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Abstract   

Cardiovascular disease remains the leading cause of death in the USA. While 

much has been learned about the root causes, the underlying mechanisms remain 

incompletely understood. In particular, elevated levels of reactive oxygen species (ROS) 

have been observed in the vasculature of blood vessels from animal models and humans 

with hypertension, atherosclerosis and diabetes. The importance of ROS to 

cardiovascular disease and the mechanisms by which it alters the function of cells of the 

cardiovascular system are the goals of this dissertation. 

The NADPH oxidases (NOX) represent a family of 7 transmembrane enzymes 

that share a basic structural paradigm and the common ability to utilize NADPH to 

synthesize superoxide and other reactive oxygen species (ROS). NOX isoforms are 

distinguished by their amino acid sequences, expression in different cell types, how 

production of superoxide is initiated and the type of ROS that are generated.  

Cardiovascular roles of Nox1, Nox2 and Nox4 have been described in atherosclerosis, 

heart failure, hypertension and diabetes. NOX5 was the last NOX family member 

identified and it is unique for the presence of 4 helix-loop-helix structural domains which 

is also called EF-hands, that confer calcium-dependent regulation of reactive oxygen 

species (ROS) generation.  Altered expression and activity of Nox5 has been reported in 



     
 

 
 

cardiovascular diseases and cancers, but a functional role in cardiovascular disease has 

been hampered by the lack of appropriate genetic models, as Nox5 is missing from rodent 

genomes, and the absence of selective inhibitors. Multiple polymorphisms have been 

identified within the coding sequence of human Nox5, but whether this translates into 

altered enzyme function is unknown.  

Herein, our first aim is to investigate the relationship between SNPs in the coding 

region of Nox5 and possible changes in enzyme activity. We have generated 15 novel 

mutants of Nox5β to evaluate the effect of exonic SNPs on basal and stimulated enzyme 

activity. Compared to the WT enzyme, ROS production was unchanged or slightly 

modified in the majority of mutants, but significantly decreased in 7. Focusing on M77K, 

Nox5 activity was dramatically reduced in unstimulated cells and following challenge 

with both calcium- and phosphorylation-dependent stimuli despite equivalent levels of 

expression. The M77K mutation did not influence the Nox5 phosphorylation or the 

ability to bind Hsp90, but in cell-free assays with excess co-factors and calcium, ROS 

production was dramatically reduced. A more conservative substitution M77V arising 

from another SNP, yielded a different profile of enzyme activity and suggests a critical 

role of M77 in calcium-dependent ROS production. Two C-terminal mutants, R530H and 

G542R were observed that had little to no activity and relatively MAF. In conclusion we 

have identified 7 missense SNPs in Nox5 that result in little or no enzyme activity. 

Whether humans with dysfunctional Nox5 variants have altered physiology or disease 

remains to be determined.  



     
 

 
 

The cardiovascular system is subject to circadian regulation.  A molecular clock 

exists in both human and animal cells that orchestrates the 24 hour timing of biological 

processes. One of the best known examples is the daily oscillation of blood pressure 

which in humans, peaks during the day and dips at night. These rhythms are important to 

the health of the organism and have evolved to anticipate the timing of physiological 

demands and stress. Disruption of circadian rhythms results in increased cardiovascular 

diseases in animals and is associated with increased risk of death in humans including 

exaggerated vascular remodeling, atherosclerosis and impaired blood pressure control. 

The mechanisms underlying dysfunction of circadian regulation in cardiovascular disease 

are not known. 

The goal of our second aim is to determine whether the circadian pattern of gene 

expression might be influenced by inflammatory stimuli and that loss of circadian 

function in inflammatory cells can predispose to cardiovascular disease. To investigate 

circadian rhythms in inflammatory cells, peritoneal macrophages were isolated from 

Per2-luciferase transgenic mice and circadian oscillations were studied in response to 

stimuli. Using Cosinor analysis, we found that LPS significantly altered the circadian 

period in peritoneal macrophages from Per2-luc mice while real-time PCR data suggested 

that the pattern of expression of the core circadian genes (Bmal1 and Per2) was disrupted. 

Inhibition of the TLR4 offered protection from the LPS induced impairment in rhythm, 

suggesting that the LPS effect occurred through the toll 4 receptor pathway. To explore 

the mechanisms involved, we inhibited LPS-stimulated NO and superoxide. Inhibition of 



     
 

 
 

NO synthesis with L-NAME had no effect on circadian rhythms. In contrast, inhibition of 

superoxide with TEMPOL or PEG-SOD mitigated LPS-induced changes in circadian 

periodicity. In gain of function experiments, we found that overexpression of Nox5, a 

source of ROS, could significantly disrupt circadian function in U2OS cells (a useful 

circadian reporting cell line) whereas iNOS overexpression, a source of NO, was 

ineffective. To assess whether alteration of circadian rhythms influences macrophage 

function, peritoneal macrophages were isolated from Bmal1-KO and Per-TKO mice. 

Compared to WT macrophages, macrophages from circadian knockout mice exhibited 

altered balance between NO and ROS release, increased uptake of oxLDL and increased 

adhesion and migration. These results suggest that pro-inflammatory stimuli can disrupt 

circadian rhythms in macrophages and that impaired circadian rhythms may contribute to 

cardiovascular diseases by altering macrophage behavior. 

The overall conclusion of these studies is that inactivating polymorphisms in the 

Nox5 gene are relatively common in certain human populations. Whether loss of Nox5 

activity alters susceptibility to cardiovascular disease is not yet known. We also identify 

superoxide as a potent mechanism that can disrupt circadian rhythms in immune cells. 

Loss of circadian rhythms in macrophages promotes a bias towards increased superoxide 

production, increased adhesion and lipid accumulation which may contribute to the 

development of cardiovascular disease 
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INTRODUCTION 

A.Statement	of	the	Problem	

Cardiovascular disease (CVD) remains the principle cause of death in both 

developed and developing countries, and almost 800,000 people die annually in the US 

from CVDs that include atherosclerosis, hypertension, congestive heart failure and 

stroke[1]. The NADPH oxidases (Nox1-5, Duox1-2) comprise a family of structurally 

related membrane-spanning oxidases. Nox enzymes are major sources of reactive oxygen 

species (ROS), including superoxide and hydrogen peroxide, in multiple cell types [2]. 

ROS have important and well established roles in physiology and in the pathogenesis of 

many diseases including cancer, hypertension and atherosclerosis. 

NOX isoforms are distinguished by their amino acid sequences, expression in 

different cell types, how production of superoxide is initiated and the type of ROS that 

are generated.  NOX5 was the last NOX family member identified and it is unique for 

being a calcium-dependent isoform of the NADPH oxidase family of reactive oxygen 

species (ROS) generating enzymes.  Altered expression and activity of Nox5 has been 

reported in cardiovascular diseases and cancers, but the physiological and 

pathophysiological significance of Nox5 remains uncertain. Multiple polymorphisms 

have been identified within the coding sequence of human Nox5, but whether this 

translates into altered enzyme function or altered disease risk is not yet known. 
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The cardiovascular system is subject to circadian regulation.  A molecular clock 

in both human and animal cells orchestrates the 24 hour timing of numerous biological 

processes. Lots of physiological activities exhibits circadian rhythms in human such as 

the daily oscillation of blood pressure which peaks during the day and dips at night.  

These rhythms are crucial to the health of organisms and have evolved to anticipate the 

timing of physiological demands. Disruption of circadian rhythms leads to increased 

cardiovascular diseases in animals and correlates with increased risk of death in humans.  

Previous studies have shown that animals with disrupted circadian clocks exhibit 

impaired endothelium-dependent relaxation, exaggerated vascular remodeling [3, 4], 

increased atherosclerosis [5, 6] and impaired blood pressure control[7] although the 

mechanisms involved are poorly understood. Chronic inflammation is believed to 

underlie many cardiovascular diseases including atherosclerosis, systemic and pulmonary 

hypertension and diabetes-induced vascular dysfunction [8-10]. Indeed, a strong 

correlation exists between high levels of inflammation and increased risk of death [11]. 

What is less well known is that inflammatory diseases exhibit a strong diurnal variation. 

Rheumatoid arthritis is characterized by a 24h rhythm of circulating concentrations of IL-

6 [12]. Previous studies show that macrophages, a key component of immune responses, 

exhibit robust circadian oscillations in gene expression, such as TNF-a after LPS 

stimulation [13]. Molecular disruption of circadian rhythms abolishes the rhythmic 

release of cytokines in Bmal1 or Rev-erb alpha knockout mice [14]. However, the 
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mechanisms by which the circadian clock regulates other immune cell functions and how 

this impacts cardiovascular disease is not yet known. 

Thus, the overarching hypothesis of our studies was to determine whether i) 

Nox5 function may be altered by SNP which may have an important role in human 

health and ii) whether LPS-induced ROS can alter circadian rhythms and function 

of macrophages. 

  



4 
 

4 
 

B. Review of Related Literature 

NADPH	oxidases	(Nox)	

The NADPH oxidases (Nox1-5) comprise a family of structurally related 

membrane-spanning oxidases. Nox enzymes are major sources of reactive oxygen species 

(ROS), including superoxide and hydrogen peroxide, in multiple cell types[2]. ROS have 

important and well established roles in physiology and in the pathogenesis of many 

diseases including cancer, hypertension and atherosclerosis. Nox2 is primarily expressed 

in immune cells such as neutrophils and macrophages and loss of function mutations in 

Nox2 or its regulatory subunits leads to impaired immune cell function that manifests as 

chronic granulomatous disease[15, 16]. Nox3 expression is restricted to the inner ear and 

has an important developmental role and genetic deletion results in the impaired 

formation of otoconia and a head tilt phenomenon [17, 18]. The other Nox enzymes 

(Nox1, 4-5) are primarily expressed in cells outside of the immune system and have 

functions that are less well defined.  Nox1 is expressed in colon epithelium and smooth 

muscle and genetic deletion of Nox1 has no overt baseline phenotype but results in 

altered disease susceptibility including some forms of hypertension[19-21], vascular 

remodeling[22] and atherosclerosis [23]. Coding polymorphisms Nox1 (H315R) are 

associated with diabetic nephropathy [24]. Nox4 is more ubiquitously distributed with 

higher levels of expression in the kidney and blood vessels. Nox4 knockout mice are 

phenotypically normal with altered disease susceptibility [25]. However, compared to the 

other Nox isoforms, little is known about the functional significance of Nox5. A major 
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obstacle has been that the genomes of rats and mice do not encode Nox5 suggesting that 

Nox5 confers no selective advantage or that functions performed by Nox5 overlap with 

that of other Nox isoforms. In humans, Nox5 is expressed in the lymph nodes and testes 

with lower levels detected in blood vessels and other cells [26]. Higher levels of Nox5 

expression have been observed in cancers [27-29] and cardiovascular disease [30] 

suggesting it may have important roles in the pathogenesis of human disease or may be 

induced as counteracting protective pathway. Indeed, Nox5 expression is elevated in 

hypertension[31], post myocardial infarction[32], atherosclerosis[30] and diabetes[24] 

and may play an important role in human cardiovascular disease. The expression of Nox5 

is also increased in cancers and may contribute to enhanced cellular proliferation and 

resistance to apoptosis[27, 28, 33].  

ROS production from Nox1-3 is controlled by protein: protein interactions and 

Nox4 is thought to be constitutively active[34]. Nox5 is unique for its absolute 

dependence on calcium which binds to four N-terminal EF hands. Nox5 activity is thus 

intimately linked to the local calcium concentration [35] and extracellular agonists that 

mobilize intracellular calcium robustly stimulate Nox5 activity. In addition, Nox5 activity 

can also be modulated by increasing its calcium-sensitivity through PKC- and other 

kinase-dependent phosphorylation[36]. PMA-dependent phosphorylation of Nox5 occurs 

on Ser490 and Thr494 and Ser498 and loss of phosphorylation impairs calcium-dependent 

ROS production.  Nox5 activity and expression can also be regulated by binding to 

proteins such as Hsp70, Hsp90 and calmodulin [37]. Increased expression of Nox5 can 



6 
 

6 
 

impair endothelium-dependent relaxation [38] and alter cellular proliferation [39]. 

Whether nonsynonymous SNP influence these regulatory is not yet known. 

Nox5 was the last of the conventional Nox enzymes to be identified [26] and 

genetically is the most divergent isoform [40].  The cDNA encodes a unique N-terminal 

calcium binding domain that regulates calcium-dependent activity,  a central 6 

transmembrane oxidoreductase that has significant structural homology to the other Nox 

isoforms and a C-terminal flavin and NADPH binding domain [26]. In humans, the gene 

for Nox5 is located on chromosome 15 and at least five known splice variants of Nox5- 

α, β, γ, δ and a truncated variant (Nox5-Short, -S or ε) have been described [26]. These 

have also been denoted NOX5v1-v5 [41]. The primary differences between these variants 

are modifications of the N-terminus which is vital for calcium binding and catalytic 

activity. Recent studies suggest that only 2 of these isoforms are functional, but there 

have been conflicting reports in cells with native expression of the short isoform [42]. 

The Nox5 gene is highly polymorphic with numerous intronic and exonic single 

nucleotide changes[41]. Indeed within the coding region of Nox5 there are approximately 

100 reported nonsense, missense and synonymous SNPs (NCBI) with frequencies 

varying from MAF 0.0005 to 0.31. Some of the missense SNPs occur in regions of Nox5 

that may impact function including EF hands, transmembrane regions and the NADPH 

binding C-terminus. One validated SNP (rs34406284) and two non-validated SNPs 

(rs369517329, rs370082662) encode nonsense mutations resulting in truncated Nox5 

enzymes that cannot function, essentially Nox5 knockouts.  
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The primary goal of the current study is to investigate the relationship between 

SNPs in the coding region of Nox5 and possible changes in enzyme activity. To this end, 

we have generated mutants of Nox5 that are either the most frequent or those which 

occur in regions most likely to impact activity. The ability of these mutants to generate 

ROS was compared to the WT enzyme under basal conditions and following both 

calcium and phosphorylation dependent activation. Results from these experiments may 

have important implications as loss or gain of function changes in Nox5 may be linked to 

altered susceptibility to disease and thus provide valuable insights into the importance of 

Nox5 to human health.  
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Reactive	Oxygen	Species	(ROS)	and	Oxidant	Stress	in	Cardiovascular	
Disease	

ROS are reactive molecules participating in oxygen metabolism. The major 

species of ROS include superoxide, hydrogen peroxide and hydroxyl radical [43-45] . 

The negatively charged  superoxide radical is formed by the one-electron reduction of 

molecular oxygen [46]. Hydrogen peroxide (H2O2) is formed by two-electron reduction 

of oxygen. There are several progenitors for other reactive oxygen species (ROS), 

including peroxynitrite (ONOO−), hypochlorous acid (HOCl), the hydroxyl radical (.OH), 

lipid peroxides (ROO.), lipid peroxy-radicals, and lipid alkoxy radicals (RO.) [47, 48]. 

ROS plays an important roles in biological and physilogical functions, including a central 

role in host defense by killing microbes in phagocytic cells. Previous studies have 

demonstrated that Nox4 is highly expressed in endothelial cells [49-51] and vascular 

smooth muscle cells although the function of ROS in these cells is less clear [52-54]. In 

the cardiovascular system, the most important enzymes that produce ROS are 

nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases (Nox enzymes), 

xanthine oxidase, the uncoupling of mitochondrial electron transport system and, immune 

cells infiltration , under certain circumstances, NO synthase [19, 50, 51, 54-58]. Also 

ROS can be produced from other sources such as cytochrome P450 or myeloperoxidase, 

which is important in the formation of HOCl [54]. Recent studies have demonstrated that 

the altered activity or the expression of these enzymes contribute to the progession of 

cardiovascular diseases such as hypertension, diabetes mellitus, hypercholesterolemia and 
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atherosclerosis. The altered enzyme functions can also leads to elevated ROS production 

that breaks antioxidant defenses in vascular wall resulting in an imbalance between 

production of free radicals and the body to counteract their harmful effect through 

neutralization by antioxidant in cardiovascular system that is referred to as oxidative 

stress [49]. However, whether increased superoxide is the sole causative factor of 

oxidative stress, a participant, or requires the cooperation of other factors present in the 

extracellular milieu is not yet known [59]. 

ROS can be scarvengered by antioxidant defense systems, including glutathione 

peroxidase, thioredoxin, catalase, superoxide dismutase [46, 49, 54, 59, 60] , as well as 

nonenzymatic antioxidants including glutathione, ubiquinone, vitamins E and C, lipoic 

acid, beta carotene, and urate [61]. Excess intracellular concentration of oxidant as well 

as antioxidant defense molecules has been shown to be important in the pathophysiology 

of cardiovascular disease [62]. The potential value of antioxidant supplements such as 

vitamins has become an area of interest for cardiovasluar diseases treatments [63].  

ROS are more than simply toxic depending on the location and amount. ROS may 

determine the protein conformation by disrupting ot forming disulfide bonds. The redox 

state controls activations of the trasciptional factors such as NF-kB and AP-1which 

locates in promoter regions of other genes [64]. Thereofore, the controlled amount of 

ROS production in specific subcellular locations could regulate normal biological cellular 

responses by altering gene expression such as smooth muscle contraction, differentiation, 
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cell cycle progression, and cell survival [61]. However, higher concentrations and 

inappropriate production leads to loss of redox homeostasis and contributes to many 

diseases such as cancer, inflammation, atherosclerosis, hypertension and diabetes [65, 

66]. ROS also altered lipid and protein metabolisms and functions by oxidative 

modification of diverse molecules, potentially leading to toxicity and organ malfunction 

[59, 62]. Oxidative response can activate tyrosine kinases and serine/threonine kinases 

which leads to downstream signaling pathway such as MAPK cascade, a major 

mechanism for posttranslational modification of proteins that are critically involved in 

regulating cellular function [67, 68]. Through these actions, ROS have a major impact on 

maintaining vascular integrity. 
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The	Implication	of	Circadian	Clock	in	Cardiovascular	System	

The molecular clock is comprised of 2 interdependent transcriptional/translational 

feedback loops. In the core loop, the CLOCK/BMAL1 heterodimer binds to E-box-

sequences in promoter regions to activate the transcription of clock-regulated genes 

including Periods (PERs) and Cryptochromes (CRYs). The increased expression of PER 

and CRY proteins provide negative feedback by inhibiting CLOCK/BMAL1 activity 

until their levels are reduced. In an auxiliary loop, CLOCK/BMAL1 also controls the 

transcription of nuclear receptors RORα and Rev-erbα, which bind to RRE elements in 

the Bmal1 promoter and reduce Bmal1 expression. The net result of these 2 feedback 

loops is oscillating patterns of gene expression and rhythmic changes in cell and organ 

physiology [69]. Early studies indicate that cellular redox status, represented by NAD(H) 

and NADP(H), regulate the transcriptional activity of Bmal1/CLOCK and Bmal1/NPAS2 

by changing DNA binding activity [70]. NAD production is also reported to be linked 

with core molecular clock network [71, 72]. The gene encoding the rate-limiting enzyme 

in NAD biosynthesis displays rhythmic expression in peripheral tissues, such as liver and 

white adipose tissue, and is under the direct control of Bmal1/CLOCK resulting in 

oscillation in NAD levels in liver. An estimated 43% of protein coding genes and 1000 

non-coding RNAs undergo circadian changes in expression [73]. 

In mammals, the master or central circadian clock is located in the hypothalamic 

suprachiasmatic nucleus (SCN) [74] of the brain and is regulated by light signals from the 

retina. The SCN of the hypothalamus, as the master neural clock, controls physiological 
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and  behavioral circadian rhythms and coordinates peripheral circadian clocks by 

hormonal and neural signals [75-77]. In addition to the master pacemaker in the SCN, 

independent oscillations have been found in a number of peripheral tissues and organs in 

mammals [78, 79]. Recently it has been shown that peripheral tissues such as the heart 

and GIT also possess intrinsic molecular clocks (peripheral clocks) that operate 

independently to regulate local physiology [78, 80, 81]. Previous studies have shown that 

around 3% to 20% of genes display a 24h rhythmic expression [82]. The oscillation in 

gene expressions have been shown to play an important role in tissues implicated in 

glucose and lipid metabolism, such as fat, liver, cardiac, and skeletal muscle [83-91].  

Circadian regulation can also be applied within adipose tissue on endoplasmic 

reticulum (ER) stress, an important marker of inflammation responses in this tissue while 

obesity increased the demand on ER in metabolic tissued resulting in persistent 

inflammatory states. ROS accumulation produced by ER and the mitochondria under 

stress are increased in metabolic organs in metabolic syndromes [92, 93]. Interestingly, 

BiP, as an ER chaperon protein, has rhythmic expression in flies [94]. And circadian 

genes may influence production of ROS [82, 95, 96]. Therefore, disrupted rhythmic 

expression of stress response genes could alter adipose function and directly leads to 

insulin resistance while ER stress is closely related to leptin resistance and circadian 

disruption [97, 98]. 
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The cardiovascular system is subject to circadian regulation. In the cardiovascular 

system, numerous physiological processes exhibit time-of-day oscillations. These 

rhythms are important to the health of the organism and have evolved to anticipate the 

timing of physiological demands. A molecular clock existing in both human and animal 

cells orchestrates the 24h timing of numerous biological processes [82, 99-102]. One of 

the best known examples is the daily oscillation of blood pressure which in humans, 

peaks during the day and dips at night [103]. Importantly, disruption of circadian rhythms 

leads to increased cardiovascular diseases in animals and correlates with increased risk of 

death in humans [104, 105].  Circadian clocks are altered along with increased CVD risks 

in lots of animal models including obesity, diabetes mellitus, hypertension and pressure 

overload-induced hypertrophy, simulated shift work, and ischemia/reperfusion models 

[106-113]. Numerous genes are subjected to circadian regulation in large vessels of the 

mouse indicating the impact of circadian system within vasculature and these genes are 

found to impact blood pressure and thromboocclusive responses [4, 114-118]. The 

circadian variation in blood pressure and heart rate is abolished in circadian gene mutant 

or knockout mice. In humans, disruption of circadian rhythms with night shifts etc leads 

to increased incidence of cardiovascular diseases which is coupled with increased levels 

of inflammation [119, 120]. Disruption of circadian clock genes leads to metabolic 

syndromes. For example, Clock mutant mice develop hyperlipidemia, 

hyperleptinemia, and hypoinsulinemic hyperglycemia [121] while Bmal1 disruption 

induces impaired gluconeogenesis, hyperleptinemia, glucose intolerance and 
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dyslipidemia [80, 122, 123]. Per2 knockout mice is reported to display increased weight 

gain on high-fat diet [124]. Previous studies have shown that circadian clock deficient 

mice have impaired endothelial function, increased levels of reactive oxygen species and 

pathologic vascular remodeling [96, 125, 126]. The transplantation of aortic grafts from 

Bmal1 knockout (KO) into littermate control WT mice is accompanied by robust 

arteriosclerosis and the up-regulation of macrophages [5], however, a specific role of 

circadian dysfunction in macrophage function in the setting of cardiovascular disease has 

not previously been studied.   

Recent studies have showed that the peripheral clock system within each 

cardiovascular organ is closely related with the progression of cardiovascular disorders 

[112, 127-129]. Synchronization between the internal clock and external stimuli is 

probably critical in maintaining normal health and homeostasis. In addition, failure to 

harmonize the phase of the central clock with that of the peripheral clock may exacerbate 

disease progression.  

Besides the metabolic syndromes, circadian system also promotes inflammatory 

pathways which contribute to the development of cardiovascular diseases. For example, 

the circadian transcription factor Rev-erb expressed in immune cells including 

macrophages impacts inflammatory responses by altering TNF- induced NF-B 

signaling pathway, whereas ROR blocks it [130, 131]. Our study showed that circadian 

oscillation in peritoneal macrophages can be influenced by inflammatory stimuli and that 
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impaired circadian oscillation impacts inflammatory cell function and contributes to the 

progression of cardiovascular disease. However, a lot of investigations need to be done in 

the future to explain the precise functions of these biological clocks and elucidate the 

orchestration of biological systems before chronotherapy could be used in clinlic.  
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MATERIALS AND METHODS 

Animals	

All experiments were conducted in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals, and approved and monitored 

by the Georgia Regents University Institutional Animal Care and Use Committee.  Male, 

littermate control WT , Period-2 Luciferase transgenic (Per-Luc), Bmal1-KO (Jackson 

Laboratories) and Per-1,2,3 trile-knockout (Pers-KO) mice were housed under standard 

12-h light/dark conditions. 

Cell	Culture	and	Transfection	

COS-7 cells [37, 132] were purchased from ATCC and cultured in Dulbecco’s 

modified Eagle’s medium (Invitrogen) containing L-glutamine, penicillin, streptomycin, 

and 10% (v/v) fetal bovine serum. Cells were transfected using Lipofectamine 2000 

according to the manufacturer’s instructions (Invitrogen). 

DNA Constructs 

The cDNA encoding Nox5β contains an N-terminal HA tag. Mutations 

corresponding to SNPs were introduced by PCR using WT-Nox5β cDNA as the template 

and the primers were listed in Table 1. DNA sequences were confirmed by automated 

sequencing and expression verified by Western blotting. 
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Table 1: Sequences of Nox5 mutagenic primers. 

  Mutations Primers 

1 M77V 5’- CAGCCCCGTGGACAAACTCAAATTCCTCTTCC-3’ 
2 M77K 5’- GCCCCAAGGACAAACTCAAATTCCTCTTCCAG-3’ 

3 K79I 5’- CCATGGACATCCTCAAATTCCTCTTCCAGGTGTATG-3’ 
4 P97A 5’- ATTGACGCCGATGAGCTGCGCACTGTGCTGCAGTC-3’ 

5 S236R 5’- CGACTGCCGCTTCATCGCGGTGCTGATGCTCAG-3’ 

6 T253M 5’- GCGGGCCACGTGGCTGGCTCAAGTCCTACCACTGG-3’ 
7 L334F 5’- CTGCTCCTCTTCATGTTCATCTGCTCCAGTTCCTG-3’ 
8 L360P 5’- CCTACCCCCTCGTGTGGCTTCTGCTCATCTTTC-3’ 
9 L361P 5’-CTACCTCTTCGTGTGGCTTCTGCTCATCTTTCATG-3’ 
10 R419Q 5’-ATCAAGCAGCCCCCTTTTTTTCACTATAGACCTG-3’ 

11 R530H 5’- GACCCCCACCCACAGGATCTTTGCCTCTGAGCATGCC-3’ 

12 G542R 5’- GCTCATCAGGGCAGGCATCGGCATCACCCCC-3’ 
13 K688E 5’- GAAGGGCGAGGTGCAGGTCTTCTTCTGTGGCTC-3’ 
14 V689A 5’-GCAAGGCCCAGGTCTTCTTCTGTGGCTCCCCAG-3’ 

15 R713G 5’- CGGCTTCGGATTTTTCCAAGAGAATTTCTAGC-3’ 
 

Measurement of ROS 

COS-7 cells were transfected with cDNAs encoding WT HA-Nox5β or the 

various mutants of HA-Nox5β. 24 h later, cells were detached and either replated into 96-

well plates (Thermo Lab systems) at a density of ~5 X 104 cells/well or processed for 

expression analysis via Western Blot. For peritoneal macrophages, cells were seeded into 

96-well plate and subject to various treatments. Next day, cell media was changed to 

phenol-free Dulbecco’s modified Eagle’s medium (Sigma) containing 400µM 

concentration of the luminol analogue L-012 (Wako) and incubated for 30 min prior to 
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the addition of agonists. Luminescence was quantified over time using a Lumistar Galaxy 

(BMG) luminometer. The specificity of L-012 for ROS was confirmed by transfecting 

cells with a control plasmid such as green fluorescent protein,  lacZ , or by co-incubation 

of a superoxide scavenger, such as Tiron (5 mmol/L)[36]. Hydrogen peroxide was 

measured using the Amplex Red assay with excitation at 544nm and emission detection 

at 590 nm. Cells were incubated for 20 min at 37°C with 50 uM Amplex Red and 0.125 

U/ml HRP. In all cases, background levels of hydrogen peroxide obtained from mock-

transfected controls (lacZ) were subtracted from that obtained from cells expressing Nox 

enzymes [133, 134]. 

Measurement of Nitric Oxide  

Nitric oxide (NO) production was measured over time from macrophages or 

transfected cells via the accumulation of nitrite in cell culture medium using NO-specific 

chemiluminescence (280i NO analyzer, Ionics).  COS-7 cells were transfected with either 

a control gene (LacZ) or iNOS and background levels of nitrite in c cells expressing LacZ 

were subtracted from all measurements. In macrophages thecontribution of nitric oxide 

synthase (iNOS) was determined using the selective nitric oxide synthase inhibitor, L-

NAME (400µM).  
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Quantitative PCR 

Quantitative PCR was used to assess the levels of relative gene expression in cells 

used for in vitro analysis. Different cell lysates were collected at corresponding time 

point; total RNA was extracted using Trizol Reagent (Invitrogen) and further purified 

with the RNeasy isolation kit (Qiagen, Valencia, CA).  400 ng of RNA was reverse-

transcribed using oligo-(dT) primer iScript Reverse Transcriptase (BioRad) into cDNA 

for subsequent PCR analysis. PCR amplification was done using manufacturer’s protocol 

for SYBR Green fluorescent dye quantification (BidRad). The general reaction 

conditions were an initial denaturation at 95°C for 30 seconds, followed by 38 cycles of 

95°C for 15 seconds, 58°C annealing temperature for 30 seconds, 72°C for 30 seconds 

where a fluorescent image was obtained. Relative gene expression levels were analysed 

using the 2-ΔΔCt approximation method. The relative gene expression was normalized 

twice to a control sample that was additionally normalized to a common housekeeping 

gene, GAPDH. 

Co-immunoprecipitation and Western Blotting 

Cells were lysed on ice in a lysis buffer containing 20mM Tris-HCl (pH 7.4), 

137mM NaCl, 1% NP-40, 10mM NaF, 10% Glycerol, 0.1mM depolymerized sodium 

vanadate, and 1% protease inhibitor cocktail (Sigma). SDS-PAGE and immunoblotting 

were performed using standard procedures. In brief, 500 �g of cell extract was incubated 

for 2 h at 4°C with the relevant antibody: anti-HA (Roche Applied Science), anti-
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Hsp90(BD) and complexes were precipitated with A/G beads (Santa Cruz). Antigens 

were detached from the beads by incubating with SDS sample buffer at 95°C for 5 min 

and proteins were subjected to Western blot analysis. Nox5 phosphorylation state specific 

antibodies to Ser490, Thr494, and Ser498 were generated by Pacific Immunology as 

previously described[133]. 

Cell Free Activity Assay 

COS-7 cells expressing WT and mutant Nox5 were lysed in a MOPS (30 mM, pH 

7.2)-based buffer containing KCl (100 mM), Triton (0.3%), and protease inhibitors 

(Sigma). Adherent cells were rocked gently, and the lysis buffer was aspirated and then 

washed three times with phosphate-buffered saline (4°C). Remaining cytoskeletal 

fractions were resuspended in MOPS buffer containing 3 mM EGTA to remove any 

residual calcium. These fractions were sonicated at low power and pelleted by 

centrifugation at 14,000 rpm (4°C). The supernatant was then aspirated, and the pellet 

was resuspended in MOPS buffer with mild sonication. The cell-free extract was 

aliquoted into buffers containing L012 (400�M), 1 mM MgCl2, 100 uM FAD (Sigma), 

and buffered free calcium at 0 and 26 �M (Invitrogen/Molecular Probes calcium 

calibration buffer kit). After a brief period of equilibration, reduced NADPH (Sigma) was 

injected to a final concentration of 200 �M, and the production of reactive oxygen 

species was monitored over time[36].  
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Peritoneal Macrophage Isolation 

Macrophages were isolated as previously described [135]. In brief, Per2-luc, 

Bmal1-KO, Per-TKO and WT mice were injected with 1ml of 3% Brewer thioglycollate 

medium into the peritoneal cavity. Peritoneal macrophages were harvested 4 days after 

injection. The concentration of cells in the harvest medium was adjusted to 2 × 106 total 

peritoneal cells/ml and cells were seeded into 96-well plates. Cells were allowed to 

adhere to the substrate 2 hr at 37°C. Nonadherent cells are removed by gently washing 

three times with warm PBS. 

Measurement of Circadian Rhythms 

Peritoneal macrophages from Per2-luciferase transgenic mice (1×104 per well) 

were seeded into 96-well plates (white) and maintained in culture for 24h. Cells were 

then synchronized using 50% horse serum shock for 2h. The media was then changed to a 

luminescence buffer (0.1 mM luciferin medium) with or without the indicated treatments 

and bioluminescence was recorded every 2 hours in a Lumistar Galaxy (BMG) 

luminometer maintained at 37ºC. Oscillation curves were analyzed using the Cosinor 

program.  

Circadian Reporter Assays 

The mouse per1 promoter luciferase [136] was co-transfected with myc-bmal1 

and HA-clock with or without NOX5, inactive NOX5 or iNOS with and without L-N-
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NAME. Relative luciferase activity was measured using a Lumistar Galaxy (BMG) 

luminometer. 

Analysis of Gene Expression 

RNA was isolated from macrophages using TRIZOL and direct-zol (Zymo). 

cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad) and relative gene 

expression using real time RT-PCR (Bio-Rad iQ SYBR Green) using the following 

primers, mouse bmal1, per2, TNFa, IL-6. 

   Forward  Reverse 

Bmal1  TTCTCCAGGAGGCAAGAAGA  TTGCTGCCTCATCGTTACTG 

Per2  ACGCTGGCAACCCTGAAGTA  CCTCAACCTGCTCCATGCTGTA 

TNF‐a  CGTCAGCCGATTTGCTATCT  CGGACTCCGCAAAGTCTAAG 

IL‐6  ACAACCACGGCCTTCCCTACTT  CACGATTTCCCAGAGAACATGTG 

 

In Vitro Foam Cell Assays 

Peritoneal macrophages were isolated from the indicated mouse models and 

exposed to oxLDL (50µg/ml) for 72h. Cells were then fixed with 4% paraformaldehyde 

in PBS for 10 min and washed twice with PBS. Cells were exposed to 60% 2-propanol 

for 2 min prior to staining with 0.2% oil red O (Sigma) in 60% 2-propanol for 10 min. 

Slides were then washed with 2-propanol and PBS. Cholesterol ester and free cholesterol 
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from macrophages were determined using the Cholesterol Assay Kit (Cayman Chemical 

Company). 

Macrophage Migration Assays 

Peritoneal macrophage migration assays were described previously [137]. Cells 

were seeded in each well of Oris plate (Platypus Technologies, Madison, WI, USA). The 

inserted column were removed carefully after 24h until the seeded cells attached to the 

plate. After that, inserts were carefully removed and the cells were gently washed with 

warm PBS. The cells were incubated with or without LPS (100 ng/ml) in RPMI medium 

for 24 h and then stained with 5 μM of calcein AM for 30 min. By using a microplate 

reader to measure excitation/emission wavelengths (485/515 nm), migrated cells were 

quantified. 

Macrophage Adhesion Assays 

Macrophage labeling and adhesion assays were described previously [138]. 

Briefly, peritoneal macrophages were labeled with 5 μmol/L of CFDA-SE in phosphate-

buffered saline (PBS) at 37◦C for 10 minutes and then washed cells three times with cell 

culture medium. 1×105 peritoneal macrophages were then added to the activated human 

aortic endothelial cells treated with 10 ng/mL TNFα overnight in 12-well plates. After 

incubation for 15 minutes at 37◦C, the cells were washed twice with PBS and the 

fluorescence signal were measured by Lumistar Galaxy (BMG) luminometer. 

 



24 
 

24 
 

Statistical analysis 

Luminescence data are expressed as mean ± S.E. Statistical analysis was 

performed using GraphPad InStat software (GraphPad Software, Inc.) and comparisons 

between two groups (paired WT and mutant) were made using a two-tailed Student’s t-

test. Differences were considered as significant at p<0.05 (*).  
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RESULTS 

Effects of Nox5 mutations on basal and stimulated ROS production:  

To assess the effect of exonic SNPs ( 

.) on Nox5 activity and ROS production, we used chemiluminescence to measure 

superoxide production in untreated cells (basal) or following stimulation with a calcium-

dependent agonist (ionomycin) or an agonist that increases activity via changes in Nox5 

phosphorylation (PMA). 

Table 2: Nonsense and missense single nucleotide polymorphisms within the gene 
coding region of Nox5. 
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 As shown in Figs. 1 and 2 and summarized in Fig.7, the majority of SNPs were 

well tolerated by Nox5 with no major changes in basal activity. However, 7 out of 15 had 

a significant loss of activity despite equal levels of enzyme expression.  S236R, G542R, 

V689A mutants were completely inactive both under unstimulated conditions and 

following ionomycin and PMA challenge (Figs. 1, 2). T253M, R419Q, R530H had 

measurable basal and stimulated activity that was <10% of WT Nox5. We did not 

observe any mutants with robust increases in activity although some, including K79I and 

P97A, had statistically significant increases in activity that were regarded as minor. 

Western Blot was performed on all transfected cells to confirm that the same amount of 

Nox5 protein was expressed (Fig. 1, lower panels). 
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Figure 1. Basal superoxide production from Nox5 mutants. 

Superoxide production was monitored using L-012 in COS-7 cells transfected with HA-

Nox5 or mutants based on SNPs listed in Table 2 (A-O). Upper panel shows 

unstimulated or basal superoxide release from HA-Nox5 or the mutants. Western blots in 

the lower panels reveal full length protein expression of transgenes versus the loading 

control, GAPDH. Results are presented as mean ± SEM (n=4-6), * P<0.05, versus HA-

Nox5 
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Figure 2. Stimulated superoxide production from Nox5 mutants. 

Stimulated superoxide production was monitored in COS-7 cells transfected with HA-

Nox5 or mutants via L-012 chemiluminescence (A-O). Superoxide release was monitored 

over time from cells stimulated with ionomycin (1μM) or PMA (100nM). Maximal 

superoxide produced is presented as mean ± SEM (n=4-6), * P<0.05, versus HA-Nox5. 
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Investigation of mechanisms underlying the reduced activity of the M77K Nox5 
mutant:  

The M77K Nox5 mutant had reduced capacity to produce superoxide under basal 

(Fig. 1) or stimulated (Fig. 2) conditions. Exploring further, we investigated whether 

there were changes in the profile (superoxide versus hydrogen peroxide) of ROS 

produced. As shown in Fig. 3, hydrogen peroxide production from Nox5 M77K was 

significantly reduced which is in line with the decreases observed in superoxide 

production. The ability of Nox5 M77K to produce ROS in response to PMA stimulation 

was also compared with WT Nox5 (Fig. 4A). The phosphorylation of Nox5 at Ser490, 

Thr494, and Ser498 in response to PMA has been shown to influence calcium-dependent 

activity by increasing sensitivity to lower levels of calcium. This mechanism has been 

shown to be important for basal, PMA and low level calcium-dependent production of 

superoxide [36]. Using phosphorylation-state specific antibodies we found that basal and 

stimulated phosphorylation of Nox5 was not different in the M77K mutant versus the WT 

(Fig. 4B). These results suggest that the M77K mutation does not influence basal or 

PMA-stimulated Nox5 phosphorylation. 

Previous studies by our lab have shown that hsp90 binding to Nox5 influences 

enzyme stability and superoxide production [133, 139] To investigate whether the M77K 

mutation influences the ability to bind hsp90, we performed co-immunoprecipitation 

using HA to immuno-isolate Nox5 and a hsp90 antibody to determine the amount of 
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bound hsp90. At the same level of expression of M77K and WT Nox5, we observed no 

changes in hsp90 binding to Nox5 (Fig. 5). 
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Figure 3. Hydrogen peroxide production from Nox5 versus the M77K mutant.   

COS-7 cells were transfected with HA-Nox5 or the mutant M77K. Cells were incubated 

for 20 min at 37°C with 50µM Amplex Red and 0.125 U/ml HRP. Hydrogen peroxide 

was measured via background subtracted Amplex red fluorescence in cells transfected 

with a control plasmid (LacZ).  Results are presented as mean ± SEM (n=4-6), * P<0.05, 

versus HA-Nox5. 
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Figure 4. The M77K mutant does not influence Nox5 phosphorylation. 

(A) Stimulated superoxide production was measured over time from COS-7 cells 

expressing HA-Nox5 or the mutant M77K following the addition of PMA (100nM). 

Results show the maximum level of superoxide produced and are presented as mean ± 

SEM (n=4-6), * P<0.05, versus HA-Nox5. (B) COS-7 cells expressing HA-Nox5 or the 

mutant M77K with vehicle or PMA (100nM) and the phosphorylation of Nox5 at Ser490, 

Thr494 and Ser498 were determined by Western blot using phosphorylation state specific 

antibodies relative to total Nox5. Representative blots from 3 independent experiments 

are shown. 
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Figure 5. The M77K mutant does not influence hsp90 binding ability to Nox5. 

COS-7 cells were transfected with HA-Nox5 and M77K Nox5. 48hrs later, Nox5 was 

immunoprecipitated from cell lysates using a monoclonal antibody against HA or a 

negative isotype control mouse immunoglobulin (IgG). Immune complexes were 

immunoblotted for the amount of Nox5 recovered (HA) and associated hsp90. 

Representative blots from 2-3 independent experiments are shown. 
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The M77K mutation hinders the calcium-dependent activity of Nox5. 

In response to the calcium-dependent agonist, ionomycin, superoxide production 

from M77K was significantly reduced compared to WT Nox5 (Fig. 6A). To explore if the 

M77K mutation constrains the ability of Nox5 to respond to calcium, we next performed 

a cell-free activity assay. Superoxide production was measured in the presence of excess 

co-factors, with and without a maximal concentration of buffered free Ca2+ [36]. 

Superoxide production from WT Nox5 was robustly increased in the presence of 26�M 

Ca2+. However, the mutant M77K Nox5 was insensitive to high levels of Ca2+ as 

evidenced by the dramatically reduced production of superoxide at equal levels of 

expression (Fig. 6B). To further explore the mechanisms underlying the reduced activity 

of M77K, we generated another mutation, M77V representing a distinct SNP with a more 

conservative amino acid substitution. In contrast to the M77K Nox5, M77V had only 

slightly reduced basal activity and no change in PMA activity (Fig.1, Fig. 2A-B). 

However, ionomycin-stimulated calcium-dependent activity was only ~50% of the WT 

(Fig. 2 A-B).  These results suggest that M77 influences the ability of Nox5 to respond to 

calcium.   
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Figure 6. The M77K mutation decreases the calcium-induced activation of Nox5. 

(A) Stimulated superoxide release was measured over time from COS-7 cells expressing 

HA-Nox5 or the mutant M77K following addition with ionomycin (1μM). Results show 

the maximum level of superoxide produced and are presented as mean ± SEM (n=4-6), * 

P<0.05, versus HA-Nox5. (B) The activity of Nox5 in cell free extracts was determined 

in the absence or in the presence of free calcium (mean ± SEM n=4). * P<0.05, versus 

HA-Nox5. 
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The relevance of other single nucleotide polymorphisms of Nox 5: 

The coding region of Nox5α has ~108 reported coding SNPs of varying 

frequencies (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?locusId=79400). Our study 

was primarily focused on identifying the SNPs that modify the amino acid sequence of 

Nox5 and potentially influence its activity. However, a recent report has indicated that 

certain codons may serve a dual purpose (duons) by also regulating the level of gene 

expression by enabling transcription factor binding within exons. Duons are highly 

conserved and it has been reported that SNPs within duons can significantly alter TF 

binding[140]. Relevant to our study, synonymous SNP that are silent and do not change 

the amino acid sequence may indeed have relevance by influencing Nox5 gene 

expression through the creation or elimination of duons. Therefore we have listed the 

synonymous SNPs within Nox5 and determined whether the modified residue is 

conserved in the gene for Nox5 in other mammals (Table 3). Given the high degree of 

conservation observed, it is likely that duons exist within the Nox5 gene, and are possibly 

altered by SNPs to influence gene expression levels [141]. However, future studies will 

be needed to rigorously identify whether duons exist with the coding region of Nox5 and 

also whether SNPs can influence Nox5 expression levels by destruction or creation of 

new duon sequences. The 1000 Genomes Projects provides more detailed information on 

human genetic variation across populations. With the knowledge gained from the changes 

in activity of Nox5 mutants arising from SNP, we compared the frequencies of these 
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mutations based on the 1000 Genome Projects database (Table 4). The 5 listed SNPs are 

those introducing mutations in Nox5 that alter activity significantly including M77K, 

S236R, T253M, W254Ter* and R530H and those for which data is available. An 

interesting finding is that the SNP encoding R530H has a relatively high frequency 

among Asians and Africans versus Europeans with South Americans being intermediate 

(0.115 African Americans, 0.208 Kenya, 0.119 Nigerians and 0 for Western and Northern 

Europeans, 0 from Great Brittain, Italy and Spain and 0.086 for Mexicans, 0.046 for 

Puerto Ricans, 0.067 Columbians).  The W254Ter was predominantly found in Africans 

(0.074 in African Americans, 0.0625 in Kenyans and  0.108 in Nigerians) versus 0 in 

other populations. 
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Table 3: Synonymous single nucleotide polymorphisms in the gene coding region of 
Nox5. 
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Table 4: Demographics of SNP induced mutations in Nox5. 
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LPS Alters Circadian Rhythms in Macrophages: 

Previous studies have demonstrated that existence of a local circadian clock in 

peritoneal macrophages [13].  Thus, we undertook studies to investigate whether the 

circadian clock in macrophages can be regulated by pro-inflammatory stimuli by 

exposing peritoneal macrophages to LPS.  After synchronizing macrophage clocks with 

serum shock, LPS was adminstered which promoted the disruption of circadian rhythms 

and dampened oscillation as determined by Per2-luciferase activity (Fig. 7A). More 

detailed analysis of circadian rhythm by cosinor revealed that the acrophase (a marker for 

phase shift by measuring the extent and timing of change within a cycle [142, 143] was 

significantly increased by LPS in the synchronized peritoneal macrophages, indicative of 

a phase shift (Fig. 7B). Similar results were obtained using other stimuli i.e. 

dexamethasone to synchronize macrophage clocks. To obtain additional evidence on 

clock function, we next assessed rhythmic changes in mRNA expression of clock genes. 

qRT-PCR results demonstrated that LPS disrupted and repressed rhythmic mRNA 

expression of the core clock genes, Bmal1 and Per2 (Fig. 7C). 
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Figure 7. LPS induces a phase shift in synchronized peritoneal macrophages and impairs 

the expression of core circadian genes in peritoneal macrophages. 
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(A)Peritoneal macrophages from Per2-luciferase transgenic mice were seeded in 96-well 

plate (white) for 24 hours. After 2h serum shock, cells were kept in luminescence buffer 

and bioluminescence was recorded every 2 hours which starts from Time 0. (B) 

Oscillation curves were analyzed by Cosinor (mean ± SEM n=8). * P<0.05, versus 

Control. (C) Peritoneal macrophages were synchronized and mRNA levels of Bmal1 and 

Per2 were assessed every 8h with qRT-PCR. Transcript abundance was reported relative 

to Time 0 in control group without LPS. (n=5, t test). 
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To explore the potency of the LPS-induced phase-shift, peritoneal macrophages 

were challenged with progressively lower doses of LPS. While LPS was able to induce a 

phase shift even at the lowest dose tested, this phase shift was potentiated at the higher 

doses tested (Fig 8). These effects were independent of an effect on cell viability, as 

assesment of cell number revealed no significant difference between control and the LPS 

doses employed (Fig. 8A right panel). 
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Figure 8. LPS promotes circadian phase-shift at low concentrations. 

Varying doses of LPS (5, 20 and 100ng/ml) were added into the luminescence buffer at 

the Time 0 after serum shock. (A) Left panel: Bioluminescence were recorded every 2h 

continuing for 68 hours. Right panel: Cell numbers were measured via cell viability assay 

at the end of luminescence measurement (Promega). (B) Oscillation curves were 

analyzed by Cosinor (n=8, t test) 
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Antagonist of TLR4 reverses LPS-induced phase-shift: 

Toll-like receptors are expressed by cells of innate immune system and can be 

activated by pathogen-associated molecular patterns (PAMPs). Activation of TLR 

induces the release of pro-inflammatory cytokines as well as the maturation of antigen 

presenting cells[144-146]. Among the many TLR isoforms,  TLR4 is the major receptor 

for LPS[147]. TLR4 does not operate alone, CD14 optimizes LPS binding to a complex 

containing TLR4 and MD-2[148]. MD-2 is a soluble protein that binds to the 

extracellular domain of TLR4 and is recognized as the pricinple site of LPS-dependent 

signaling[149]. To investigate the mechanism by which LPS causes the circadian phase 

shift in macrophages, we treated macrophages with a TLR4 antagonist and then recorded 

changes in Per-2 luminescence. Previous studies have shown that hypo-acylated LPS 

(LPS-RS) competitively antagonizes hexa-acylated LPS[150] by competing with the 

same binding site on MD-2 to represses TLR4 signaling[149]. LPS-RS prevented phase-

shift to LPS in peritoneal macrcophages (Fig. 9A). Cosinor parameters were shown in Fig 

9B. 
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Figure 9. Antagonist of TLR4, LPS-RS, reverses LPS-induced phase-shift. 

Peritoneal macrophages were isolated from Per2-luciferase transgenic mice and then they 

were subjected to serum shock. LPS with or without LPS-RS (5ug/ml) were added into 

the luminescence buffer at the Time 0. (A) Bioluminescence were recorded every 2h 

continuing for 68 hours. (B) Oscillation curves were analyzed by Cosinor (n=8, t test). 
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LPS induces NO and ROS release from peritoneal macrophages: 

 Cellular redox status, represented by NAD(H) and NADP(H), is reported to 

regulate the transcriptional activity of Bmal1/CLOCK and Bmal1/NPAS2 by changing 

DNA binding activity [70]. Macrophages are a major source of ROS and ROS is the 

downstream product of LPS-TLR4 signaling pathway [151]. In peritoneal macrophages, 

LPS stimulated ROS production, and this was inhibited by the TLR4 antagonist LPS-RS 

as well as the selective Nox2 inhibitor (gp91 ds-tat) and superoxide dismutase (SOD) 

(Fig.10A). These data raise the question of whether ROS mediate the ability of LPS to 

alter circadian rhythms. Superoxide dismutase Tempol and SOD reversed the LPS-

induced circadian disruption ( Fig 10B). To directly assess this, we transduced a circadian 

reporter cell line (U2OS Bmal1-luc) with NADPH oxidase 5 (Nox5) an enzyme that 

produces superoxide from a single gene product both at rest and following calcium-

dependent stimuli [36]. To distinguish between the possible effects of NOX5 per se 

versus ROS [152], U2OS cells were also transduced with adenoviruses encoding a 

mutant of Nox5 (H268Q) that disrupts heme binding and the ability to produce 

superoxide (Fig 10C). Interestingly, circadian rhythms in U2OS cells  expressing the 

active form of Nox5 were phase shifted compared to control, an effect that was absent in 

the inactive Nox5. To assess how ROS might affect circadian oscillation, we next 

assessed the effect of ROS on circadian transcription factors in a promoter-dual luciferase 

reporter assay. In control transfected cells, Bmal1 and Clock co-transfection robustly 

transactivated the Per-Luc reporter whereas in cells co-transfected with Nox5, promoter 
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activation was reduced (Fig. 10D).  In contrast, the inactive Nox5 construct was without 

effect on promoter activation.   Equivalent results were also observed with Bmal1 and its 

other heterdimeric partner, NPAS2 in co-transfection studies (data not shown). ROS 

production from control, active and inactive Nox5 constructs is shown in Fig 10E.   
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Figure 10. LPS increases ROS release from peritoneal macrophage and elevated 
reactive oxygen species impairs the function of circadian transcription factors. 

(A) Peritoneal macrophages were isolated from Per2-luc transgenic mice and the cells 

were subjected to different treatments for 24h. Unstimulated or basal superoxide release 

was monitored using L-012. (B) Peritoneal macrophages were subjected to different 

treatment. Bioluminescence were recorded every 2h continuing for 68 hours. (C) U2OS 

Bmal1-luc cells were infected by LacZ, Nox5 active or Nox5 inactive virus and 

oscillation was recorded every 2h after serum shock. (D) Per1 promoter transactivation 

was assessed by a dual luciferase assay in transfected COS cells expressing Bmal1, 

Bmal1+Clock in the presence or absence of the ROS generator Nox5 or inactive enzyme 

(H268Q).  (E) SOD-sensitive superoxide production was monitored by luminal-enhanced 

chemiluminescence. Results are presented as mean ± SEM (n=8), * P<0.05, versus 

Control. 
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Another important mediator of inflammatory signaling in macrophages is nitric 

oxide.  The high output, inducible nitric oxide synthase (iNOS) was originally identified 

in macrophages and iNOS expression and NO release can be induced with LPS [153]. To 

investigate if LPS and TLR4 inhibitors influence NO release in murine peritoneal 

macrophages, we treated macrophages with LPS in the presence and absence of LPS-RS 

and NO release was measured by NO-specific chemiluminescence using a NO analyzer. 

Compared to control, LPS robustly induced NO production which was prevented with 

LPS-RS and the NOS inhibitor, L-NAME (Fig.11A).  To determine whether NO 

influences circadian transcription factor activity, we performed a dual luciferase assay in 

COS-7 cells transfected with per1-luciferase reporter/Gaussia luciferase and bmal1, 

NPAS2 and iNOS (NO generator) in the presence and absence of the NOS inhibitor, L-

NAME. However, there was no effect of NO on bmal1/NPAS2 activity (Fig. 11B). 

Equivalent results were obtained with bmal1/clock (data not shown). 
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Figure 11. LPS increases NO release from macrophage but NO exhibites no effect on 
circadian transcription factors. 

(A) NO release was measured by chemiluminescence detection of NO2
− (n=6, one-way 

ANOVA). (B)Dual luciferase assay in COS cells expressing Bmal1, 

Bmal1+NPAS2+iNOS in the presence or absence of L-NAME (2mM). (C) Peritoneal 

macrophages from Per2-luciferase transgenic mice were treated with LPS in presence or 

absence of NOS inhibitor L-NAME. Bioluminescence were recorded every 2h continuing 

for 48 hours. 
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Circadian gene knockouts exhibit altered NO and ROS release from peritoneal 

macrophages 

To evaluate whether the loss of circadian rhythms influence macrophage 

behavior, we next measured NO and ROS release from macrophages isolated from WT 

and circadian gene knockout mice including Bmal1-KO and Per-TKO mice. Superoxide 

production and NO release were measured separately. Interestingly superoxide 

production from both Bmal1-KO and Per-TKO mice was consistently elevated both in 

unstimulated cells and with LPS challenge while NO release from circadian gene 

knockout mice was decreased compared with WT mice (Fig 12A). Analysis of protein 

expression by Western blot revealed increased gp91phox (Nox2) expression but 

decreased iNOS expression in rhythm disrupted mice (Fig 12B). To further investigate 

circadian disruption, we extracted RNA from peritoneal macrophages and quantitate 

cytokine genes expressions via real-time PCR. Both TNF-alpha and IL-6 expression were 

elevated in Bmal1-KO mice. While IL-6 was also elevated in Per-TKO mice, TNF-alpha 

levels were unchanged in Per-TKO mice relative to WT mice (Fig 12C). 
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Figure 12. Circadian genes knockout alters the balance ROS and NO release from 
peritoneal macrophages. 

Peritoneal macrophages were isolated from WT mice and circadian gene knockout mice 

(Bmal1-KO mice and Per-TKO mice), and cells were subjected to different treatments for 

24h. (A) Unstimulated or basal superoxide release was monitored using L-012. NO 

release was measured by chemiluminescence detection of NO2−. The data was 

normalized by L-NAME. (n=6-8, ttest). (B) Cell lysates were immunoblotted GP91, 

iNOS and GAPDH. (C) Peritoneal macrophages were isolated from different mice 

models, and then were subjected to each treatment. mRNA expression level of TNF-alpha 

and IL-6 were measured by qRT-PCR (∆∆Ct) normalized to GAPDH. * p < 0.05 (n = 6). 
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Circadian clock disruption increases LDL uptake by macrophages 

Recent studies have reported that circadian clock-deficient mice have increased 

susceptibility to atherosclerosis [154]. Given the importance of macrophage function in 

atherosclerosis, we next determined whether disruption of the circadian clock alters the 

ability of macrophages to take up lipids. Peritoneal macrophages from WT and circadian 

gene knockout mice were exposed to oxLDL for 72h and then assessed for lipid uptake 

via Oil Red O staining and cholesterol levels. As shown in Fig 13A, macrophages from 

both Bmal1-KO and Per-TKO have increased Oil Red O staining and increased levels of 

both cholesterol and cholesterol ester (Fig. 13B). 
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Figure 13. Circadian clock disruption increases LDL uptake by macrophages 

Peritoneal macrophages were isolated from each mice model and cells were subjected to 

oxLDL (50ug/ml) treatments for 72h. (A) Oil red O staining in macrophages. The 

staining was quantitated by fluorescence easurement. (B) Cholesterol ester and free 

cholesterol from macrophages were determined by Cholesterol Assay Kit (Cayman 

Chemical Company). * p < 0.05 (n = 4). 
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To explore whether circadian disruption altered macrophage activities, we 

performed cell migration and adhesion assays separately. In Fig 14A, migration activities 

were elevated in Per-TKO mice at basal or with LPS stimulation. We next examined 

whether circadian disruption could influence macrophage adhesion to endothelium. Both 

at the basal and LPS stimulation level, macrophages from Per-TKO mice exhibited about 

twice adhesion activities compared with WT mice (Fig 14B). These data indicate that 

impaired circadian rhythms may alter macrophage activities resulting in progression of 

cardiovascular diseases. 
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Figure 14. Circadian clock disruption altered macrophages migration and adhesion 

activities. 

(A) The effect of circadian disruption on macrophage migration was evaluated based 

on Oris Cell Migration Assay kit. The cells were subjected to indicated treatment for 24h 

and then stained with calcein AM for 30 min. The fluorescence signal were quantified. 
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(B)  Fluorescence labeled peritoneal macrophages were added to the activated human 

aortic endothelial cells. Quantification of the adhesion assay was performed after 

incubation for 15 minutes at 37◦C. 
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DISCUSSION 
Functional Significance of Nox5 by investigating Nox5 SNPs 

The functional relevance of Nox5 remains enigmatic. Chief obstacles are the 

absence of Nox5 in the genomes of rats and mice, the lack of genetic knockouts in other 

species and the inability to selectively target Nox5 with pharmacological tools. Given 

these constraints, our knowledge of the functional roles of Nox5 has been limited to in 

vitro or ex vivo experiments and correlative studies based on expression levels. In human 

cells, Nox5 has been ascribed numerous roles including the development and capacitation 

of sperm, smooth muscle proliferation and migration, endothelial cell proliferation and 

angiogenesis and cancer cell proliferation and resistance to apoptosis [26, 41]. Nox5 

expression is also known to be unregulated in development, cancer, and cardiovascular 

diseases, but whether it influences the pathogenesis of disease is not year clear. Genetic 

approaches that correlate small variations in human genomes with disease susceptibility 

such as GWAS have had limited predictive power in complex polygenic diseases.  

Therefore in the current study we assessed the functional significance of Nox5 by 

investigating the how SNPs within the coding region of Nox5 influence its enzymatic 

activity as measured by ROS production.  

Nox5 can be functionally divided into 3 domains, an N-terminal EF-hand calcium 

binding domain, a 6 transmembrane spanning middle region that supports 2 heme 
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molecules, and a C-terminal reductase domain that binds NADPH. The elevation of 

calcium promotes occupation of the N-terminal EF hands of Nox5 and induces a 

conformational change that exposes a hydrophobic region. Once released, the 

hydrophobic core binds to a C-terminal Regulatory EF-hand Binding Domain (deemed 

REFBD) that is thought to relieve intramolecular inhibition and allow electron flow from 

the C-terminus, through FAD to the heme moieties to enable superoxide production.  

Outside of this core mechanism for activation, the phosphorylation of Nox5 (S490, T494, 

S498) and binding of calmodulin can support increased enzyme activity at lower 

concentrations of calcium. Additional regulators are the molecular chaperones such as 

hsp90/hsp70 which bind directly to Nox5 and can influence enzyme stability and the 

production of superoxide versus hydrogen peroxide [132, 155]. There are 5 reported 

isoforms of Nox5 (α-ε, V1-V5). The major differences between the isoforms lie within 

the extreme N-terminus and we have shown that only α and β are capable of ROS 

production. Given the expression of Nox5β in blood vessels and vascular cells and the 

lack of profound differences in ROS production versus Nox5α, we have focused our 

study on the β (v2) isoform which is shortest form capable of ROS production and thus 

changes in Nox5β should also affect the other active isoforms. However, it should be 

noted that there are additional SNPs in the other, longer, isoforms of Nox5 that could 

possibly influence activity.  

We generated 15 mutations in Nox5 based on SNPs identified in the coding 

sequence for Nox5β (Table 2). Of these, 7 out of 15 mutants had significantly attenuated 
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activity. The amino acid, M77 is predicted to reside between the 2 calcium-binding EF-

hands in the N-terminus of Nox5 (Fig. 7). 
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Figure 15. Overview of Nox5 SNPs  

Overview of (A) the relative positions of the non-synonymous SNPs encoding amino acid 

mutations within Nox5 and (B) the relative frequency of these SNPs and the effect on 

basal, and ionomycin and PMA-stimulated activity. 
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 Substitution to the charged residue, lysine (M77K) resulted in a catastrophic loss 

of both basal and stimulated activity. Further analysis revealed no differences in the level 

of Nox5 expression, the degree of phosphorylation or the levels of bound hsp90. 

Alternatively, isolated enzyme assays suggest that the ability of Nox5 to respond to 

calcium is severely compromised in the M77K mutant. To further explore the 

mechanisms involved, we mutated M77 to valine, based on another reported SNP. The 

M77V is a more conservative mutation and resulted in a different enzymatic profile for 

Nox5 including a slight reduction in basal activity, moderately reduced calcium-

dependent activity but little change in PMA-stimulated activity. The reasons for this are 

not yet clear. Binding of calmodulin to some of its target proteins is mediated by 

methionine residues that lie between 2 pairs of EF-hands [156].  Calcium binding to the 

EF hands of calmodulin induces a conformation change that exposes the hydrophobic 

methyl groups of methionine residues and enables it to bind with complementary regions 

on target proteins. It is therefore tempting to speculate that for Nox5, the hydrophobicity 

provided by M77 enables the calcium-dependent activation of Nox5 via binding to the C-

terminal REFBD. This is supported by the lack of activity of the M77K mutant, where 

substitution of methionine to a charged, basic amino acid, virtually eliminates activity.  A 

more conservative substitution to the hydrophobic valine in place of a hydrophobic 

methionine yields a partial phenotype of moderately reduced calcium-dependent activity, 

slightly reduced calcium activity and little change in activity in response to PMA. The 

reduced calcium-dependency of PMA-stimulated Nox5 activity was observed previously 
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by data showing that the ability of PMA-dependent phosphorylation to activate Nox5 can 

occur in low but not zero calcium[36]. This is compatible with the concept that the 

substitution of M77 with valine yields a suboptimal hydrophobic amino acid that retards 

calcium-dependent activation but is less restrictive in response to PMA.   

The most common non-synonymous polymorphism encoding L334F had a 

frequency of 30% and was without changes in expression or activity of Nox5. This 

residue is predicted to lie in the 4th transmembrane region of Nox5 and is a highly 

conserved amino acid in Nox5 across species. The substitution of leucine with 

phenylalanine can be considered a conservative one given their similar properties 

including hydrophobicity (GeneDoc) and may not substantially change the structure of 

Nox5.  The SNP responsible for P97A yielded a Nox5 protein with modestly increased 

activity at rest and following stimulation with both ionomycin and PMA and had a 

relatively high frequency of 2.3%. P97 is predicted to lie close to the 4th EF hand in the 

N-terminal region of Nox5 but it is not clear how this change could positively influence 

activity.   The K79I (MAF 0.18%) mutation had a modest increase in activity at rest, no 

change to ionomycin and a more robust increase with PMA stimulation. K79 is predicted 

to lie in region between the 2 pairs of EF hands and the loss of a charged residue in this 

area may potentiate phosphorylation-dependent activity through interaction with the C-

terminal REFBD.  

The inactive mutants had frequencies ranging from 0.23% to 10.6%. In addition 

to M77K, the S236R, G542R, V689A mutants had no measurable activity and the 
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T253M, R419Q and R530H had significantly diminished (>85%) activity.  S236 (1.5% 

MAF) is predicted to lie within the 2nd transmembrane region and mutation to a charged 

arginine residue (S236A) may catastrophically alter enzyme topology and function. 

T253M has a comparatively low frequency (0.37%) and lies within the 1st loop (A) 

between transmembrane regions and substitution with a hydrophobic methionine may 

alter the structure of this loop. R419 lies within the C-terminal region just after the last 

transmembrane loop and before the predicted FAD binding site. Accordingly, mutation to 

glutamine may alter electron transfer.  In addition to amino acid substitutions there were 

3 SNPs (1 validated) that resulted in a stop codon and a truncated variant of Nox5. 

Lacking 1 or more of the 3 domains necessary for superoxide production, these mutants 

are predicted to be inactive.  The SNP responsible for the W254stop mutant predicts a 

truncated protein without the middle of C-terminal domains that could not function to 

produce superoxide. It has a frequency of 1.8% and others have speculated that this could 

result in the equivalent of a Nox5 knockout in individuals homozygous for this SNP 

although none so far have been identified[41]. The other missense SNP encoding 

truncated Nox5 variants (E23stop, Q454stop) are also predicted to be inactive based on 

the loss of regions critical for enzyme activity, but significance is currently limited by the 

lack of more rigorous validation and frequency data. The SNP encoding the R530H 

substitution is considerably more common (10.6%) and also encodes a protein with 

severely compromised enzyme activity (>95% basal/PMA and >95% ionomycin).  This 

residue resides in the C-terminus and given its predicted location after the FAD and 
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before the NADPH binding sites it should theoretically be better tolerated.  Evidence for 

the disruption of a critical region is derived from the activity of another relatively 

frequent SNP encoding G542R (1.5%) that lies in close proximity. This mutant was 

catalytically inactive as determined by superoxide production. Individuals homozygous 

for either of these SNPs are likely to have little to no Nox5 activity and because protein 

expression is unaffected, they may also function as a dominant negative as has been 

shown for other inactive variants of Nox5 [37]. The C-terminal V689A is a more 

conservative substitution and it was surprising that it had such a dramatic effect on 

enzyme activity particularly as a more significant nearby substitution, K688E had little 

effect on activity. It is possible that NADPH binding is altered but this remains 

speculative.  

Based on the 1000 genomes database, we have listed the frequencies of 5 SNPs 

that alter Nox5 activity significantly among 14 populations including Asia, Europe, 

Africa and the Americas (Table 4) [157-159]. At present there is limited information 

relating genetic polymorphisms of Nox5 to disease susceptibility in different populations. 

Striking differences were observed in the demographics for the SNP encoding W254Ter 

which was found only in individuals in Africa. The SNP encoding R530H was also 

present in diverse populations with significant frequencies observed in Asians and 

Africans, lower in South Americans and absent from Europeans.  Whether these 

differences in the distribution of inactive alleles of Nox5 can help provide insight into the 

significance of Nox5 to human physiology or pathophysiology remains to be determined. 
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There are other reports linking mutations in Nox5 in Hispanics associating with leptin 

and fat mass and to lipoprotein-associated phospholipase A2 [160, 161]. While both have 

strong connections to cardiovascular disease, a causal role for Nox5 remains ambiguous 

and would benefit from more focused investigation on SNPs with clear changes in 

activity.  Putting this data in perspective, the 1000 genomes project revealed that it is 

unlikely any individual possesses a perfect set of genes. Rather, on average, each person 

carries between 250 and 300 genetic changes that result in the loss of gene activity. These 

changes are buffered by the redundancy of two chromosomes and a second set of intact, 

working genes.   

In conclusion, our study has revealed a number of exonic SNPs within Nox5 that 

can influence its activity. We did not reveal any prominent gain of function mutants, but 

showed that several resulted in severely compromised enzyme activity. These mutations 

have also revealed new information about the enzymatic function of Nox5. In particular, 

we found that M77 and the region from R540-G542 are critical for ROS production. 

Future studies are needed to determine whether there are humans with no or low Nox5 

activity and therefore if Nox5 is essential in humans or as with rats and mice, 

dispensable.    Further analysis is also needed to determine whether SNPs coding for 

mutants of Nox5 with compromised activity associate with increased or decreased 

disease susceptibility in humans.  
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The Impact of Circadian Disruption on Cardiovascular System 

Our studies have shown that LPS disrupts circadian rhythms in marophages and 

blunts the expression of rhythmic core clock genes. We have also shown that the TLR4 

antagonist (LPS-RS) and ROS scavenger block the LPS-induced phase-shift. In addition, 

elevated ROS also impaired circadian transcription factor function. In our studies, we 

observed an altered balance between ROS and NO and the elevated LDL uptake ability in 

circadian disrupted mice models.  

Studies have shown that the circadian clock plays a role in atherosclerosis[6, 162], 

transplant arteriosclerosis[5, 6], and obesity[121] and all cardiovascular disease (CVD) 

associated disorders with an important inflammatory and macrophage component. In 

addition to inflammation, CVD such as obesity and diabetes, atherosclerosis and 

hypertension are also accompanied by ROS production [163, 164].  Activation of 

macrophages induces inflammatory reactions, leading to secretion of cytokines, ROS and 

NO production. Intravascular infiltration of macrophages is well established to play a 

critical role in plaque formation in atherosclerosis. Bacterial infections and LPS have 

been shown to stimulate macrophage migration, apoptosis [163-167] and also to 

accelerate atherosclerosis [120, 168]. While we have shown that LPS induces the loss of 

circadian rhythms in macrophages, the importance of circadian rhythms to macrophage 

function, particularly in the setting of cardiovascular disease, is poorly understood.   

Global loss of circadian rhythms by homozygous deletion of the core circadian clock 
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transcription factors leads to endothelial and vascular dysfunction in arteries from Bmal1-

knockout mice[169] and Per-KO mice [170] and alters the timing of endotoxin-induced 

cytokine release in macrophages[14]. Herein, we have also found that LPS robustly 

stimulates NO and ROS production in isolated peritoneal macrophages and that ROS are 

negative regulators of circadian function (Figs 10-11). We hypothesize that loss of 

circadian rhythms in macrophages, secondary to immune challenge, alters macrophage 

function to increase the likelihood of disease. In support of this hypothesis, preliminary 

data in macrophages from circadian clock knockout mice suggest an altered balance 

between ROS and NO (Fig 12).  

We have also shown that circadian clocks also regulate macrophage LDL uptake 

activity. This is consistent with other observations demonstrating clock regulation of 

LDL levels.  In Rev-erba KO mice or Rev-erba knockdown in hypercholerolemic mice, 

(models where Rev-erba repression would be expected to increase Bmal1, given their 

role as transcriptional repressors of Bmal1) LDL levels and iNOS are increased in 

response to LPS [171, 172]. While in Clock mutant mice crossed to hypercholesterolemic 

mice, LDL uptake is increased in macrophages [6]. However, these studies did not assess 

the effect on NADPH oxidase expression or oxidant stress. We found increased ROS 

production from the macrophages of the circadian clock knockout mice. Further, we 

found increased ROS production in U2OS cells can alter clock oscillation, and that the 

elevated ROS in mice with mutated circadian clocks activates IL6 and TNFa. This is also 

consistent with observations demonstrating the inductive effect of NOX-2 elevated 
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superoxide on macrophage activation [173], and our data serves to demonstrate the novel 

role of the circadian clock in this inflammatory response controlling oxidant stress and 

thereby controlling macrophage activation. It will be important in future studies to 

determine if mice with disruption of circadian rhythms in macrophages further impacts 

evolution of cardiovascular disease.  

In conclusion,  we oberserved LPS altered circadian disruption in macrophage by 

stimulation ROS production through LPS/TLR4 signaling pathway. And the circadian 

dysfunction induced pro-inflammatory responses lead to progression of cardiovascular 

diseases. Nox5 derived ROS had been shown to disrupt circadian rhythms in our study. 

Future studies need to be done to dertermine how Nox5 regulate circadian oscillation and 

whether the populations with Nox5 polymorphism exhibited different circadian output 

(Fig 16). 
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Figure 16. Summary of ROS in Circadian Regulation. 
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