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Abstract 

Human CYP2A6 (Cyp2a5 in mice) plays an important role in metabolism and detoxification of 

various drugs and chemicals. Here, we investigate a potential role of peroxisome proliferator-

activated receptor gamma (Ppar-γ) in circadian regulation of Cyp2a5 enzyme. We first showed 

that Cyp2a5 mRNA and protein in mouse liver displayed robust circadian oscillations. Consistent 

with a circadian protein pattern, Cyp2a5-mediated 7-hydroxylation of coumarin was circadian-

time dependent. Formation of 7-hydroxycoumarin was more extensive at the dosing-time of ZT2 

than that at ZT14. Interestingly, the nuclear receptor Ppar-γ was also a circadian gene. Circadian 

Ppar-γ protein level was strongly correlated with the Cyp2a5 mRNA level (r = 0.989). Furthermore, 

Ppar-γ activation (by a selective agonist rosiglitazone) up-regulated Cyp2a5 expression in Hepa-

1c1c7 cells, whereas Ppar-γ knockdown down-regulated Cyp2a5 expression. Also, Ppar-γ 

knockdown blunted the rhythmicity of Cyp2a5 mRNA in serum-shocked Hepa-1c1c7 cells. In 

addition, a combination of promoter truncation analysis, mobility shift and chromatin 

immunoprecipitation assays revealed that Ppar-γ directly bound to a PPAR response element (i.e., 

the -1418- to -1396-bp region) within Cyp2a5 promoter and activated the gene transcription. 

Taken together, Ppar-γ was a transcriptional activator of Cyp2a5 and its rhythmic expression 

contributed to circadian expression of Cyp2a5. 
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Introduction 

Cytochromes P450 (CYPs) are a large superfamily of enzymes that catalyze the oxidation and 

reduction of chemicals. CYPs are the principal enzymes for drug metabolism and detoxification, 

accounting for approximately 75% of all drug metabolism (Guengerich et al., 2008). In addition, 

CYPs play important roles in many biological processes including hormone synthesis 

(steroidogenesis), cholesterol synthesis, and vitamin D metabolism (Hanukoglu et al., 1992; 

Lorbek et al., 2012; Jones et al., 2014). Human CYPs contain a total of 57 members that are 

divided into 18 families (Nelson et al., 2004). The main contributors to xenobiotic metabolism are 

usually from families 1-3 (Guengerich et al 2008). Like humans, mice have 18 families of Cyp 

enzymes. However, mouse Cyps possess a greater number of members (n = 105) (Hrycay et al., 

2009). Mouse model is regarded as the most similar to humans with respect to catalytic activities 

of certain CYP enzymes (e.g., CYP3A4) (Bogaards et al., 2000; Muruganandan et al., 2008). In 

fact, about 40 orthologous pairs of mouse-human CYP genes have been identified that perform 

similar or identical functions (Nelson et al., 2004; Guengerich et al., 1997; Choudhary et al., 2005). 

Human CYP2A6, highly expressed in the liver (Shimada et al., 1994), plays an important role 

in metabolism and detoxification of various drugs (e.g., valproic acid, disulfiram, and losigamone) 

and chemicals (e.g., coumarin and nicotine) (Malaiyandi et al., 2005). In addition, CYP2A6 bio-

activates several procarcinogens [e.g., aflatoxin B1, N-nitrosonornicotine (NNN) and nicotine-

derived nitrosamine ketone (NNK)] to mutagenic products (Fujita et al., 2001; Patten et al., 1997). 

Mouse Cyp2a5 is an orthologue of human CYP2A6 (Honkakoski et al., 1997). Both CYP2A6 and 
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Cyp2a5 are well-characterized coumarin 7-hydroxylases. 7-Hydroxylation is the predominant 

metabolic pathway for coumarin in humans (Miles et al., 1990). However, it is a relatively minor 

route for coumarin clearance in mice (and rats) because in rodents coumarin is preferentially 

metabolized to coumarin 3,4-epoxide that rearranges to o-hydroxyphenylacetaldehyde (o-HPA) 

(Lakeet et al.,1999). 

The efficacy and toxicity of many drugs are dependent on the time of administration 

(Dallmann et al., 2014; Dallmann R et al., 2016). For instance, the anticancer effects of 5-

fluorouracil show a dosing-time dependency (Lévi et al., 2010). Hepatotoxicity of acetaminophen 

is more severe during the night than the daytime (DeBruyne et al., 2014). It is believed that time-

dependent drug activity and toxicity are regulated by circadian clock (Dallmann et al., 2014; 

Dallmann R et al., 2016). The clock system underlies the circadian rhythms and is essentially a 

transcriptional-translational feedback loop system mainly consisting of CLOCK, BMAL1, CRY, and 

PER proteins (Partch et al., 2014). CLOCK and BMAL1 form a heterodimer that activates the 

transcription of clock-controlled genes (CCGs) including CRY and PER (Reppert et al., 2002). 

Once reaching a critical level, CRY and PER proteins in turn inhibit the activities of 

BMAL1/CLOCK, thereby generating circadian oscillations of CCGs (Reppert et al., 2002). 

Interestingly, circadian clock is able to regulate drug-processing genes (e. g., Cyp2b10 and Mdr), 

possibly contributing to time-dependency of drug activity/toxicity (Murakami et al., 2008; Gachon 

et al., 2006). Cyp2a5 has been identified as a circadian gene and DBP (albumin D-site-binding 

protein) is a transcriptional factor potentially controlling its circadian expression (Lavery et al., 
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1999). However, the mild fluctuation after DBP deletion suggests additional factors accounting for 

circadian expression of Cyp2a5 (Lavery et al., 1999). 

Peroxisome proliferator-activated receptor gamma (PPAR-γ or PPARG) belongs to the PPAR 

subfamily of nuclear receptors (the other two members of PPAR subfamily are PPAR- and 

PPAR-). PPAR proteins regulate gene transcription by dimerizing with RXR (retinoid X receptor) 

and binding to the PPAR response element (named PPRE) (Desvergne et al., 1999). PPAR- 

and PPAR-γ mainly function to regulate fatty acid storage and glucose metabolism (Jones et al., 

2005). Their agonists (e.g., gemfibrozil, fenofibrate, troglitazone, and rosiglitazone) have been 

used in the treatment of hyperlipidaemia and hyperglycemia (Li et al., 2008). Extensive studies 

have revealed PPAR- as an important regulator of drug biotransformation (including phase I and 

phase II biotransformation reactions) (Rakhshandehroo et al., 2010; Thomas et al., 2013). 

Interestingly, PPAR-γ has been reported to regulate UGT1A9, a phase II enzyme (Barbier et 

al.,2003). A recent study also show the regulation of fatty acid metabolizing protein CYP4V2 by 

PPAR-γ (Yi et al., 2017). However, whether and how PPAR-γ regulates phase I drug metabolism 

remain unknown. 

In this study, we aimed to investigate a potential role of Ppar-γ in circadian regulation of 

Cyp2a5. We first determined the circadian rhythmicity of both Cyp2a5 and Ppar-γ in mouse liver, 

and analyzed the time-dependent activities of Cyp2a5 using coumarin (7-hydroxylation) as a 

functional marker. The regulatory effects of Ppar-γ on Cyp2a5 were assessed in mouse hepatoma 

Hepa-1c1c7 cells. Regulation of Cyp2a5 rhythmicity by Ppar-γ was confirmed using serum-
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shocked cells. Transcriptional regulation of Cyp2a5 by Ppar-γ was investigated using a 

combination of promoter analysis, mobility shift and chromatin immunoprecipitation (ChIP) assays. 

We demonstrate for the first time that Ppar-γ participates in circadian regulation of Cyp2a5. 
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Materials and Methods 

Materials 

Coumarin and 7-hydroxycoumarin were purchased from Aladdin (Shangha，China). Rosiglitazone 

was purchased from Sigma-Aldrich (St Louis, MO). Anti-Cyp2a5 antibody (catalog number 

ab3570) was purchased from Abcam (Cambridge, MA). Anti-Ppar-γ antibody (catalog number sc-

7273) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-IgG antibody 

was purchased from Cell Signaling Technology (Danvers, MA). siPpar-γ (siRNA targeting Ppar-γ) 

was obtained from TranSheep Bio-Tech (Shanghai, China). 

Animal studies 

All animal care and experimental procedures were in compliance with guidelines approved by the 

Institute of Laboratory Animal Science of Jinan University (Guangzhou, China). All C57BL/6 mice, 

receiving food and water ad libitum, were housed in a temperature- and humidity-controlled room 

with a 12-h light/dark cycle (light on at 7:00 AM and off at 7:00 PM). For the first set of study, six 

mice (8 weeks old, male) were sacrificed at each circadian time point (i.e., ZT2, ZT6, ZT10, ZT14, 

ZT18, and ZT22), and the livers were isolated, snap-frozen, and stored at -80°C until processing 

for mRNA and protein analyses. 

For the second set of study, mice (8 weeks old, male) were randomly divided to two groups 

(n = 30 per group), one group of mice were injected (i.p.) with 30 mg/kg coumarin at the circadian 

time ZT2. The other group of mice were injected (i.p.) with 30 mg/kg coumarin at ZT14. At each 

time point (5, 10, 15, 20, 30, and 45 min), five mice were sacrificed to collect plasma samples. 
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Drug quantification of coumarin and its 7-hydroxylated metabolite were performed using the 

UPLC-QTOF/MS system (Waters, Milford, MA). Pharmacokinetic data were analyzed using the 

non-compartmental approach with WinNonlin software V7.0 (Pharsight, CA).  

Plasmid construction  

Mouse Ppar-γ gene (GenBank accession number: NM_011146.3) was synthesized and cloned 

into the expression vector p3xFLAG-CMV-10. Various versions of Cyp2a5 promoter luciferase 

constructs (-2000/+25,-1500/+60, -800/+25 and -50/+25) were synthesized and cloned into the 

pGL4.10 vector. After verification by DNA sequencing, the plasmids were transformed into E.coli 

JM109 and purified using EasyPure HiPure Plasmid MiniPrep kits. 

Cell culture  

Hepa-1c1c7 cells were purchased from American Type Culture Collection (Manassas, VA) and 

were maintained in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum at 37°C in a humidified 5% CO2 atmosphere.  

Serum shock experiment 

To stimulate circadian gene expression in cultured Hep-1c1c7 cells, serum shock experiment was 

performed as previously described (Matsunaga et al., 2012). In brief, the cells were grown in 

DMEM supplemented with 10%FBS and treated with siPPAR-γ (or siNC as the control) for 24-h. 

This was followed by incubation in serum-starved medium for 12-h. On the day of serum shock, 

50% FBS was added for 2-h and then the cells were changed back to starvation medium. The 
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cells were collected for RNA extraction at 0, 2, 4, 6 and 8-h after the serum shock.  

Reverse transcription-quantitative PCR (RT-qPCR) 

RT-qPCR was performed as previously described (Zhao et al., 2018). In brief, total RNA was 

extracted using RNAiso Plus reagent (Takara Bio Inc., Shiga, Japan), and used as a template for 

cDNA synthesis (reverse transcription). The PCR system consisted of 50-ng cDNA, 0.2-μM PCR 

primers, and GoTaq qPCR Master Mix (Promega, Madison, WI). The cycling conditions were initial 

denaturation at 95℃ for 5 min, followed by 40 cycles of denaturation at 95℃ for 15 s, annealing 

at 60℃ for 30 s, and extension at 72℃ for 30 s. Peptidylprolyl isomerase B (PPIB) was used as 

an internal control. The relative expression was determined using the 2-ΔΔCT method. All primer 

sequences are summarized in Table 1. 

Luciferase reporter assay 

Hepa-1c1c7 cells were seeded in a 48-well plate at a density of 5104 cells/well. Once reaching 

semiconfluence, the cells were transfected with 500-ng of Cyp2a5 luciferase (firefly) reporter 

plasmid, 50-ng of pRL-TK vector, and 200-ng of Ppar-γ (or blank plasmid). On next day, the cells 

were treated with rosiglitazone (a selective PPAR-γ agonist) or vehicle. After 24-h treatment, cells 

were lysed in 45-μl of passive lysis buffer. The cell lysate was collected to determine the luciferase 

activities using the Dual-Luciferase Reporter Assay System and GloMax 20/20 luminometer 

(Promega). Firefly luciferase activities were normalized to renilla luciferase values, and expressed 

as relative luciferase units. 
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Western blotting 

Protein samples were prepared in RIPA lysis buffer (Beyotime, Shanghai, China) containing 1-

mM PMSF. Protein concentrations were determined by the bicinchoninic acid (BCA) assay 

(Beyotime, Shanghai, China). 40-μg samples were loaded to SDS-polyacrylamide gel 

electrophoresis (10% acrylamide gels) and transferred onto a PVDF membrane (Millipore, 

Bedford, MA). After blocking with 5% nonfat milk in TBST, the membrane was reacted with primary 

antibody (1:500 dilution for anti-Cyp2a5 and 1:200 dilution for anti-Ppar-), followed by reacting 

with horseradish peroxidase-conjugated secondary antibody (1:5000 dilution). Gapdh was used 

as a loading control. The protein bands were visualized using the Omega Lum G imaging system 

(Aplegen) after adding enhanced chemiluminescence (ECL). 

Electrophoretic mobility shift assay (EMSA)  

Nuclear proteins from Hepa-1c1c7 cells were isolated using a cytoplasmic/nuclear protein 

extraction kit (Beyotime, Shanghai, China). Biotin-labeled probes were prepared by annealing 

complementary sense and antisense oligonucleotides (Table 1). EMSA assays were performed 

using a chemiluminescent EMSA kit (Beyotime). In brief, 6-μg of nuclear protein was mixed well 

in EMSA binding buffer, and incubated at room temperature for 10-min. Then, the probe (200-

fmol) was added to the mixture and incubated for another 20-min. For competition reactions, a 

50-fold molar excess of unlabeled wide-type or mutated probes were added to incubate with 

nuclear proteins prior to reacting with biotin-labeled probe. The DNA−protein complexes were 

subjected to 4% nondenaturing polyacrylamide gel electrophoresis, and transferred onto a 
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Hybond-N+ membrane (Amersham, Buckinghamshire, UK). The membrane was exposed to 

ultraviolet ray for 10-min. After blocking, washing and balancing, the membrane was treated with 

enhanced chemiluminescence reagent and visualized by the Omega Lum G imaging system 

(Aplegen, Pleasanton, CA). 

Chromatin immunoprecipitation (ChIP) 

ChIP assays were performed using the Enzymatic Chromatin IP Kit (Cell Signaling Technology, 

Beverly, MA) according to manufacturer’s instructions. In brief, the fresh liver tissue of mouse was 

crosslinked with 1.5% formaldehyde for 20-min at room temperature. Then, glycine was used to 

stop the cross-linking. The chromatin was digested with Micrococcal Nuclease and sheared into 

small fragments by sonication. After immunoprecipitated with anti-Ppar-γ, chromatin was de-

crosslinked at 65℃for 2 and purified using spin columns. At last, the samples were analyzed by 

quantitative real-time PCR with the purified DNA as a template. 

Liver microsomal metabolism assay 

The livers were collected from the mice sacrificed at ZT2 and ZT14. Liver microsomes were 

prepared by sequential ultracentrifugation, first at 9,000 g for 10 min and then at 100,000 g for 60 

min (Zhang et al., 2018). The incubation mixture (a total volume of 200-μl) contained 0.3-mg/ml 

liver microsomes, 1.55-mM NADPH, and 1-μM coumarin. The incubation reaction was performed 

at 37℃ for 2-h (under a linear condition), and was terminated by adding 200-μl ACN. The 

resultant mixture was centrifuged at 15,000g (4℃) for 15-min and the supernatant was subjected 

to UPLC-QTOF/MS analysis. 
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Quantification of coumarin and 7-hydroxycoumarin 

Coumarin and 7-hydroxycoumarin were quantified using an UPLC-QTOF/MS system (Waters, 

Milford, MA) and a BEH C18 column (2.1 × 50 mm, 2.6 μm; Waters, Milford, MA). The mobile 

phase was 0.1% formic acid (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase 

B). The flow rate was set at 0.3 ml/min. The gradient elution program was 5% B at 0 to 1 min, 5 

to 95% B at 1 to 3min, 95% B at 3 to 3.5min, and 95 to 10% B at 3.5 to 5 min. Mass spectrometer 

was operated at the positive ion full scan mode as previously described (Zhao et al., 2018). Peak 

areas of coumarin and 7-hydroxycoumarin were recorded with extract masses of m/z 147.041 Da 

and 163.038 Da, respectively. The calibration curves for coumarin and 7-hydroxycoumarin were 

linear (r2 > 0.99) over the entire concentration range (i.e., 15.6–10000 ng/ml for coumarin and 

1.56–100 ng/ml for 7-hydroxycoumarin). The limits of detection (LOD, defined as a signal/noise 

ratio of 3:1 ) was 1 ng/mL and 0.1 ng/mL for coumarin and 7-hydroxycoumarin, respectively. The 

limit of quantitation (LOQ, defined as a signal/noise ratio of 10:1) was 10 ng/mL and 1 ng/mL for 

coumarin and 7-hydroxycoumarin, respectively.  

Statistical analysis 

Data are presented as mean ± SD (standard deviation). The significance of the 24-h variation in 

mRNA or protein expression was tested by one-way analysis of variance (ANOVA). The Student’s 

t-test was used to test for statistical differences between two groups while ANOVA followed by 

Tukey’s post hoc test was used for multiple group comparison. For serum shock experiments, the 

data were analyzed by a two-way ANOVA followed by Tukey’s post hoc test (the mRNA 
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expression as the outcome variable, siRNA treatment and sampling time post treatment as two 

independent factors; the interaction effect was included in analysis). Pharmacokinetic data were 

also analyzed by a two-way ANOVA followed by Tukey’s post hoc test (the drug concentration as 

the outcome variable, dosing time and sampling time post dosing as two independent factors; the 

interaction effect was included in analysis). The homogeneity of variance assumption for ANOVAs 

was verified by the Levene's test. All statistical analyses were performed using GraphPad Prism 

7.0 (GraphPad Software Inc., San Diego, CA). A level of probability of 5% was considered 

significant. 
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Results  

Circadian expression and activity of Cyp2a5 in mouse liver 

The Cyp2a5 mRNA in mouse liver displayed a robust circadian oscillation with a zenith at ZT10 

(Figure 1A). Interestingly, hepatic Cyp2a5 protein showed a circadian rhythm with a nadir at ZT10 

(Figure 1B). The circadian pattern of mRNA was in antiphase to that of protein, suggesting a delay 

of about 12 hours in the translation of mRNA to protein for Cyp2a5. Coumarin (7-hydroxylation), 

a known functional marker for Cyp2a5, was used to probe the circadian activity of Cyp2a5. Based 

on in vitro microsomal metabolism assay, hepatic Cyp2a5 showed a higher activity toward 7-

hydroxylation of coumarin at ZT2 than at ZT14 consistent with a higher Cyp2a5 expression at ZT2 

(Figure 2A). Pharmacokinetic studies were further performed to compare the metabolism and 

pharmacokinetics of coumarin after drug dosing at two different circadian time points (i.e., ZT2 

and ZT14). The dosing-time had a minor effect on the plasma coumarin concentration-time profile 

(Figure 2B). The AUC value (i.e., the area under the curve, representing the systemic exposure) 

was slightly smaller (but not statistically different) at ZT2 than at ZT14 (Table 2). By contrast, 

compared to ZT14, ZT2 dosing showed higher plasma 7-hydroxycoumarin concentrations (Figure 

2B). Accordingly, the AUC value for 7-hydroxycoumarin was much larger at ZT2 than ZT14 (Table 

2). Taken together, these data indicated that the expression and activity of hepatic Cyp2a5 were 

circadian-time dependent. 

Circadian expression of Ppar-γ in mouse liver 

Ppar-γ mRNA in mouse liver also showed a circadian fluctuation with a peak at ZT6 (Figure 3A). 
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Likewise, circadian oscillation was observed for hepatic Ppar-γ protein and the protein level 

peaked at ZT10 (Figure 3B). Interestingly, the Ppar-γ protein level was strongly correlated with 

the Cyp2a5 mRNA level in the liver (r2 = 0.98, Figure 3C). This suggested a potential role of Ppar-

γ in circadian regulation of Cyp2a5.  

Ppar-γ positively regulates Cyp2a5 in Hepa-1c1c7 cells 

We next investigated the regulatory effects of Ppar-γ on Cyp2a5 using mouse hepatoma Hepa-

1c1c7 cells. After treatment of the cells with rosiglitazone (a selective Ppar-γ agonist, Edvardsson 

et al., 1999), both Cyp2a5 mRNA (Figure 4A) and protein (Figure 4B) were significantly increased. 

Similarly, Ppar-γ regulated human CYP2A6 in HepG2 cells (Supplemental Figure 1). We also tried 

to assess the effects of Ppar-γ knockdown on Cyp2a5 expression. Knockdown of Ppar-γ was 

successfully achieved using a specific siRNA (termed siPpar-γ) (Figure 5A/B). Ppar-γ knockdown 

resulted in reduced levels of both Cyp2a5 mRNA and protein (Figure 5A/B). Furthermore, 

rosiglitazone regulated Cyp2a5 in a Ppar-γ dependent manner (Figure 5C). Taken together, these 

data indicated that Ppar-γ functioned as a positive regulator of Cyp2a5.  

Ppar-γ knockdown blunts Cyp2a5 rhythmicity in serum-shocked Hepa-1c1c7 cells 

We further explored whether the Ppar-γ receptor regulated the circadian rhythm of Cyp2a5. Time-

dependent expression of Cyp2a5 in the cells was generated using the serum shock method 

(Balsalobre et al., 1998). A serum shock induced circadian gene expression in Hepa-1c1c7 cells 

(e.g., Ppar-γ and Cyp2a5 in Figure 6A/B). Treatment of the cells with siPpar-γ resulted in reduced 

Ppar-γ expression as expected (Figure 6A). In the meantime, siPpar-γ blunted the rhythmicity of 
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Cyp2a5 mRNA (Figure 6B). The data suggested a critical role of Ppar-γ in circadian regulation of 

Cyp2a5. 

Ppar-γ is a transcriptional activator of Cyp2a5 

A Cyp2a5 luciferase reporter (with -2.0 kb proximal promoter) was constructed to investigate the 

potential role of Ppar-γ in transcriptional regulation of Cyp2a5. The Ppar-γ agonist rosiglitazone 

dose-dependently enhanced the promoter activity of Cyp2a5, suggesting a positive role of Ppar-

γ in transcriptional regulation of Cyp2a5 (Figure 7A). The computational algorithm Genomatix 

predicted four potential Ppar-γ binding sites (i.e., A, B, C and D-sites) in Cyp2a5 promoter (Figure 

7B). Accordingly, three shorter (truncated) promoter constructs (i.e., -1.5-kb, -0.8-kb, and -0.05-

kb constructs) were prepared for pinpointing the exact site for Ppar-γ binding (Figure 7B). Co-

transfection with Ppar-γ expression vector led to 95- and 55-fold increases in transcriptional 

activities for the 2.0-kb, and 1.5-kb constructs, respectively (Figure 7B). By contrast, the activities 

of 0.8-kb and 0.05-kb constructs were unaffected in the presence of Ppar-γ vector (Figure 7B). 

The data indicated that the Ppar-γ binding site was located between −1.5 and −0.8 kb (probably 

the B-site). 

EMSA assay was performed to determine whether Ppar-γ binds to the B-site (i.e., a PPRE 

element) in the Cyp2a5 promoter. Interestingly, the B-site was able to form a DNA-protein complex 

in the presence of nuclear proteins (Figure 8A). The complex band disappeared in the presence 

of unlabeled probe but re-appeared in the presence of mutated unlabeled probe (Figure 8A). The 

results suggested that Ppar-γ protein can bind to the B-site of Cyp2a5 promoter. ChIP assay was 
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also performed to explore the interactions of Cyp2a5 promoter with Ppar-γ protein in vivo. Binding 

ability was assessed by enrichment of qPCR signals in anti-Ppar-γ sample in relation to anti-IgG 

sample. The Cyp2a5-PPRE enrichment for anti-Ppar-γ sample was markedly higher than that for 

anti-IgG sample, indicating significant recruitment of Ppar-γ protein to this PPRE element (B-site) 

(Figure 8B). Similar result was showed for Sema3g (a positive oligonucleotide for Ppar-γ binding) 

(Liu et al., 2015) (Figure 8B). Taken together, our data indicated that Ppar-γ transcriptionally 

activated Cyp2a5 expression via direct biding to the -1418- to -1396-bp region (B-site). 
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Discussion 

In this study, we showed that the expression and activity of hepatic Cyp2a5 enzyme were 

circadian time-dependent (Figures 1 & 2). More importantly, we for the first time demonstrated 

that the nuclear receptor Ppar-γ was a transcriptional activator of Cyp2a5 and its rhythmic 

expression contributed to circadian expression of Cyp2a5 (Figures 3 & 7). The evidence for 

transcriptional regulation of Cyp2a5 by Ppar-γ was strong. First, Ppar-γ activation by the selective 

agonist rosiglitazone up-regulated Cyp2a5 expression in Hepa-1c1c7 cells, whereas Ppar-γ 

knockdown down-regulated Cyp2a5 expression (Figures 4 & 5). Second, use of rosiglitazone and 

overexpression of Ppar-γ consistently induced the promoter activity of Cyp2a5 in luciferase 

reporter assays (Figure 7). Third, based on a combination of promoter truncation, EMSA and ChIP 

assays, Ppar-γ directly bound to a PPRE element (i.e., the -1418- to -1396-bp region) within 

Cyp2a5 promoter and activated the gene transcription (Figure 7 & 8). Cyp2a5 contributes 

extensively to metabolism and detoxification of various drugs (e.g., valproic acid, disulfiram, and 

losigamone) and chemicals (e.g., coumarin and nicotine) (Malaiyandi et al., 2005). Identification 

of Ppar-γ as a pharmacokinetic determinant of Cyp2a5 substrates assumes great importance as 

the knowledge would facilitate a better understanding of varied pharmacokinetics and possibly 

pharmacodynamics of Cyp2a5 substrates. 

We proposed that circadian regulation of Cyp2a5 by Ppar-γ protein was attained through the 

rhythmic expression of this positive regulator. This was because (1) circadian Ppar-γ protein level 
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was highly correlated with circadian Cyp2a5 mRNA level (Figure 3C); and (2) knockdown of Ppar-

γ blunted the rhythmicity of Cyp2a5 expression in serum-shocked Hepa-1c1c7 cells (Figure 6). 

This type of mechanism for generation of circadian gene was also noted previously for Cyp2b10 

(Gachon et al., 2006). Circadian expression of Cyp2b10 was not directly produced by the clock 

output genes (i.e., the three PAR bZip transcription factors DBP, TEF, and HLF), but generated 

by the rhythmic Car (Constitutive androstane receptor), which is a transcriptional activator of 

Cyp2b10 (Gachon et al., 2006). The serum shock method was employed herein to investigate the 

effect of Ppar-γ on cellular rhythmic expression of Cyp2a5 because a serum shock can induce 

circadian gene expression in the cells (whereas a regular cell culture cannot) (Edvardsson et al., 

1999). This method has been successfully used to study the molecular mechanisms for circadian 

regulation of other CYP enzymes including CYP2D6, CYP2E1 and CYP3A4 (Matsunaga et al., 

2012; Takiguchi et al., 2007; Matsunaga et al., 2008). Considering instantaneous effect of siRNA 

(for Ppar-γ silencing), the serum shock experiments were conducted for 8-h. Even within this 

relatively short period, both Ppar-γ and Cypa25 mRNA display obvious fluctuations (Figure 6). 

The rhythmicity of Cyp2a5 mRNA was strongly dampened in Ppar-γ knockdown cells, supporting 

a critical role for Ppar-γ in circadian regulation of Cyp2a5 (Figure 6). 

Hepatic Cyp2a5 protein in mice peaked at the night-to-day transition time consistent with a 

previous study (Lavery et al., 1999). This translates to circadian time-dependent of metabolite 

generation of 7-hydroxycoumarin from coumarin (a metabolic pathway highly associated with 

Cyp2a5, Lakeet et al., 1999) both in vitro and in vivo (Figure 2). Despite of altered coumarin 
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metabolism, there was no significant change in coumarin pharmacokinetic curve (Figure 2A). This 

was probably because Cyp2a5-mediated 7-hydroxylation accounts for a minor portion of total 

coumarin metabolism in mice (Lakeet et al., 1999), and an alteration in 7-hydroxylation cannot 

produce a significant change in coumarin pharmacokinetics. However, we argue for a high 

possibility for coumarin chronopharmacokinetics in humans because in humans 7-hydroxylation 

(mediated by the orthologue enzyme CYP2A6) is the predominant metabolism pathway for 

coumarin (Miles et al., 1990).  

Previous studies have identified Ppar- and Ppar- as the regulators of Cyp enzymes 

(Barclay et al., 1999; Thomas et al., 2013; Koga et al., 2016). Therefore, combined with current 

findings, all three PPAR proteins have great potential to modulate the expression and activity of 

CYPs (the principal enzymes for drug metabolism), suggesting a potential role for PPAR nuclear 

receptors in drug metabolism and disposition. Since PPARs are the therapeutic targets of many 

drugs (Li et al., 2008), PPAR activation by drug substances would also modify the activities of 

drug-metabolizing enzymes, thereby accounting for drug efficacy modulation and drug-drug 

interactions. 

In summary, mouse hepatic Cyp2a5 and Ppar-γ were identified as circadian genes, and 

circadian Ppar-γ protein level was strongly correlated with Cyp2a5 mRNA level. Further, Ppar-γ 

activation up-regulated Cyp2a5 expression in Hepa-1c1c7 cells, whereas Ppar-γ knockdown 

down-regulated Cyp2a5 expression. Interestingly, Ppar-γ knockdown also blunted Cyp2a5 
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rhythmicity in serum-shocked Hepa-1c1c7 cells. According to a combination of promoter 

truncation, EMSA and ChIP assays, Ppar-γ directly bound to a PPRE element (i.e., the -1418- to 

-1396-bp region) within Cyp2a5 promoter and activated the gene transcription. Taken together, 

Ppar-γ was a transcriptional activator of Cyp2a5 and its rhythmic expression contributed to 

circadian expression of Cyp2a5. 
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Legends for Figures 

Figure 1 Circadian (24-hour) rhythms of CYP2a5 mRNA (A) and protein (B) in mouse liver. 

Data are mean  SD (n = 6). *p < 0.05 (One-way ANOVA). One-way ANOVA was used 

to analyze the significance of the 24-h variation in mRNA and protein expression. 

Figure 2 Time-dependent metabolism of coumarin in vitro and in vivo. (A) Liver microsomal 

metabolism assays of coumarin. Microsomes were prepared using mouse livers 

collected at ZT2 and ZT14, respectively. Data are mean  SD (n = 6). *p < 0.05 (t-test). 

(B) Plasma concentration-time profiles for coumarin and 7-hydroxycoumarin in mice 

after coumarin administration (30 mg/kg, i.p., n = 5) at ZT2 or ZT14. # indicates a 

significant effect of dosing time on drug concentrations (p < 0.05, two-way ANOVA). *p 

< 0.05 compared with the value for the ZT14 group at the corresponding times (two-

way ANOVA followed by Tukey’s post hoc test).  

Figure 3. Circadian (24-hour) rhythms of Ppar-γ mRNA (A) and protein (B) in mouse liver. Data 

are mean  SD (n = 6). *p < 0.05 (One-way ANOVA). One-way ANOVA was used to 

analyze the significance of the 24-h variation in mRNA and protein expression. (C) 

Correlation analysis of Ppar-γ protein with Cyp2a5 mRNA levels.  

Figure 4 Effects of Ppar-γ activation on Cyp2a5 mRNA (A) and protein (B) in Hepa-1c1c7 

cells. Hepa-1c1c7 cells were seeded onto 6-wells plates. 24-h later, the cells were 

treated with rosiglitazone (10 M) for 24-h. Ppar-γ and Cyp2a5 mRNAs were quantified 

by qRT-PCR. Ppar-γ and Cyp2a5 proteins were quantified by Western blotting. Data 

shown are mean ± SD (n =4).*p < 0.05 (t test). 

Figure 5 Effects of Ppar-γ knockdown on Cyp2a5 expression in Hepa-1c1c7 cells. (A) 

Effects of Ppar-γ knockdown on Cyp2a5 mRNA. (B) Effects of Ppar-γ knockdown on 

Cyp2a5 protein. (C) Ppar-γ dependent regulation of Cyp2a5 by rosiglitazone. Hepa-

1c1c7 cells were seeded into 6-well plates, and transfected with 50-nM siPpar-γ or 

siNC (negative control) for 24-h. In panel C, siPpar-γ transfected cells were treated 

with rosiglitazone (10 M) or vehicle for another 24-h. Ppar-γ and Cyp2a5 mRNAs 

were quantified by qRT-PCRA. Ppar-γ and Cyp2a5 proteins were quantified by 

Western blotting. Data shown are mean ± SD (n=4).*p < 0.05 (t test). 
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Figure 6 Ppar-γ knockdown weakens Cyp2a5 rhythmicity in serum-shocked Hepa-1c1c7 

cells. (A) The mRNA level change of Ppar-γ in Hepa-1c1c7 cells after siPpar-γ 

transfection and serum shock. (B) The mRNA level change of Cyp2a5 in Hepa-1c1c7 

cells after siPpar-γ transfection and serum shock. Data shown are mean ± SD (n=4). 

#indicates a significant effect of siPpar-γ treatment on gene expression (p < 0.05, two-

way ANOVA). *p<0.05 compared with the value for the treatment group at the 

corresponding times (two-way ANOVA followed by Tukey’s post hoc test). 

Figure 7 Effects of Ppar-γ activation (A) and Ppar-γ overexpression (B) on transcriptional 

activity of Cyp2a5 promoter. For panel A, Hepa-1c1c7 cells were transfected for 24-

h and then treated with different concentration of rosiglitazone for another 24-h. For 

panel A, Hepa-1c1c7 cells were co-transfected with different versions of Cyp2a5 

luciferase reporter and Ppar-γ expression plasmid for 24-h. Data shown are mean ± 

SD (n=4). *p<0.05 compared with the control group (one-way ANOVA followed by 

Tukey’s post hoc test). #p<0.05 (one-way ANOVA followed by Tukey’s post hoc test). 

Figure 8 Interactions of Ppar-γ with Cyp2a5 promoter. (A) Ppar-γ binds to Cyp2a5 promoter 

(B-site). EMSAs were performed with labeled Cyp2a5 promoter probe in the presence 

of nuclear extracts from Ppar-γ-overexpressing Hepa-1c1c7 cells. (B) ChIP assays, 

showing recruitment of Ppar-γ protein to Cyp2a5 promoter (B-site). Data shown are 

mean ± SD (n=4).*p < 0.05 (t test). 
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Table 1. Oligonucleotides used in this study 

 

  Forward (5'-3') Reverse (5'-3') 

qRT-PCR   

Cyp2a5 

mPPIB 

GGACAAAGAGTTCCTGTCACTGCTTC 

TCCACACCCTTTTCCGGTCC 

GTGTTCCACTTTCTTGGTTATGAAGTCC 

CAAAAGGAAGACGACGGAGC 

mPpar-γ AACCCACAACCAAATCCACAC ATCACGGAGAGGTCCACAGA 

mRxrα ATGGACACCAAACATTTCCTGC CTCGACCCGTTGGAGAGTT 

EMSA   

Cyp2a5 CCAACCTCACCCATCTCCACCTGTCTAAA TTTAGACAGGTGGAGATGGGTGAGGTTGG 

Cyp2a5 (mutant)  CCAATCTCAACCAGATCCCGCTTTCTAAA TTTAGGAAGGTGCAGACAGGCTAGGTTGG 

ChIP   

Cyp2a5 TGAGGCTGGTGATGTGCCA GACCCTACTGTTGCCCCCATA 

sema3g GCTGGGTGTCTGGCTGAG GACTGCTTCTGTCTCTGTTTCC 
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Table 2. Pharmacokinetic parameters for mice after administration of coumarin (i.p.) 

 

 Compound  Group t1/2(min) Tmax(min) Cmax(μg/ml) AUC0-t[(μg/ml)*min] 

Coumarin 
ZT2 7.44±0.98 5 3.15±0.17 48.14±6.15 

ZT14 6.44±0.52 5 4.19±0.92 56.34±7.53 

7-Hydroxycoumarin 
ZT2 / 11.67 0.0127±0.0023 0.33±0.01 

ZT14 / 6.67 0.0093±0.0006 0.18±0.01* 

 

*p<0.05 versus ZT2 group.  
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Figure 1. Effects of Ppar-γ activation on CYP2A6 in HepG2 cells. HepG2 cells were 

seeded onto 6-wells plates. 24-h later, the cells were treated with rosiglitazone (10 M) 

for 24-h. CYP2A6 mRNA was quantified by qPCR (Forward primer: 

AGAGTGATCGGCAAGAACCG; Reverse primer: TCATTCAGGAAGTGCTGGGG). Data 

shown are mean ± SD (n =4).*p < 0.05 (t test). 
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