolism, and 
their disruption in metabolic diseases amplifies pathological outcomes [56]. 

The rhythms of these PUFAs metabolism enzymes synchronize with metabolic demands, ensuring the proper 
timing of anti-inflammatory, lipid-modulating, and insulin-sensitizing effects [113]. Elevated COX-2 expression 
increases PGE2 and PGD2 production in obese individuals [114]. PGD2 promotes adipocyte differentiation and fat 
storage, while PGE2 promotes insulin resistance and chronic inflammation in adipose tissue, partly through its 
effects on inflammatory cytokines and adipose tissue. Specifically, PGE2 enhances the release of TNF-α, IL-1β, 
and IL-6, all of which contribute to insulin resistance and metabolic inflammation [115]. PGE2 can also suppress 
glucose-stimulated insulin secretion by disrupting pancreatic islet function. It modulates insulin release through 
EP3 receptor activation, inhibiting cAMP production and glucose metabolism in pancreatic β-cells [116]. In 
NAFLD, studies have demonstrated that PGE2, secreted by macrophages, binds to the EP4 receptor in hepatic 
stellate cells (HSCs), promoting liver fibrosis, contributing to fibrogenesis and cirrhosis [117]. PGE2 also activates 
the MAPK pathway in hepatocytes, promoting lipogenesis and exacerbating liver fat accumulation [118]. PGE2 

levels fluctuate throughout the day, with higher levels typically observed during nighttime and early morning, 
correlating with increased insulin resistance and inflammation. Studies have suggested that these fluctuations in 
PGE2 levels contribute to diabetic complications, including vascular dysfunction and increased cardiovascular risk 
[119,120]. Methylation of BMAL1 in obesity increases COX-2 activity, leading to PGE2-mediated insulin 
resistance [62]. TXA2 is another COX-derived metabolite that contributes to vascular dysfunction and platelet 
aggregation in metabolic diseases. Elevated TXA2 is associated with thrombus formation and vascular constriction, 
leading to cardiovascular events such as stroke and heart attacks in diabetes and increase fibrosis and liver 
dysfunction in NAFLD [121,122]. It increases particularly in the early hours of the day, heightening the risk of 
cardiovascular events in diabetic individuals [123]. LOX metabolites derived from AA and LA, including pro-
inflammatory eicosanoids LTB4 and LTC4, are often accumulated in both NAFLD and diabetes, contributing to 
meta-inflammation, a form of metabolic inflammation that plays a central role in the development of insulin 
resistance and liver dysfunction [124,125]. The combined effects of COX and LOX-mediated metabolites in 
NAFLD and diabetes show synergistic interactions that enhance inflammation and insulin resistance [126]. 
Additionally, 12-LOX and 15-LOX mediate the production of 12-HETE and 15-HETE, respectively, which drive 
macrophage activation and hepatic stellate cell (HSC) activation, the key steps in liver fibrosis progression [127]. 
LTB4 and LTC4 also follow a circadian fluctuation pattern, with peak production during night-time hours [128]. 
Circadian misalignment, such as in shift workers or those with sleep disorders, can exacerbate LTs-driven 
inflammation and increase cardiovascular event risk in these diseases [129]. 

Diabetes and NAFLD are often accompanied by lower EET levels, particularly EETs produced by CYP2J2. 
A reduction in EET production in diabetes may thus exacerbate endothelial dysfunction and vascular 
inflammation, contributing to diabetic complications such as nephropathy and retinopathy [130]. Elevated lipid 
accumulation and hepatic fibrosis in NAFLD are partly due to the dysregulation of EETs [131]. EETs have been 
shown to fluctuate across the day, with their levels peaking during the daytime, higher EET levels during daytime 
hours help maintain vascular health and improve glucose metabolism in healthy individuals [48]. Circadian 
misalignment, due to factors like irregular feeding schedules, sleep disturbances, or high-fat diets, disrupts the 
rhythmic production of PUFAs’ metabolites, leading to chronic inflammation and insulin resistance in metabolic 
syndromes [36,132,133]. 

In addition, dietary supplementation of PUFAs, particularly omega-3 fatty acids like DHA and EPA, has 
shown protective effects against circadian disruption, supporting metabolic and inflammatory balance [134]. 
PUFAs regulate lipid metabolism by modulating the expression of PPARα and sterol regulatory element-binding 
proteins (SREBPs) at the gene level, which are crucial in controlling hepatic lipid synthesis and fatty acid oxidation 
[135]. 

5.3. Neurological Disorders 

PUFAs are abundant in the central nervous system (CNS), where they are essential for maintaining neuronal 
membrane structure and supporting neural function [136]. PUFAs and their derivatives follow circadian rhythms, 
which are involved in critical neurological processes, including neuroinflammation, synaptic dysfunction, 
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neuronal apoptosis, and blood-brain barrier (BBB) disruption. They play significant roles in the pathology of 
neurological disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS). 

Metabolites of PUFAs, particularly those from the COX and LOX pathways, promote neuroinflammation 
and contribute to the pathology of neurological disorders [137,138]. These metabolites play a pivotal role in 
neuroinflammation by activating microglia and astrocytes. Specifically, PGE2 binds to EP2 and EP4 receptors on 
microglia, triggering the activation of NF-κB and the subsequent release of pro-inflammatory cytokines, including 
IL-1β, TNF-α, and IL-6 [139]. Concurrently, TXA2 engages TP receptors on vascular endothelial cells, promoting 
vascular inflammation and BBB disruption, facilitating peripheral immune cell infiltration into the brain [140,141]. 
In addition to its role in neuroinflammation, PGE2 compromises BBB integrity by upregulating matrix MMP-9 
expression, leading to the degradation of endothelial tight junction proteins [142]. Studies reported that PGE2 

impairs synaptic transmission by modulating glutamatergic signaling, with EP2 and EP3 receptor activation 
increasing intracellular calcium levels and disrupting synaptic plasticity [143]. This disruption is associated with 
cognitive decline observed in AD and frontotemporal dementia (FTD) [144]. In microglial cells, COX-2 
expression and the ability to release PGE2 and TXA2 fluctuate, with higher expression during the morning hours, 
potentially contributing to stroke and other cardiovascular complications commonly seen in neurological disorders 
[145]. The circadian pattern of PGE2 and TXA2 highlights its involvement in neurovascular events that are 
exacerbated during the early morning [123]. 

LOX-mediated metabolites, including LTB4 and LTC4, play roles similar to those of PGE2 and TXA2 in the 
pathogenesis of neurological disorders by activating BLT1 receptors, modulating neuroinflammation, and 
contributing to neurodegeneration [146]. Studies have also demonstrated that the COX and LOX pathways exhibit 
a synergistic role in neurodegenerative disorders. COX-mediated PGE2 upregulates 5-LOX expression, thereby 
increasing LTB4 production. In turn, LTB4 enhances COX-2 activity, creating a self-perpetuating cycle of 
neuroinflammation [147,148]. This feedback loop has been consistently observed in Alzheimer’s disease (AD), 
where amyloid-β (Aβ)-induced neuroinflammation is sustained by COX/LOX interactions [149]. Similarly, LTB4 
and LTC4 show circadian fluctuations in both brain and immune cells, with peak production typically occurring 
during the nighttime [150]. The nighttime peak in these metabolites have been linked to impaired clearance of 
amyloid plaques, chronic inflammation and neuron damage in conditions like AD and PD [151]. These rhythmic 
changes in eicosanoid levels are being explored as potential targets for chronotherapy to reduce neuroinflammation 
and neurodegeneration [152]. 

CYP epoxygenases convert PUFAs into EETs and HETEs, which also play significant roles in neurological 
disorders. CYP-derived 20-HETE stimulates astrocytic activation, increasing the release of pro-inflammatory 
cytokines and promoting neuroinflammation [153]. Additionally, it enhances vascular tone and promotes BBB 
leakage, particularly in conditions such as MS and stroke [154]. Conversely, CYP2J2-derived EETs exhibit 
neuroprotective properties by modulating synaptic integrity by activating the PI3K/Akt signaling pathway in 
neurons and mitigating mitochondrial damage via NRF2 signaling activation [155,156]. Furthermore, chronic 
neuroinflammation disrupts EET regulation, leading to increased BBB permeability and enhanced infiltration of 
neurotoxic substances [157]. Disrupted LTB4 and EET cycles compromise neurovascular integrity and promote 
oxidative damage, underlying the progression of stroke and vascular dementia [135,158]. 

In addition, DHA and its metabolites like neuroprotectin D1 (NPD1), promoted neuronal survival and 
mitigated oxidative stress [159]. BMAL1 and SIRT1 transcriptionally regulate DHA biosynthesis [160]. 
Disruptions in DHA rhythms impaired these protective mechanisms, contributing to cognitive decline and 
neurodegenerative diseases, such as AD [161]. Dietary supplementation with ω-3 PUFAs, particularly DHA, 
offered promise in reducing neuroinflammation and improving cognitive and emotional health [162,163]. 

5.4. Immune Disorders 

PUFAs and their metabolites play a crucial role in immune regulation. Their production follows circadian 
rhythms, aligning immune responses with environmental cycles. Disruptions in these metabolic rhythms are linked 
to immune disorders such as rheumatoid arthritis (RA) and inflammatory bowel disease (IBD [164,165]. 

COX- and LOX-derived PUFAs metabolites influence the innate immune response by modulating 
macrophage, neutrophil, and dendritic cell activity [166,167], and regulate adaptive immunity via T-cell 
polarization and antibody production [168]. PGE2 suppresses macrophage activation while enhancing Th2 cell 
differentiation via the EP2/EP4 receptors, promoting autoimmune pathogenesis [169]. Likewise, LTB4 binds to 
BLT1 receptors on neutrophils, triggering ROS production and the release of TNF-α, IL-1β, and IL-6 [170]. LTB4 
enhances neutrophil infiltration in synovial joints, leading to cytokine production and thus aggravating joint 
swelling in RA [171]. Additionally, LOX/COX metabolites promote tissue damage by inducing fibrosis and matrix 
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remodeling. In diseases like RA and IBD, PGE2 and LTB4 activate fibroblast-like synoviocytes and myofibroblasts, 
causing excessive tissue fibrosis [172]. Pro-resolving mediators like lipoxins (LXA4/LXB4) and resolvins 
modulate immune responses by terminating inflammatory signaling [173]. LXA4 binds to the ALX/FPR2 receptor 
on macrophages, inducing the clearance of apoptotic cells. DHA-derived protectin D1 (PD1) suppresses NF-κB 
signaling, reducing pro-inflammatory cytokine release [174]. 

CYP2J2 and CYP4A dysregulation contribute to immune-related pathologies by altering PUFAs metabolism 
and eicosanoid signaling [3]. Targeting CYP pathways with inhibitors like soluble epoxide hydrolase (sEH) 
inhibitors may provide therapeutic benefits in chronic immune disorders [175]. CYP-mediated PUFAs 
metabolites, like EETs and HETEs, influence immune system dynamics by modulating cytokine release, immune 
cell recruitment, and immunometabolism [176]. 20-HETE predominantly promotes pro-inflammatory immune 
responses in autoimmune diseases like RA, leading to synovial inflammation and joint destruction [177], while 
EETs counteract HETE-induced inflammation by binding to PPARs on macrophages [178]. Furthermore, studies 
have shown CYP-mediated PUFAs metabolites regulate immunometabolism by influencing macrophage 
polarization, with EETs shifting macrophages toward an M2 anti-inflammatory phenotype, while 20-HETE 
promotes an M1 pro-inflammatory phenotype [179]. 

The immune system operates under circadian control, governed by clock genes such as CLOCK and BMAL1 
[180]. These genes regulate the temporal synthesis of PUFAs-derived metabolites, aligning inflammatory and anti-
inflammatory responses with daily cycles. RA is a chronic autoimmune disorder characterized by symptoms such 
as joint stiffness, increased joint pain, and inflammation, which peak in the early morning due to circadian-driven 
increases in pro-inflammatory eicosanoids, including PGE2, TXA2, and LTB4 [181,182]. Studies suggest that 
circadian fluctuations in PUFAs metabolism coincide with RA symptom severity, with BMAL1/REV-ERBα 
transcriptionally regulating the expression of COX-2 and 5-LOX [183]. The circadian rhythm of COX-2 peaking 
in the early morning promotes PGE2 and TXA2 production and increasing morning stiffness and joint swelling in 
RA patients [184]. 5-LOX activity peaks at night, leading to increased LTB4 levels before symptom onset, 
exacerbating inflammation [184]. Furthermore, a nocturnal deficiency in anti-inflammatory PUFAs metabolites 
likely contributes to morning RA symptoms [185]. In healthy individuals, lipoxins (LXA4, LXB4) and resolvins 
(RvD1, RvE1) peak in the late evening to counteract inflammation [186]. However, circadian disruption in RA is 
believed to suppress specialized pro-resolving mediator (SPM) production, allowing inflammation to persist 
overnight [7]. While studies indicate that REV-ERBα deficiency in RA patients reduces 15-LOX expression, 
leading to chronic inflammation [183], direct clinical studies confirming this pathway in RA are still required. 
Circadian clock misalignment in RA skews the balance between pro- and anti-inflammatory PUFAs metabolites, 
driving morning symptom flares [187]. Studies suggest that circadian-controlled immune cells regulate PUFAs 
metabolism and contribute to rhythmic inflammatory cycles in RA [188]. Macrophage polarization (M1 and M2) 
follows a 24-h cycle, influencing pro- and anti-inflammatory lipid mediator production [189]. Monocyte 
infiltration peaks at night [190], but instead of resolving inflammation, RA synovial macrophages remain in a pro-
inflammatory M1 state due to chrono-disruption, thereby sustaining joint inflammation [191]. However, while 
circadian control of macrophage metabolism is well established, its specific role in RA synovial inflammation still 
requires further targeted investigation. Glucocorticoid oscillations normally suppress 5-LOX at night [151,192], 
but this regulation appears to be impaired in RA [193], increasing overnight leukotriene synthesis. While circadian 
regulation of glucocorticoids affects immune function, and disruption of this rhythm contributes to sustained 
inflammation, direct evidence specifically linking glucocorticoid oscillations to 5-LOX suppression in RA remains 
limited and warrants further exploration. 

6. Clinical Applications to Public Health 

6.1. Chrononutrition: Dietary and Nutritional Strategies Based on Rhythmic Modulation 

Chrononutrition is an emerging field that examines the interactions between meal timing and the circadian 
clock to achieve optimal health outcomes. By aligning nutrient intake with the body’s natural biological rhythms, 
chrononutrition aims to enhance nutrient benefits, including PUFAs, whose metabolism follows a distinct 
circadian pattern [45,194]. Studies indicate that the timing of PUFAs intake significantly affects their metabolic 
pathways and the bioactivity of their metabolites (Table 2). 

Furthermore, personalized health management encourages lifestyle recommendations based on an 
individual’s circadian rhythms and metabolic profiles to maintain the metabolic hemostasis of PUFAs. For the 
general population and those at high risk of disease, personalized lifestyle modifications can effectively prevent 
and manage related conditions. First, it is important to maintain a regular schedule for preserving the metabolic 
rhythm of PUFAs. Irregular routines, such as night shifts or frequent time zone changes, may disrupt the circadian 
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clock, impacting the expression of the enzymes that mediate the metabolism of PUFAs and the onsite levels of 
their metabolites [195]. Thus, it is recommended to adhere to regular sleep and meal schedules to help sustain 
normal metabolic rhythms. Second, a balanced dietary structure is key to conserve PUFAs’ metabolic equilibrium. 
Reducing ω-6 fatty acid intake while increasing ω-3 fatty acid consumption may help keeping the production 
balance between pro- and anti-inflammatory metabolites [196]. For individuals at higher risk of chronic diseases, 
customized dietary and pharmacological plans can be developed to prevent or slow disease progression, with 
regular monitoring of diurnal variations in PUFAs metabolites [197]. 

6.2. Therapeutic Strategies: Optimizing Therapeutic Effects through PUFAs Metabolic Rhythmicity 

Understanding the circadian rhythmicity of PUFAs metabolism is essential for optimizing therapeutic 
interventions. The progression of many diseases, such as cardiovascular dysfunction, inflammatory conditions, 
and neurodegenerative disorders, are associated with the irregular production of PUFAs metabolites [173]. 
Leveraging the natural rhythmicity of PUFAs metabolism can enhance drug efficacy and reduce side effects. For 
example, patients with cardiovascular conditions often experience more cardiac events at night, likely due to 
elevated nighttime production of PUFAs metabolites such as thromboxane and prostaglandins [198]. To mitigate 
this risk, antiplatelet agents like aspirin can be administered at night to inhibit COX enzyme activity and reduce 
thromboxane production, thereby lowering the incidence of nighttime cardiac events [199]. This rhythm-based 
drug administration strategy has been shown to significantly improve prognosis in cardiovascular patients. In 
treating neurological disorders like Alzheimer’s disease, the rhythmic nature of PUFAs metabolism also offers 
new therapeutic insights. Studies suggest that high levels of PUFAs metabolites like PGE2 in the brain at night 
may exacerbate neuroinflammatory responses [146]. Consequently, nighttime use of anti-inflammatory 
medications or supplements that modulate lipid metabolism could help slow neurodegenerative disease 
progression [147]. 

ω-3 fatty acids (EPA/DHA) are known to reduce inflammation, improve lipid profiles, and stabilize 
atherosclerotic plaques. A landmark trial showed that morning 4g EPA intake helps reduce cardiovascular events 
[200]. Additionally, restricting ω-3 intake in the evening may prevent nighttime inflammatory surges associated 
with chronic diseases, including cardiovascular disease [194]. A randomized controlled trial published in Diabetes 
Care (2018) demonstrated that daily supplementation with 800–1500 mg of ω-3 fatty acids in the morning is 
beneficial for individuals with diabetes, as it enhances insulin sensitivity [201]. Moreover, minimizing ω-6 intake 
after 6:00 PM has been found to prevent glucose fluctuations [202,203]. Nighttime DHA supplementation (300–
500 mg) has been shown to support neuronal repair and improve cognitive function [204,205], while morning ω-
3 intake (EPA/DHA 1000 mg) contributes to memory enhancement [206]. Collectively, these findings highlight 
the importance of precise timing in PUFAs consumption to optimize metabolic and cognitive health. 

6.3. Potential Challenges of PUFAs-Based Chronotherapy 

The regulation of PUFAs metabolism by circadian rhythms represents a promising avenue in disease 
prevention and treatment. However, several challenges impede its clinical application. PUFAs metabolism relies 
on multiple enzymatic pathways (COXs, LOXs, CYPs), which are governed by circadian genes such as BMAL1, 
CLOCK, and REV-ERBα. BMAL1 and CLOCK orchestrate PUFAs metabolism by regulating lipid-processing 
enzymes, but their rhythmic activity is highly responsive to external cues such as feeding time and light exposure 
[45]. Modern lifestyle factors, including shift work, irregular eating patterns, and artificial light exposure, disrupt 
circadian lipid metabolism, thereby diminishing the efficacy of PUFAs-based interventions [207]. For instance, 
nighttime light exposure suppresses melatonin secretion, which in turn reduces BMAL1-driven DHA metabolism, 
further complicating metabolic regulation [208]. 

Personalized medicine requires accounting for individual differences in various factors, including age, 
gender, race, and medical history. As individuals age, the circadian regulation of PUFAs metabolism becomes 
increasingly desynchronized [209]. The suprachiasmatic nucleus (SCN) weakens with age, reducing sensitivity to 
light cues, which leads to phase delays and fragmented sleep-wake cycles. This disruption is largely driven by 
alterations in the circadian clock, including decreased BMAL1 and PER2 expression, resulting in a dampened 
circadian amplitude [210]. For instance, epigenetic age acceleration influences clock gene expression, modifying 
circadian-driven metabolic and immune processes [211]. Older adults may experience a reduced DHA-to-NPD1 
conversion rate, which compromises the synthesis of key anti-inflammatory lipid mediators such as Resolvin D1 
and LXA4, ultimately diminishing neuroprotection in conditions like Alzheimer’s disease [212]. Age-related 
circadian desynchronization further complicates PUFAs metabolism, making it difficult to determine optimal 
treatment windows for chronotherapy. DHA incorporation into phospholipids peaks during sleep cycles, 
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supporting membrane repair and neuroprotection. However, older adults exhibit lower DHA conversion efficiency, 
necessitating direct supplementation at night to optimize absorption and therapeutic efficacy [213]. 

Females and males exhibit distinct patterns of PUFAs metabolism, largely influenced by hormonal cycles, 
particularly estrogen and testosterone. Estrogen enhances omega-3 fatty acid conversion, whereas testosterone 
appears to exert an opposing effect [214]. Notably, women with RA may experience circadian shifts in PGE2 

production due to estrogen fluctuations, which can influence symptom severity [215]. Additionally, estrogen plays 
a role in enhancing BMAL1 and CLOCK expression, thereby strengthening circadian oscillations in women [216]. 
In contrast, testosterone suppresses circadian clock function, leading to weaker rhythm stability in males [217]. 
These gender-based variations in PUFAs metabolism and circadian regulation suggest that chronotherapy 
interventions may have differential efficacy depending on the sex of the patient. Furthermore, hormonal 
fluctuations in women, such as those occurring during the menstrual cycle or menopause, may alter PUFAs-based 
effectiveness, which should be taken into consideration. 

Genetic polymorphisms in key regulatory genes such as FADS1/2, CLOCK, and BMAL1 vary across 
populations, influencing PUFAs metabolism efficiency [218,219]. Studies highlighted that ethnicity plays a 
significant role in circadian susceptibility to metabolic disorders due to complex gene-environment interactions. 
For instance, African and South Asian populations exhibit lower FADS1/2 activity, resulting in reduced omega-3 
conversion efficiency [219]. Consequently, individuals with FADS polymorphisms may require higher direct 
DHA intake rather than relying on ALA conversion to meet their physiological needs. These racial differences in 
PUFAs metabolism efficiency underscore the necessity for personalized dosing strategies to optimize therapeutic 
outcomes. 

Metabolic conditions such as diabetes and obesity impair PUFAs metabolism, resulting in inefficient 
EPA/DHA incorporation [220]. Notably, nighttime DHA supplementation has been shown to enhance glucose 
control in diabetic patients [221,222]. Additionally, chronic diseases, including diabetes and cardiovascular 
disease, further disrupt BMAL1-REV-ERBα regulation, leading to weakened metabolic cycles [223]. Studies 
reported that obstructive sleep apnea (OSA) suppresses PER2 oscillations, contributing to daytime fatigue and 
insulin resistance [224]. These medical conditions complicate the synchronization of PUFAs metabolism with the 
circadian clock, thereby limiting the effectiveness of chronotherapy. For instance, individuals with cardiovascular 
diseases may require tailored omega-3 supplementation strategies to compensate for impaired EET production and 
maintain metabolic balance [225]. 

Furthermore, most studies on circadian PUFAs metabolism are conducted in rodent models, which may not 
fully reflect human physiology. Rodents have nocturnal activity cycles, whereas humans are diurnal, leading to 
differences in lipid metabolism timing, making it difficult to translate animal research findings to humans. 
Additionally, standardizing PUFAs-based interventions requires individualized chronobiological assessments, 
which are not widely available in clinical practice, making it difficult to establish clinical time-based interventions. 

Table 1. Metabolic changes and rhythmicity of PUFAs in diseases. 

Disease  
Changes of Key 

PUFAs and 
Metabolites 

Circadian Rhythmicity Pathophysiological Impact Reference 

Cardiovascular 
Disease 

↓PGI2 
↑TXA2 
↑PGE2 

PGE2 and PGI2 peak during 
active phase, TXA2 peaks at rest 

elevate the risk of thrombotic 
events and myocardial infarction 

during nighttime or early 
morning 

↓PGI2 → reduced vasodilation, 
endothelial dysfunction, increased clot 

risk 
↑TXA2 → increased vasoconstriction, 

platelet aggregation, thrombus 
formation 

↑PGE2 → vasodilation (EP2, EP4 
activation), vasoconstriction (EP1, EP3 

activation), plaques instability, 
increased inflammation 

[84,86,90] 

↓EETs peak during daytime 

↓EETs → impaired vasodilation, 
increased vascular resistance, reduced 
myocardial protection, reduced anti-

inflammation 

[99] 

↑LTB4, LTC4 
↑LXA4 

LTB4 and LTC4 peak during the 
night 

LXA4 peaks during the night 

↑LTB4, LTC4 →increased neutrophil 
recruitment and vascular inflammation, 

atherosclerosis 
↑LXA4 → anti-inflammation, resolution 

of inflammation 

[106,107,109]
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Table 1. Cont. 

Disease  
Changes of Key 

PUFAs and 
Metabolites 

Circadian Rhythmicity Pathophysiological Impact Reference 

Metabolic 
Diseases 

↑PGE2, PGD2 
↑TXA2 

PGE2 and PGD2 peak during 
nighttime and early morning 
TXA2 peaks in the morning 

↑PGE2, TXA2 → exacerbated insulin 
resistance, hepatic inflammation and 

fibrosis 
↑PGD2 → fat accumulation 

[114,115,117]

↑LTB4, LTC4, 
12-HETE,15-

HETE  
peak during nighttime 

↑LTB4, LTC4, 12-HETE → exacerbated 
insulin resistance, hepatic inflammation 

and fibrosis 
[124,125] 

↓EETs peak during the daytime 
↓ EETs → increased insulin resistance, 
hepatic inflammation, impaired glucose 

metabolism, vascular dysfunction 
[130,131] 

Neurological 
Disorders 

↑PGE2  
↑TXA2 peak during the morning hours 

↑PGE2 → increased neuronal damage, 
cognitive decline, demyelination 

↑TXA2 → neurovascular dysfunction, 
thrombus formation 

[139,140] 

↑LTB4, LTC4 
↑LXA4 

LTB4 and LTC4 peak during the 
night 

LXA4 peaks during the night 

↑LTB4, LTC4 → microglial activation, 
increased neuroinflammation, 

neurodegeneration 
↑LXA4 → resolution of inflammation 

[146,148] 

↓EETs 
↑20-HETE 

EETs peak during daytime 
20-HETE peaks during nighttime 

↓EETs → increased neuroinflammation, 
BBB integrity disruption, dysregulated 
immune responses (activation of T-cells 

and microglia), amyloid plaque 
deposition 

↑20-HETE → increased 
Neuroinflammation, BBB leakage 

[153,155] 

↓DHA disrupted in Neurological 
diseases 

↓DHA → reduced neuronal repair, 
increased neuroinflammation [159] 

Immune 
Disorders 

↑PGE2  
↑TXA2  

peak during nighttime and early 
morning 

↑PGE2 → increased immune cell 
recruitment and pro-inflammatory 

cytokine release 
↑TXA2 → promoted gut permeability  

[166,169] 

 ↑LTB4, LTC4 
↑LXA4 

peak during the nighttime or 
early morning 

↑LTB4, LTC4 → increased neutrophil 
recruitment and inflammatory cell 

infiltration 
[170] 

 ↓EETs 
↑20-HETE 

EETs peak during daytime 
20-HETE peaks during nighttime 

↓EETs → increased inflammation, 
dysregulated immune responses (T cells 

and macrophages), vascular damage 
↑20-HETE → increased 

neuroinflammation 

[176,177] 

Table 2. Time-based recommendation of PUFAs Intake. 

Time of Day Recommended PUFAs Intake Rationale Reference 

Morning (6:00–
9:00 AM) 

High-dose ω-3 fatty acids (EPA/DHA) 
from fish, flaxseed, or algae supplements 

Enhances the production of anti-
inflammatory resolvins and lipoxins; 

supports cognitive function and 
cardiovascular health. 

[200,201,226] 

Midday (12:00–
2:00 PM) 

Moderate ω-3 intake (fatty fish, walnuts, 
chia seeds) 

Supports lipid metabolism stabilization 
and glucose homeostasis [220,227,228] 

Afternoon (3:00–
5:00 PM) 

Low ω-6 intake (avoid processed foods 
high in vegetable oils) 

Reduces pro-inflammatory prostaglandin 
synthesis [229–231] 

Evening (6:00–
8:00 PM) 

Minimal ω-6 fatty acid intake; balance 
with small amounts of ω-3 

Avoids excessive pro-inflammatory 
leukotrienes that peak at night. [64,203,231] 

Night 
(9:00–11:00 PM) 

DHA supplementation (300–500 mg) from 
marine sources 

Supports neuronal protection and 
circadian regulation; beneficial for 

neurodegeneration prevention 
[204,232] 

7. Conclusions 

PUFAs metabolism follows a circadian rhythm, playing a vital role in chronic diseases like cardiovascular, 
metabolic, neurological, and immune disorders. Key enzymes such as COXs, LOXs, and CYPs regulate PUFAs 
metabolism, influencing cognition, inflammatory responses, and vascular function. Disruptions in these pathways 
contribute to disease progression, highlighting the importance of circadian regulation in health and disease. 
Understanding the circadian control of PUFAs metabolism opens new possibilities for time-based treatments. 
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Aligning nutritional and pharmacological interventions with these rhythms could improve treatment effectiveness 
and reduce side effects. Future research should further explore how PUFAs metabolism interacts with circadian 
biology to develop personalized, time-optimized therapies. 
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Abbreviation 

PUFAs: Polyunsaturated Fatty Acids; PGs: Prostaglandins; LTs: Leukotrienes EETs: Epoxyeicosatrienoic Acids; 
HETEs: Hydroxyeicosatrienoic Acids; COXs: Cyclooxygenases; LOXs: Lipoxygenases; CYPs: Cytochrome P450s; SPMs: 
Specialized Pro: resolving Mediators; ALA: α-Linolenic Acid; EPA: Eicosapentaenoic Acid; DHA: Docosahexaenoic Acid; 
LA: Linoleic Acid; GLA: γ-Linolenic Acid; AA: Arachidonic Acid; TXs: Thromboxanes; RvD1: Resolvin D1; LXA4: Lipoxin 
A4; NPD1: Neuroprotectin D1; EP1/EP2/EP3/EP4: Prostaglandin E2 Receptor subtypes; TP: Thromboxane Receptor; BLT1: 
Leukotriene B4 Receptor; ALX/FPR2: Lipoxin A4 Receptor/Formyl Peptide Receptor 2; CVD: Cardiovascular Disease; ACS: 
Acute Coronary Syndrome; T2D: Type 2 Diabetes NAFLD: Non-Alcoholic Fatty Liver Disease; AD: Alzheimer’s Disease; 
PD: Parkinson’s Disease; MS: Multiple Sclerosis; FTD: Frontotemporal Dementia; RA: Rheumatoid Arthritis; IBD: 
Inflammatory Bowel Disease; sEH: Soluble Epoxide Hydrolase; PPARs: Peroxisome Proliferator-Activated Receptors; FADS: 
Fatty Acid Desaturase; OSA: Obstructive Sleep Apnea; PER: Period Circadian Regulator; CRY: Cryptochrome; BMAL1: 
Brain and Muscle ARNT-Like 1; CLOCK: Circadian Locomotor Output Cycles Kaput; REV-ERBα: Nuclear Receptor 
Subfamily 1 Group D Member 1; RORα: Retinoic Acid Receptor-Related Orphan Receptor Alpha; RORE: Retinoic Acid 
Receptor-Related Orphan Receptor Response Element; HDACs: Histone Deacetylases; HAT: Histone Acetyltransferase; 
miRNAs: MicroRNAs; RISC: RNA-Induced Silencing Complex. 
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