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Abstract: Macrophages are essential immune cells that play crucial roles in inflammation and tissue 

homeostasis, and are important regulators of metabolic processes, such as the metabolism of glucose, lipids, 

and amino acids. The regulation of macrophage metabolism by circadian clock genes has been emphasized in 

many studies. Circadian genes substantially influence cellular processes and inflammatory reactions: the 

metabolic pathways regulating glucose and lipid homeostasis are closely associated with these clock genes, 

which govern daily biological cycles. Changes in metabolic profiles occurring after the perturbation of 

macrophage circadian cycles may underlie the etiology of several diseases. Specifically, chronic inflammatory 

disorders, such as atherosclerosis, diabetes, cardiovascular diseases, and liver dysfunction, are associated with 

poor macrophage metabolism. Developing treatment approaches that target metabolic and immunological 

ailments requires an understanding of the complex relationships among clock genes, disease etiology, and 

macrophage metabolism. This review explores the molecular mechanisms through which clock genes regulate 

lipid, protein, and glucose metabolism in macrophages, and discusses their potential roles in the development 

and progression of metabolic disorders and the progression of cardiovascular diseases. The findings 

underscore the importance of maintaining circadian homeostasis in macrophage function as a promising 

avenue for therapeutic intervention in diseases involving metabolic dysregulation, given its key roles in 

inflammation and tissue homeostasis. 
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1. Introduction 

Macrophages play essential roles in immune responses and inflammation, and their metabolic 

pathways, including metabolism of lipids and glucose, are central to their function. Lipid metabolism 

in macrophages is critical for achieving polarization, inflammatory responses, and overall tissue 

homeostasis. Although the immune response is initially enhanced by macrophage clearance of 

lipoproteins, excessive lipid uptake impairs the immunological response, causes buildup of 

atherosclerotic plaques, and prevents resolution of inflammation, thereby facilitating the 

development of lesions into more complex, advanced plaques involving other immune cells [1]. 

Lipids are taken up by macrophages via surface scavenger receptors, such as Cluster of 

Differentiation 36 (CD36), and are degraded in lysosomes into free cholesterol and fatty acids 2. This 

process is essential in controlling lipid metabolism and avoiding lipid buildup, and consequently 

alleviating conditions causing atherosclerosis [2]. The involvement of macrophages in tissue healing 

and the immune response is reflected by their ability to use different activation and polarization 

states: the pro-inflammatory macrophage 1 (M1) phenotype and the anti-inflammatory macrophage 

2 (M2) phenotype; macrophages therefore adjust to various environmental cues, and subsequently 
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influence the recovery and inflammatory processes [3]. Macrophages account for approximately 40% 

of adipose tissue cells in obese mice but only 10% in lean mice. This substantial difference reflects the 

roles of macrophages in obesity-associated inflammation and metabolic dysfunction [4]. Glucose 

Transporter 1 (GLUT1) is essential for glucose metabolism in macrophages, which are high energy-

demand cells in the innate immune system [5]. Glucose is a primary energy source in macrophages, 

and glucose metabolic pathways depend on macrophage activation and polarization states. Different 

macrophage states regulate glucose metabolism; for example, M1 macrophages increase glycolysis 

and decrease oxidative phosphorylation, whereas M2 macrophages increase oxidation, including 

fatty acid oxidation and oxidative phosphorylation, and enhance tissue repair and the resolution of 

inflammation. Beyond lipids and glucose, amino acids are additional energy source. Macrophages 

use amino acids for protein synthesis and energy production. Amino acid metabolism in 

macrophages also plays an important role in regulating immune responses, inflammation, and tissue 

homeostasis. Disruption of glucose, lipid, and amino acid metabolism in macrophages can lead to 

pathological conditions such as atherosclerosis, obesity, diabetes, cancer, and chronic inflammatory 

diseases. Understanding how macrophages use glucose, lipids, and amino acids might provide 

insights into developing therapies for a variety of diseases, including atherosclerosis and chronic 

inflammatory conditions.  

Macrophages express several circadian clock genes in a rhythmic manner, and consequently 

control the immune response and cell metabolism [6]. Circadian genes maintain autonomous 

oscillatory patterns and regulate the circadian control of macrophage responses. Moreover, several 

immune activation markers and clock genes are expressed rhythmically in the absence of immune 

stimuli [7]. Chronic health issues have been observed in individuals with circadian disturbances [8]. 

Circadian rhythm genes involved in the physiological functioning of macrophages are normally 

transcribed under the influence of the transcription factor Brain and Muscle ARNT-like protein-1 

(BMAL1) [9], thus regulating lipid and glucose metabolism, and directing the immune response.  

Circadian rhythms are regulated by the Bmal1 and Circadian Locomotor Output Cycles Kaput 

(Clock) transcription factors, which bind and subsequently stimulate transcription of the Period 

(Per1, 2 and 3) and Cryptochrome (Cry1, 2) genes, which are responsible for the fundamental 

circadian clock mechanism through inhibition of the Clock/Bmal1 heterodimer, thereby establishing 

a self-regulating negative feedback loop [10]. RAR-related orphan receptor alpha (Rorα) and reverse 

erythroblastosis virus α (Rev-Erbα) compete for interaction with common DNA binding sites in the 

ROR elements of Bmal1. Rorα regulates the Clock operation by enhancing Bmal1 transcription, 

whereas Rev-Erbα/β inhibits it, thus regulating the timing of lipid and glucose metabolism 

throughout the day; therefore, these proteins are essential for maintaining the natural circadian 

rhythm. The circadian clock is a crucial regulator of various physiological processes, including sleep 

and blood pressure. This internal 24-hour "biological clock" helps coordinate the timing of various 

bodily functions in synchrony with the external environment, primarily light and darkness 

(schematic diagram of clock gene activity in Figure 1). 

This review explores the multifaceted roles of circadian clock genes in regulating macrophage 

metabolism, with a particular focus on how glucose and lipid pathways affect macrophage function. 

The literature analysis highlights the importance of glucose and lipids as key energy sources, 

components of cell membranes, and signaling molecules that influence macrophage activity. 

Additionally, this review examines the roles of lipids in modifying proteins, which in turn regulate 

macrophage behavior, and how they serve as ligands for essential transcription factors. In addition, 

this review examines how normal glucose, lipid, and amino acid metabolism supports macrophage 

function, whereas abnormal lipid metabolism contributes to metabolic diseases. Finally, new 

treatments are discussed that complement circadian cycles and enhance the effectiveness of therapies 

for inflammation-associated conditions, thus highlighting the importance of using cutting-edge 

technology to study macrophage metabolism. 
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Figure 1. Representation of 24-hour circadian rhythms and the activity of circadian clock genes. 

2. Roles of Circadian Clock Genes in Regulating Macrophage Function and Metabolism 

Molecular clocks are present in nearly all cells and play crucial roles in regulating various 

biological processes. The "master" clock is found in the hypothalamus, specifically the 

suprachiasmatic nucleus (SCN). The SCN interprets light signals from outside and creates rhythmic 

signals. The hypothalamic-pituitary-adrenal axis and autonomic nervous system send signals that 

synchronize peripheral clocks in various tissues of the body [11]. The molecular clock is sustained by 

an interdependent network of transcription-translation feedback loops, under regulation by 

heterodimerized BMAL1 and CLOCK proteins. BMAL1 is the principal regulator of the clock, and 

most rhythmic activities are suppressed in its absence [12]. BMAL1/CLOCK heterodimers bind E-box 

motifs of DNA and activate the transcription of genes involved in the circadian mechanism. Genes 

such as Period (PER) and Cryptochrome (CRY) translocate into the nucleus, inhibit the BMAL1 

complex, and repress their own transcription [13]. Finally, the regulatory scheme involves RAR-

related orphan receptor alpha (RORα), which stimulates BMAL1, and REV-ERBα, which represses 

the transcription of BMAL1. 

 

Figure 2. The circadian rhythm is regulated primarily by the master clock located in the suprachiasmatic nucleus 

(SCN) of the hypothalamus. Signals from the SCN synchronize peripheral clocks throughout the body. The 

CLOCK and BMAL1 proteins form a heterodimer that binds E-box elements in specific target genes. After 
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synthesis, PER1–3 and CRY1-2 proteins accumulate in the cytoplasm, form heterodimers, and translocate to the 

nucleus. Kinases such as Casein Kinase 1 (CK1) phosphorylate newly generated PER and CRY proteins; this 

modification is crucial for the stability and control of PER and CRY. These PER and CRY heterodimers 

subsequently inhibit transcription by interfering with CLOCK/BMAL1-driven activation of E-box genes [14–16]. 

Additionally, Rev-Erbα binds the ROR response element (RORE) in the BMAL1 promoter and suppresses its 

expression, whereas RORα exerts an opposite, activating effect. 

2.1. BMAL1 (Brain and Muscle ARNT-Like Protein-1) 

BMAL1 is a fundamental circadian clock gene that regulates some circadian rhythm-associated 

genes, thereby influencing various physiological processes, including immune responses. Although 

BMAL1 is expressed in macrophages in a rhythmic manner, its roles in regulating cellular function 

in macrophages remain unclear. Previous studies have linked the molecular clock to oxidative 

damage regulation in various tissues. Complete Bmal1 deletion induces an advanced aging 

phenotype via reactive oxygen species (ROS)-induced tissue atrophy [17]. Bmal1 regulates oxidative 

stress pathways in macrophages and consequently limits the production of the proinflammatory 

cytokine IL-1β. Specifically, in macrophages, nuclear factor erythroid 2-related factor 2 (Nrf2) activity 

shows a cycle according to the time of day and is directly mediated by Bmal1 in the presence of 

lipopolysaccharide (LPS) induction [18,19]. Furthermore, decreased Nrf2 activity leads to a loss of 

redox homeostasis and aberrant production of IL-1β, thereby explaining why macrophages that lack 

Bmal1 are highly pro-inflammatory in response to LPS [20]. Disruption of BMAL1 leads to altered 

immune responses, and increases susceptibility to infections and chronic inflammatory diseases such 

as arthrosclerosis [21]. Together, these findings demonstrate that Bmal1 regulates the epigenetic 

status of enhancers and consequently controls macrophage inflammatory responses. 

In macrophages, BMAL1 regulates the rhythmic expression of genes involved in inflammation 

and metabolism: it modulates cytokine production and enhances anti-inflammatory responses 

during specific times of day. BMAL1 also influences macrophage polarization by promoting M2 

polarization for tissue repair and resolution of inflammation [22]. Improvements in macrophage 

function have been reported after the deletion of Bmal1; for example, loss of Bmal1 in macrophages 

protects against pneumococcal pneumonia [23]. Bmal1 deficiency in macrophages has been 

suggested to contribute to increased phagocytosis [23]. Another study has indicated that Bmal1 

regulates Rev-Erb-directed enhancer RNA (eRNA) transcription and affects histone lysine 

acetylation-responsive enhancers [22]. Additionally, this protein affects phagocytosis and ROS 

production, and contributes to pathogen clearance [24]. Overall, BMAL1 is a crucial link between 

circadian rhythms and macrophage function and is involved in maintaining immune homeostasis.  

2.2. CLOCK (Circadian Locomotor Output Cycles Kaput) Gene 

With its partner, Bmal1, the Clock forms a transcriptional activation complex that promotes the 

rhythmic activation of several downstream genes associated with immunological responses and 

metabolism [25,26]. Clock-driven circadian rhythm maintains the timing of inflammatory responses, 

phagocytosis, and cytokine synthesis in macrophages in synchrony with the body's overall metabolic 

state [27]. Clock has been demonstrated to affect the synthesis of cytokines that trigger inflammation, 

including Toll-like receptor 9 (TLR-9), Tumor necrosis factor (TNF)-α and IL-6, which are important 

components of immune responses [28,29]. Long-term inflammation and related diseases, such as 

metabolic syndrome and cardiovascular disorders, are exacerbated by dysregulated macrophages 

inflammatory responses caused by genetic or environmental disruption of the Clock gene (e.g., 

through irregular light cycles or diet). Furthermore, Clock is crucial for macrophage metabolism, 

particularly lipids and glucose, which directly affect macrophage phenotype and activity [30]. 

Disruption in normal Clock gene activity leads to impaired lipid processing by macrophages; 

consequently, these cells switch from the anti-inflammatory M2 phenotype to the more pro-

inflammatory M1 phenotype [31]. This switch is important in the development of insulin resistance 

and atherosclerosis, as well as immunological modulation [32,33]. 
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Macrophage function is closely controlled in a time-dependent manner by Clock’s interaction 

with Bmal1; subsequently, transcription of Per and Cry is activated in the nucleus, and the Per and 

Cry proteins interact, thus creating a feedback loop that prevents Clock-Bmal1 activity [26,34]. This 

cyclical feedback ensures mechanism that macrophages display time-specific inflammatory and 

metabolic responses synchronized with the general circadian cycles [35]. Changes in circadian 

rhythms affect immunological homeostasis, lipid metabolism, and macrophage-mediated tissue 

repair, thereby increasing inflammation. Together with Bmal1, Clock plays important roles in obesity 

and diabetes [32]. Several studies have found that polymorphisms in Clock or Bmal1 are associated 

with obesity and type 2 diabetes [36–38]. A global knockout of Clock or Bmal1 is associated with 

impaired glucose tolerance and decreased insulin secretion [38,39]. These phenotypes suggest that 

dysfunction in macrophage Clock might play important roles in the development of metabolic 

diseases.  

2.3. CRY (Cryptochrome)  

Cry genes, specifically Cry1 and Cry2, are integral components of the circadian clock. Cry 

proteins are part of a complex that inhibits the activity of transcription factors such as CLOCK and 

BMAL1, and play crucial roles in the negative feedback loop that maintains circadian rhythms [40]. 

This inhibition prevents the expression of target genes, thus contributing to the oscillations in 

circadian rhythms [41]. Cry genes are also expressed in peripheral tissues, including macrophages, 

where they regulate immune responses and other physiological functions [12]. These genes are 

involved in regulating metabolic processes, and influencing how the body processes nutrients and 

energy throughout the day.  

Cry proteins’ light sensitivity allows them to integrate environmental cues into the circadian 

system. In the presence of light, they undergo conformational changes affecting their stability and 

function [38,42]. The Cry gene suppresses the inflammatory response in macrophages via negative 

regulation of the cyclic adenosine monophosphate-protein kinase A- nuclear factor kappa-light-

chain-enhancer of activated B cells (cAMP-PKA-NF-κB) pathway [43]. Loss of the Cry gene results in 

Nuclear factor-κB (NF-κB) activation and constitutive upregulation of IL-6 and TNFα. The Per/Cry 

complex is another mechanism of clock-related suppression of inflammatory mediators in 

macrophages, thus establishing a likely biochemical relationship between the arrhythmic clock 

mechanism and an enhanced inflammatory response [44]. Transcriptomic analysis has demonstrated 

that pancreatic islet Cry2 is downregulated in people with type 2 diabetes with respect to healthy 

controls [12,45]. Overexpression of Cry1 in diabetic db/db mice lowers blood glucose and increases 

insulin sensitivity [46,47]. Furthermore, Cry1/2 knockout mice are hyperglycemic [42]. Barclay et al. 

have shown elevated obesity, insulin secretion, and lipid storage in diet-induced Cry1 knockout mice 

[48]. Like Bmal1 and Clock, Cry1 and Cry2 shows a circadian rhythm in gene expression in 

macrophages, thus influencing inflammatory immune responses, and controlling pathogen 

recognition and cytokine secretion [6]. 

2.4. Period Gene 

The Per gene, or Period gene (Per1, Per2, and Per3), is a key component of the circadian clock in 

various organisms, including mammals [49]. The PER gene is integral to the molecular clock, by 

helping maintain a 24-hour cycle of gene expression [50]. In macrophages, PER genes are critical 

regulators of the circadian rhythms influencing immune responses [6].  

Per1 deficient mice have significantly elevated numbers of Kupffer cells in the liver and show 

pro-inflammatory cytokine enhancement after LPS treatment [51]; therefore, Per1 has multifaceted 

physiological activities, including decreasing macrophages’ recruitment to the liver and interaction 

with peroxisome proliferator-activated receptor-gamma (PPARγ), and consequently preventing an 

excessive innate immune response to liver injury.  

The circadian rhythm frequently regulates gene expression, essential for cell differentiation. Its 

functions in the reprogramming of differentiated cells remain largely unclear. PER1, a master 

circadian regulator, has been found to facilitate virus-mediated reprogramming of mouse embryonic 
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fibroblasts, thereby leading to the production of induced pluripotent stem cells and induced neurons 

[50]. Circadian rhythms modulated by Per genes affect macrophages' responses to pathogens. For 

example, the expression of pro-inflammatory cytokines may peak at specific times, thereby 

optimizing the immune response to pathogen exposure [52].  

Healthy immune responses and metabolic balance are supported by proper Per gene regulation, 

whereas chronic inflammation and metabolic diseases, including obesity and insulin resistance, are 

associated with Per dysregulation. PER genes are therefore crucial for preserving the circadian 

regulation of macrophage activity [53]; this function may have implications in the treatment of 

disorders associated with inflammation. 

2.5. Rev-Erbα (Reverse Erythroblastosis Virus α) 

Rev-Erbα, an orphan nuclear receptor, is a transcriptional repressor that suppresses BMAL1 and 

other targets. The biochemical mechanisms of Rev-Erbα, a crucial mediator between the circadian 

rhythm system and inflammation response, remain unknown. Rev-Erbα regulates macrophage 

inflammation by directly influencing CCL2 expression. Rev-Erbα directly suppresses C-C motif 

chemokine ligand 2 (CCL2) expression via a binding motif in the CCL2 promoter. Additionally, Rev-

Erbα inhibits CCL2-activated signals, including p38 and Extracellular signal-regulated kinase (ERK), 

whereas this signaling is restored by the addition of exogenous CCL2 [54]. Rev-Erbα might be a 

crucial link between inflammation and the circadian degradation elicited by aging or obesity. In states 

of chronic systemic inflammation, such as obesity and aging, the gene expression of Rev-Erbα is 

diminished in peritoneal macrophages, thus altering inflammatory responses 54. The rhythmic 

circadian repressor Rev-Erbα has been found to be essential to the mechanism coupling the 

pulmonary clock to innate immunity, through its regulation of the homeostasis of pulmonary 

inflammation [55]. Moreover, degradation of Rev-Erbα protein results in an inflammatory response 

in alveolar macrophages; therefore, the stability of Rev-Erbα protein influences couple the master 

clock to innate immunity [55], The macrophage clockwork has been found to enable temporal gating 

of systemic responses to endotoxins, and Rev-Erbα has been identified as the crucial link between the 

clock and immune activity. One study has shown that Rev-Erbα agonists decrease the inflammatory 

response in macrophages [56]. Moreover, SR9009, despite being an agonist of Rev-Erbα, decreases 

macrophage M1 polarization and the rate of abortion elicited by LPS in mice. In addition, LPS has 

been found to repress the expression of Rev-Erbα in macrophages [57]. Therefore, Rev-Erbα might 

serve as a therapeutic target for inflammatory diseases in humans [56]. Rev-Erbα regulates the 

circadian clock in macrophages, thereby synchronizing metabolic and immunological processes with 

daily cycles. This protein regulates gene expression in metabolism, lipids, and inflammation. Proper 

Rev-Erbα activity decreases chronic inflammation and metabolic syndrome, whereas Rev-Erb 

dysregulation is associated with illnesses such as obesity and diabetes. Targeting Rev-Erbα therefore 

has promise in potentially curing inflammation-driven metabolic disorders. 

Dysfunction in Rev-Erbα/β has been found to significantly influence the progression of 

metabolic diseases and affect energy equilibrium [58,59]. Sato et al. have shown that Rev-erbα 

deficiency increases the inflammatory response in obesity-associated macrophages by inhibiting Ccl2 

expression [54]. Rev-Erbα regulates macrophage inflammation by directly influencing Ccl2 

expression. In states of chronic systemic inflammation, such as obesity and aging, diminished 

expression of the Rev-Erbα gene in peritoneal macrophages leads to altered inflammatory responses 

[54]. Moreover, degradation of the Rev-Erbα protein elicits an inflammatory response in alveolar 

macrophages; therefore, significant changes in the stability of Rev-Erbα protein couple the master 

clock to innate immunity [55]. Moreover, agonists to Rev-Erbα decrease the inflammatory response 

in macrophages [56].  

3. Metabolism of Micronutrients in Macrophages 

3.1. Lipid Metabolism and Macrophage Function 

Lipid metabolism is an integral part of macrophage function and activation. Macrophages 

perform uptake, storage, and breakdown of lipids, thereby affecting polarization into either a pro-
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inflammatory state (M1) or anti-inflammatory state (M2). M1 macrophages use glycolysis as their 

central metabolic pathway through HIF-1α and NF-κB, following inflammatory activation, thus 

enabling initiation of microbicidal activity even in the context of hypoxic inflammatory tissue [60,61]. 

During tissue repair and remodeling, macrophages exhibit a switch to oxidative metabolism of 

glucose and fatty acids; develop an anti-inflammatory M2 phenotype; and rely predominantly on 

mitochondrial fatty acid oxidation (FAO) to meet their energy requirements [62,63].  

Lipases in macrophages convert triglycerides within lipid droplets into free fatty acids (FFAs). 

Over time, cells continuously receive energy from FAO of these FFAs in both mitochondria and 

peroxisomes [64]. Greater lipid intake and FAO enable M2 macrophages to perform anti-

inflammatory and reparative functions. This metabolism supports tissue repair and regeneration 

through the release of anti-inflammatory cytokines and growth factors that promote the healing and 

remodeling of injured tissues 2. Lipid accumulation in M1 macrophages drives the production of pro-

inflammatory cytokines and ROS, and consequently contributes to inflammation and tissue damage 

[65]. In M1 macrophages, glycolysis is upregulated, thus resulting in rapid ATP generation and 

supplying the tricarboxylic acid (TCA) cycle with citrate, which is then converted to acetyl-CoA. This 

process is facilitated by the enzyme ATP-citrate lyase (ACLY), whose levels rise quickly after 

macrophage activation. Inhibiting or silencing ACLY decreases key inflammatory products such as 

nitric oxide and ROS, thus demonstrating ACLY’s roles in supporting the inflammatory response [66]. 

Increased use of lipids stimulates FAO, which in turn supports M2 activation through acetyl-CoA 

production and histone acetylation [67]. Adipose-derived stem cells transplantation enhances liver 

function and lipid metabolism [68], and stimulates the transition of macrophages from the M1 to the 

M2 phenotype by enhancing their capacity for lipid uptake and digestion. 

The activation of macrophages and their participation in lipid metabolism are significantly 

influenced by transcription factors. The expression of pro-inflammatory genes in response to stimuli 

is driven by transcription factors including JAK-signal transducer and activator of transcription 3 

(STAT3), and NF-κB, which are important regulators of macrophage activation [69,70]. PPARγ and 

nuclear liver X receptor (LXR) are two factors that control lipid absorption, storage, and cholesterol 

efflux in lipid metabolism; activation of the PPARγ-LXRα-ABC metabolic pathway boosts cholesterol 

efflux, increases high-density lipoprotein (HDL) cholesterol transfer, and decreases atherosclerosis 

[71–73].  

Dysfunction in macrophage lipid metabolism has been implicated in several diseases, including 

atherosclerosis, which is characterized by the accumulation of lipid-laden macrophages or foam cells 

in arterial plaques [74]. A schematic diagram of lipid metabolism in macrophages is shown in Figure 

3.  
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Figure 3. Scavenger receptors (SRs), including fatty acid transporter/CD36, enhance the uptake of various lipid 

species, such as native LDL, oxidized LDL particles, and free fatty acids. Lipids can also be produced by 

apoptotic cell membranes and transported via scavenger receptor-dependent efferocytosis (CD206). Lipids are 

then transported to lysosomes, where complex lipids are digested into free cholesterol (CHO) and fatty acids 

(FFA) by lysosomal acid lipase. CHO and FFA are then transferred to the endoplasmic reticulum (ER), where 

acyl coenzyme A, Cholesterol acyltransferase-1 (ACAT1) transforms harmful CHO into cholesteryl esters (EC). 

Diacylglycerol acyltransferases convert FFA into the storage form, triacylglycerol (TAG) [75,76]. TAGs and ECs 

are shuttled into budding lipid droplets, through the primary lipid storage mechanism. In times of energy need, 

macrophages either directly shuttle lysosomal-derived FFA to mitochondria, or produce CHO and FFA from 

lipid droplets; the lipids are then transported into mitochondria via carnitine palmitoyl-transferase I. CHO and 

FFA are also used as fuel for fatty acid oxidation and energy production. Alternatively, lipid droplet-derived 

CHO can be exported by ATP-binding cassette (ABC) transporters 1, [77]. PPARγ activation promotes the anti-

inflammatory macrophage phenotype, and regulates lipid metabolism by increasing the expression of genes 

involved in fatty acid absorption and storage. After a fatty acid binds PPAR in the cytoplasm, the PPAR-ligand 

complex moves into the nucleus. In the nucleus, PPAR forms a heterodimer with another nuclear receptor, 

Retinoid X Receptor (RXR) [78]. The PPAR-RXR complex binds specific DNA sequences called PPAR response 

elements (PPREs) in the promoters of target genes and subsequently regulates the transcription of various genes 

involved in cholesterol and lipid metabolism. 

3.2. Glucose Metabolism in Macrophages: A Key to Immune Activation and Inflammation 

Macrophages undergo substantial metabolic changes during activation, particularly during 

inflammatory reactions, including a shift toward greater absorption of glucose and catabolism to 

meet metabolic needs [79–86]. The need for rapid energy generation and the synthesis of 

macromolecules necessary for immunological activities are the main reasons for this metabolic 

reprogramming. Glycolysis is markedly upregulated in activated macrophages. Even when oxygen 

is present, activated macrophages favor glycolysis, whereas resting macrophages use primarily 

oxidative phosphorylation to produce ATP [87–89]. This process, known as the Warburg effect, 

provides the glycolytic intermediates necessary for most biosynthetic pathways and enables rapid 

ATP synthesis. This rapid provision of ATP supply helps macrophages perform several essential 
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tasks, such as phagocytosis, pro-inflammatory cytokine release, and ROS generation, which are 

essential for the defense against antigens [90]. Glycolysis also helps direct carbon flow into the 

oxidative pentose phosphate pathway, which creates nicotinamide adenine dinucleotide phosphate 

(NADPH), which in turn is used to generate ROS via NADPH oxidases. NADPH is necessary for 

maintaining cellular redox equilibrium, because it helps regenerate glutathione, a critical antioxidant 

that protects cells against oxidative damage. The pentose phosphate pathway, a precursor to 

nucleotide synthesis, aids in the rapid multiplication of immune cells during the inflammatory 

response. 

The phagocytic activity of M1 macrophages is also dependent on ROS generation. Inhibition of 

aerobic glycolysis by activating pyruvate kinase M2 (PKM2) or inhibition of pyruvate dehydrogenase 

kinase 1 (PDK1) decreases LPS-induced macrophage polarization toward the M1 phenotype [91]. 

Glycolysis is essential for both the M1 and M2 polarization states of macrophages [92]. M2 

macrophages must undergo glycolysis to produce cytokines in response to LPS stimulation [93]. Pro-

inflammatory macrophages engage primarily in glycolysis but can also use oxidative 

phosphorylation and the TCA cycle, particularly in M2 macrophages or after resolution of 

inflammation [94]. Fatty acids and other substrates may be preferentially used under certain 

situations, thereby increasing ATP synthesis and mitochondrial respiration. As macrophages shift 

among various functional modes, metabolic flexibility is essential to these cells’ ability to adjust to 

their microenvironment. An illustration of glucose and lipid metabolic pathways in M1 and M2 

macrophages is shown in Figure 4. 

 

Figure 4. Substantial metabolic changes occur during macrophage polarization into proinflammatory (M1) or 

alternatively activated (M2) macrophages. To meet the energy requirements of inflammatory responses in vitro, 

M1 macrophages rely primarily on glycolysis and oxidative phosphorylation (OXPHOS), and are characterized 

by elevated reactive oxygen species (ROS) and lactate production. In contrast, M2 macrophages stimulate tissue 

repair and anti-inflammatory processes through increased fatty acid oxidation and oxidative phosphorylation. 

Macrophage phenotype and function during immunological responses are greatly affected by these metabolic 

alterations. (A) Transformation of monocytes into macrophages after stimulation by chemokines or 

inflammatory proteins. Depending on the microenvironment and the specific cytokines present, monocytes can 

differentiate into various subsets of macrophages (B) M2 macrophages aid in the resolution of inflammation and 

restoration of tissue homeostasis after the inflammatory response has neutralized the threat (e.g., pathogen 

clearance or tissue injury) [95]. M2 macrophages are anti-inflammatory: they metabolize amino acids and fatty 

acids, thereby resolving tissue injury and inflammation, and are activated by cytokines such as IL-4, IL-13, and 

IL-10, which drive anti-inflammatory responses. Macrophage polarization is regulated by Signal Transducer and 
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Activator of Transcription (STAT) 3 and STAT6. STAT3 is a major modulator of anti-inflammatory responses 

(typically associated with M2 macrophages), whereas STAT6 is essential for M2 polarization (anti-inflammatory 

and tissue repair functions) [96]. Certain transport proteins actively move lipids, such as phospholipids, 

cholesterol, and fatty acids, across the cell membranes of M2 macrophages. These proteins include scavenger 

receptors, CD36, and fatty acid transport proteins (FATPs), which facilitate direct transport of lipids from the 

extracellular environment into cells. Key genes activated by STAT6 in M2 macrophages include Arginase-1 

(Arg1) (involved in tissue repair and collagen synthesis), Mannose receptor (CD206) (tissue remodeling), 

Suppressors of Cytokine Signaling (SOCS) macrophages, and Excitatory Amino Acid Transporter 2 (EAAT2; also 

known as GLT-1, which is involved in the transport of glutamate for further use in energy production) [30]. 

Long-chain fatty acids (LCFAs) are important metabolic substrates that can be used by cells, including M2 

macrophages, through β-oxidation in the mitochondria, thereby generating energy, supporting immune 

functions, and aiding in tissue repair. Carnitine Palmitoyltransferase I (CPT1) is a key enzyme involved in the 

transport of LCFAs into the mitochondria for β-oxidation. (C) Energy metabolism in M1 macrophages. 

Glycolysis is the primary mechanism through which M1 macrophages metabolize glucose, their primary energy 

source [97]. Under infection or tissue damage, M1 macrophages usually play roles in immune activation and 

proinflammatory reactions. Glucose is transported by GLUT1. In response to proinflammatory signals, such as 

interferon gamma (IFN-γ) or lipopolysaccharide (LPS), M1 macrophages shift their metabolism toward aerobic 

glycolysis, even in the presence of oxygen, in a phenomenon known as the Warburg effect. Glycolysis involves 

the breakdown of glucose into pyruvate, which in turn is converted into lactate instead of being fully oxidized 

in the mitochondria via the TCA cycle and oxidative phosphorylation (OXPHOS). This shift enables rapid ATP 

production and provides key intermediates for the biosynthesis of molecules involved in immune responses, 

such as nucleotides and amino acids. Inflammatory cytokines and pathogen-associated molecular patterns 

(PAMPs) that activate M1 macrophages also trigger signaling pathways that promote glycolysis. Key regulators 

of this metabolic shift include Hypoxia-inducible factor 1-alpha (HIF-1α), which activates genes involved in 

glucose uptake and glycolysis, and mechanistic target of rapamycin (mTOR), which integrates nutrient signals 

and supports anabolic processes in M1 macrophages. oxidized LDL (oxLDL) plays roles in the activation of 

inflammasomes. Initial exposure to oxLDL primes inflammasomes by triggering NF-κB signaling, thereby 

inducing the expression of NLRP3, pro-IL-1β, and other inflammasome components. 

The importance of glucose metabolite signaling in macrophage activation and activity has also 

been demonstrated in many studies. Succinate and fumarate, two intermediates in the metabolism of 

glucose, are signaling molecules that control inflammatory reactions [98]. For instance, elevated 

succinate levels boost immune responses by increasing the synthesis of pro-inflammatory cytokines 

[99], whereas other metabolites have anti-inflammatory properties, thus underscoring the complex 

equilibrium of macrophage metabolic pathways [84]. 

3.3. Amino Acid Metabolism in Macrophages  

The function and activation status of macrophages are largely determined by amino acid 

metabolism [100], which also affects how these cells contribute to tissue healing and immune 

responses [101]. The metabolization of arginine, an important amino acid in macrophages, varies 

according to the anti-inflammatory (M2) or pro-inflammatory (M1) state 102. The enzyme inducible 

nitric oxide synthase (iNOS) in M1 macrophages transforms arginine into nitric oxide, a substance 

essential for resolving infections and triggering inflammatory reactions. M2 macrophages, in 

contrast, produce arginase-1, which changes arginine to urea and ornithine [102]. Ornithine supports 

the M2 anti-inflammatory properties of macrophages by aiding in collagen synthesis and tissue 

healing [103]. Ornithine decarboxylase (OD) has elicited a strong effect on M1 macrophage activation. 

Several findings have established that OD in macrophages modulates bacterial persistence inside the 

host, given that OD deletion results in microbial survival effects during gastric infection. Microbial 

pathogenesis in mice has been shown to be significantly affected by OD in macrophages [104].  

Under glutamine starvation in macrophages, M2-polarized macrophages increase the 

expression of Glutamine-synthetase (GS). Beyond causing macrophage M2 polarization and inducing 

tumor metastasis, GS expression (which increases under starvation) might also encourage the release 

of glutamine for other cells to use [105]. When activated, macrophages increase their glutamine 
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absorption, thereby enabling rapid cell proliferation and the generation of inflammatory mediators 

[106]. Furthermore, the mechanistic target of rapamycin (mTOR) pathway, which is essential in 

controlling immunological responses, metabolism, and cell proliferation, is activated by amino acids 

such as leucine. By interfering with macrophage differentiation, proliferation, and pro-inflammatory 

cytokine production, mTOR signaling has been shown to modulate the immune response [107].  

The complexity of macrophage metabolism is demonstrated through the interaction of these 

amino acids with different metabolic pathways. This ability of macrophages to adapt metabolic 

changes enables them to react efficiently to various signals, and consequently affects their shift 

toward the pro-inflammatory (M1) or anti-inflammatory (M2) state [108,109]. Maintaining the 

equilibrium of these pathways is essential in immune homeostasis, tissue repair, and the overall 

response to infection and injury [73,110,111]. Gaining insight into these metabolic processes involving 

amino acid metabolism in macrophages may clarify their functions in various diseases, such as 

chronic inflammatory conditions, autoimmune diseases, and cancer.  

4. Circadian Clock-Associated Macrophages in the Metabolism of Lipids, Glucose, and Amino 

Acids, and the Inflammatory Response  

Several studies have identified that circadian clock genes regulate macrophage lipid metabolism 

[22,29,112,113]. We have demonstrated that Clock mutant mice show elevated oxLDL uptake, 

diminished cholesterol efflux in macrophages, and aggravated atherosclerosis [112]. Huo et al. have 

demonstrated that myeloid Bmal1 deficient mice show upregulated monocyte recruitment and 

atherosclerosis development [21]. Blacher et al. have shown that the clock control gene Kruppel-like 

factor 4 (KLF4) plays important roles in control]ling macrophage phagocytes in deficient Klf4 

expression in in vivo and in vitro [114]. microRNA-21 (Mir21) controls the circadian regulation of 

apoptosis in atherosclerosis [115]. Deficiency in Mir21 in macrophages decreases atherosclerosis, and 

Mir21-deficient mice show enhanced Bmal1 gene expression in macrophages; therefore, miR21 might 

be associated with the circadian clock gene Bmal1 in the development of atherosclerosis. Together, 

these findings indicate that the macrophage circadian clock targets the lipid metabolism in 

macrophages, thus controlling macrophage function and immune responses, and protecting against 

atherosclerosis and metabolic syndrome.  

Furthermore, recent studies have indicated that the circadian rhythm has a major effect on 

macrophage glucose metabolism [116]. Circadian rhythms control several metabolic functions, such 

as mitochondrial activity and glycolysis, which in turn affect macrophage activity and the onset of 

immunological responses [117,118]. Timmons et al. have shown that macrophage Bmal1 controls the 

uptake of glucose in macrophages, and regulates PKM2, thereby controlling IL-1beta mRNA levels 

via STAT3 in macrophages [9]. Changes in macrophage activity elicited by disruptions in circadian 

timing can exacerbate metabolic diseases and chronic inflammation [116,119,120]. Gaining insight 

into the links between macrophage metabolism of glucose and circadian rhythms may pave the way 

to therapeutic interventions in several illnesses involving dysregulated immune responses. 

Studies have suggested that the circadian clock also affects various amino acid metabolism-

associated macrophage functions, including regulation of the synthesis, degradation, and transport 

of amino acids, such as arginine, glutamine, cysteine, and methionine, in macrophages.  

5. New Treatments that Complement Circadian Cycles and Enhance Therapeutic Effectiveness 

for Conditions Associated with Inflammation 

New therapies are being developed to work in harmony with circadian cycles, by timing 

treatments to align with the body’s natural rhythms, thereby enhancing their effectiveness in 

managing inflammation-associated conditions. These options include chronotherapy, whose goal is 

using an understanding of how biological cycles affect treatment reactions to improve treatment 

effectiveness, optimize health benefits, and avoid potential adverse effects [23,121]. Chronotherapy 

with PPARγ agonists has been reported by using rosiglitazone to regulate triglyceride buildup inside 

macrophages, thus altering circadian gene cycles. These modifications affect the rhythmic release of 

TNF-α and regulate the phenotypic switch in vascular smooth muscle cells [122]. Chrononutrition is 
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another important concept for managing metabolic conditions; its emphasis on food consumption in 

accordance with the circadian rhythms supports nutritional metabolic processes and regulates 

nutritional intake on the basis of circadian cycles [123]. Studies have shown potential for improving 

macrophage metabolic activities by matching glycolysis and oxidative phosphorylation according to 

energy demands [124]. Moreover, dietary amino acids have been reported to modulate intestinal 

macrophages by enhancing phagocytic activity, and encouraging macrophage replenishment and IL-

10 release [125]. Pharmacological targeting of circadian components such as REV-ERB and ROR 

enables direct control of clock-regulated metabolic genes, thereby influencing inflammatory 

pathways and macrophage polarization states [126]. Furthermore, regulation of light exposure and 

sleep cycles promotes circadian synchronization, and therefore might decrease chronic inflammation 

and improve macrophage functional profiles in immune-associated illnesses, including metabolic 

dysregulation [127]. Integrating these strategies into established therapies might potentially increase 

macrophage activity and inflammatory responses, thereby achieving better results in the treatment 

of metabolic diseases, including rheumatoid arthritis, inflammatory bowel disease, and metabolic 

syndrome. 

6. Cutting-Edge Research and Emerging Areas in Circadian Biology 

Cutting-edge research in circadian biology and immunometabolism has revealed new details 

regarding the complex interplay between the clock genes and metabolic activities within immune 

cells, notably macrophages, by studying how circadian rhythm alterations affect macrophage 

polarization and consequently chronic inflammatory disorders and metabolic dysfunction. 

Technological developments have enabled substantial advancements in research on circadian 

rhythms and macrophage metabolism, by enabling more accurate and thorough analysis [128]. High-

throughput sequencing tools, such as RNA-seq, proteomics, and transcriptomics, have allowed 

researchers to characterize circadian gene expression patterns in macrophages in different time 

periods, as well as macrophage phenotypes [129].  

RNA-seq is a high-throughput sequencing method that allows the transcriptome in a biological 

sample to be examined. RNA-seq detects and measures non-coding RNAs (such as miRNAs, 

lncRNAs, and snoRNAs), which have important regulatory functions despite not being translated 

into proteins [130]. RNA-seq can be used to accurately characterize the diurnal fluctuations in gene 

expression exhibited by macrophages [131], and has enabled the identification of genes with rhythmic 

expression patterns by capturing gene expression changes over time. This temporal accuracy is 

essential for understanding the circadian regulation of macrophage activity. By identifying and 

quantifying these different pathways and genes in macrophage, RNA-seq can help clarify how 

macrophages modulate their functions in response to circadian cues [128].  

Mass spectrometry enables proteomic characterization of macrophages, by providing 

information about macrophage heterogeneity, and offers insights into metabolic pathways and 

changes in response to stimuli. This method aids in the identification of important metabolites that 

influence energy generation, inflammatory responses, and macrophage polarization (e.g., M1 vs. M2 

states). Mass spectrometry-based metabolomics has advanced knowledge of macrophage activity in 

both health and illness by mapping metabolic patterns [132]. However, this technique has several 

limitations; for example, the purity and integrity of proteins is not maintained, and high molecular 

weight proteins and hydrophobicity also interfere with the efficiency of this technique [133]. 

A variety of metabolites and proteins can be rapidly profiled from cell or tissue samples with 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS), 

which can facilitate research on macrophage metabolism. In addition to detecting multidimensional 

macrophage activity, MALDI-TOF MS can distinguish between unstimulated and stimulated 

macrophages [134]. This method can identify particular metabolic modifications associated with 

macrophage polarization (e.g., M1 or M2 states), including changes in lipids and amino acids 

metabolism [135]. MALDI-TOF's ability to recognize these metabolic fingerprints can aid in clarifying 

the macrophage metabolic changes associated with immunological responses, inflammation, and 

energy consumption. Furthermore, modern imaging technologies, such as live-cell imaging and 
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bioluminescent reporters, have enabled real-time monitoring of circadian rhythms in living animals, 

thus offering insights into the functional implications of macrophage metabolic reprogramming. 

Future research is expected to focus on creating and enhancing analytical instruments that are more 

accurate and highly sensitive for the detection of sub-proteomes; these methods may elucidate the 

complex heterogeneity of macrophages. 

7. Conclusions and Perspectives 

The study of circadian genes in macrophages provides crucial insights into how these immune 

cells control their metabolic activities, such as lipid, glucose, and amino acid metabolism, during daily 

cycles. Circadian genes govern macrophage behaviors by fine-tuning metabolic pathways to match 

environmental signals, thereby modulating inflammatory and tissue-remodeling responses. 

Macrophage metabolism can be altered by modifying circadian genes, thus restoring balance in lipid 

and glucose management and amino acid processing; this balance is particularly important in 

disorders involving metabolic dysregulation. Controlling critical pathways involving Bmal1, Clock 

Per, Cry, Rev-Erbα, and other circadian clock genes enables specific metabolic modifications in 

macrophages. This capability might potentially lower chronic inflammation and metabolic stress, and 

open new routes for treating metabolic dysfunction, in conditions such as cancer, diabetes, and 

atherosclerosis, in which macrophage function and metabolism are radically altered. Circadian 

modulation might also aid in optimizing macrophages’ dynamic shifts between pro-inflammatory 

and anti-inflammatory phenotypes, thereby improving disease outcomes and offering a paradigm 

for the use of new treatments for immune-associated disorders.  
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