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Abstract

Recent studies indicate a role for the constitutive androstane receptor (CAR), pregnane X-receptor 

(PXR), and hepatic xenobiotic detoxifying CYPs in fatty liver disease or obesity. Therefore, we 

examined whether Cyp3a-null mice show increased obesity and fatty liver disease following 8-

weeks of exposure to a 60% high-fat diet (HFD). Surprisingly, HFD-fed Cyp3a-null females fed a 

HFD gained 50% less weight than wild-type (WT; B6) females fed a HFD. In contrast, Cyp3a-null 

males gained more weight than WT males, primarily during the first few weeks of HFD-treatment. 

Cyp3a-null females also recovered faster than WT females from a glucose tolerance test; males 

showed no difference in glucose tolerance between the groups. Serum concentrations of the anti-

obesity hormone, adiponectin are 60% higher and β-hydroxybutyrate levels are nearly 50% lower 

in Cyp3a-null females than WT females, in agreement with reduced weight gain, faster glucose 

response, and reduced ketogenesis. In contrast, Cyp3a-null males have higher liver triglyceride 

concentrations and lipidomic analysis indicates an increase in phosphatidylinositol, 

phosphatidylserine and sphingomyelin. None of these changes were observed in females. Last, 

Pxr, Cyp2b, and IL-6 expression increased in Cyp3a-null females following HFD-treatment. 

Cyp2b and Fatp1 increased, while Pxr, Cpt1a, Srebp1 and Fasn decreased in Cyp3a-null males 

following a HFD, indicating compensatory biochemical responses in male (and to a lesser extent) 

female mice fed a HFD. In conclusion, lack of Cyp3a has a positive effect on acclimation to a 

HFD in females as it improves weight gain, glucose response and ketosis.
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1. Introduction

Obesity is a complex disorder that affects nearly 1 out of 3 Americans [1] and is considered 

an epidemic throughout much of the developed world [2, 3]. For example, the percent of 

obese individuals is increasing in Latin America (i.e. Panama 35%, Chili 22%), Europe 
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(Greece 23%, Malta 26%), and the Middle East (United Arab Emirates 34%, Saudi Arabia 

36%, Egypt 30%) [2]. In turn, the rates of dyslipidemia, hypertension, diabetes, and other 

metabolic disorders increased dramatically placing a large burden on our healthcare systems 

[4, 5].

The primary problem is excess food coupled with inactivity. Therefore, healthier food 

choices and lifestyle changes are common treatment regimens used to control obesity. 

However, there are multiple internal and external factors that regulate metabolic activity and 

allocation of dietary lipid and carbohydrate resources [6, 7]. Understanding these forces 

provides targets for initiating dietary and environmental changes and tackling this disease. 

Many cytochrome P450s (CYPs) are crucial detoxication enzymes that metabolize drugs [8], 

environmental chemicals [9], steroids [10] and fatty acids [11], and changes in CYP activity 

and expression are observed during obesity and diabetic conditions [12–15].

The constitutive androstane receptor (CAR) [16, 17] and pregnane X-receptor (PXR) [18] 

are two nuclear receptors involved in chemical detoxication, and associated with metabolic 

diseases although possibly in opposing directions. CAR activation alleviates symptoms of 

obesity and fatty liver disease and murine PXR activation increases obesity [14, 15, 19], 

although there are conflicting reports on PXR’s effects on obesity and insulin resistance 

[20]. These nuclear receptors are key regulators of CYPs such as Cy2b and Cyp3a subfamily 

members [18, 21, 22]. In a world in which we are exposed to numerous environmental 

toxicants each and every person may show different CYP activity and in turn show 

differential metabolism of xeno- and endobiotics, including unsaturated fatty acids because 

of the different diets and chemicals to which they have been exposed [23, 24]. Therefore, it 

is possible that chemicals that modulate CYP activity are obesogens or metabolic disruptors 

[5, 25].

Interestingly, complete loss of hepatic CYP activity in a conditional knockout of P450-

oxidoreductase (HRN) caused enlarged livers, and hepatic steatosis, especially after the mice 

were fed sunflower oil (88% unsaturated fatty acids). In turn, increased hepatic 

concentrations of unsaturated fatty acids in the HRN mice activated CAR and induced 

Cyp2b10 and Cyp3a11 providing a putative new role for CAR in the recognition of 

unsaturated fatty acids and suggests that CYP induction may be a protective mechanism 

from fatty acid toxicity [19]. Subsequent studies also demonstrated CYP3A induction by 

fatty acids in human cells [26]. Further, Cyp3a expression and activity is decreased in obese 

guinea pigs and diabetic humans [27, 28], but increased in diabetic mice [15, 29]. These 

results suggest a role for Cyp3a in obesity given that Cyp3a expression changes with diet, 

loss of hepatic CYPs causes fatty liver disease, and the Cyp3a’s are the most abundant 

hepatic CYPs.

CYP3A4 accounts for approximately 30–40% of total CYP protein in the human liver and is 

responsible for the metabolism of more than 60% of the drugs on the market [30]. Cyp3a 

subfamily members produce a number of epoxidated products of linoleic acid and 

arachidonic acid in human and rodents. CYP3A4 primarily metabolizes linoleic acid to 11-

hydroxy-octadecadienoic acid (11-HODE), and the production of 11-HODE is increased 

10X by the CYP3A inducer, dexamethasone, in rats [31]. CYP3A4 oxygenates arachidonic 
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acid to a number of metabolites including 13-, 10-, and 7-hydroxyeicosatrienoic acid (13-

HETE, 10-HETE, 7-HETE) [31]. The epoxides formed are stable, but also metabolized by 

epoxide hydrolases to diols [31]. Whether these epoxides have a specific purpose in the liver 

is unknown; however, inhibition assays suggest that a Cyp3a-mediated arachidonic acid 

metabolite is in part responsible for relaxation of arterial endothelium [32]. A Cyp3a and 

Cyp2j produced metabolite of linoleic acid is a key product in the activation of nociception 

[33], and CYP3A4 metabolizes the arachidonic acid derivative, anandamide, to a high 

affinity cannabinoid ligand [34–36]. Thus, Cyp3a metabolizes unsaturated fatty acids for 

specific functions and disruption of this metabolism by xenobiotics or genetic impairments 

may have consequences that perturb fatty acid metabolism, distribution, and use [37, 38].

Ultimately, we decided to investigate the role of Cyp3a in obesity because Hepatic P450 

Reductase-null (HRN) mice with no P450 activity show hepatic steatosis with increased 

Cyp2b10 and Cyp3a11 expression, perturbations in liver size, lipid homeostasis, and 

increased liver polyunsaturated fatty acids (PUFAs) [19]. In addition, activation of PXR, the 

key regulator of Cyp3a members, increases obesity in females but not males [14, 39]. This 

implicates detoxification CYPs in obesity, and Cyp3a members are the most prominent 

hepatic CYPs. However, the potential role of Cyp3a on obesity and diet-induced fatty liver 

disease has not been investigated. We used mice lacking seven of the eight Cyp3a genes on a 

B6 background to monitor the effects of a high-fat diet (HFD) (diet-induced obesity) on 

weight gain, glucose and insulin tolerance, fatty liver, and alterations in hepatic gene 

expression consistent with metabolic disorders.

2. Materials and methods

2.1. Livers from untreated WT and Cyp3a-null mice

Frozen livers from untreated 8–9 week old WT and Cyp3a-null mice were purchased from 

Taconic (Hudson, NY USA) and shipped on dry ice. These mice lack the Cyp3a11, 
Cyp3a16, Cyp3a25, Cyp3a41, Cyp3a44, Cyp3a57, and Cyp3a59 genes located within 

0.8Mb from each other on chromosome 5. Cyp3a13, which is separate from the rest of the 

Cyp3a cluster by 7Mb, is still present within this knockout mouse model [40, 41]. The liver 

tissue was diced into three fractions such that half a liver was frozen for microsome 

preparation, a quarter of a liver was stored in Tri-Reagent (Sigma, St. Louis, MO USA) for 

RNA extraction while the remaining liver was frozen immediately and stored at −80°C.

2.2. High-fat Diet Treatment of WT and Cyp3a-null mice

All mice studies were done according to the National Institute of Health guidelines for 

humane use of research animals and were pre-approved by Clemson University’s 

Institutional Animal Care and Use committee. Seven - nine week old male and female, WT 

(C57Bl/6) and Cyp3a-null mice (n=8) were purchased from Taconic and housed for a week 

for acclimation prior to HFD treatment.

Eight-ten week-old acclimated WT and Cyp3a-null mice were fed pelleted adjusted calorie 

diet (60% kcal from fat, TD.06414; Harlan, Madison, WI USA) for eight weeks. One male 

Cyp3a-null mouse was eight weeks old and all other mice were 9–10 weeks old. This mouse 
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also lost weight early in the study and therefore was eliminated from the study. Thus, all 

remaining mice were 9–10 weeks old at the start of the HFD treatment. Changes in body 

weight, feed consumption rate, and metabolic tests such as glucose (GTT) and insulin 

tolerance tests (ITT) were performed. A timeline of procedures is provided (Suppl. File 1). 

Weight gain was monitored weekly and feed consumption was determined every other day. 

Fasting plasma glucose levels were determined during week 2, 4 and 6. Glucose and insulin 

tolerance tests were performed during weeks 4 and 6, respectively. At the end of the study 

the mice were anesthetized, blood collected by heart puncture, euthanized and liver, kidney, 

white adipose tissue and testis were excised and weighed. The organs were immediately 

frozen on dry ice and stored at −80°C or placed in 10% formalin (Fisher, Fairlawn, NJ USA) 

for further studies. The liver was dissected into four fractions and frozen immediately on dry 

ice for microsome preparation, RNA isolation, and lipidomics. The portion of the liver used 

for RNA extraction was stored in Tri-Reagent (Sigma Aldrich). The last portion of the liver 

was placed in formalin for histopathology.

2.3. Glucose and Insulin tolerance tests

Mice were fasted for 4–5 hr prior to GTT or ITT during weeks four and six of the HFD 

study, respectively. Fasting blood glucose was determined using an Alphatrak 2 (Chicago, IL 

USA) blood glucose meter following a tail bleed. Glucose tolerance was determined 

following an intraperitoneal injection of 1 g/kg of their body weight of D-glucose (Sigma 

Ultra) with blood glucose readings every 20 minutes for the first hour and every 30 minutes 

for the second hour. ITT was determined after intraperitoneal injection of 0.75 U/g of their 

body weight of Novolin N (Nova Nordisk, Bagsvaerd, DK) followed by blood glucose 

measurements every 30 min for 2 hours.

2.4. cDNA and microsome preparation

RNA was extracted using Tri-Reagent (Sigma Aldrich) according to the manufacturer’s 

instruction and residual genomic DNA was removed by DNase (Bio-Rad, Hercules, CA 

USA) treatment. RNA was quantified by determining 260/280 using a spectrophotometer 

(Molecular devices, Ramsey MN USA). Microsome and cytosol fractions were prepared by 

homogenization with a dounce homogenizer followed by differential centrifugation as 

previously described [42]. Protein concentrations were determined with Bradford reagent 

(Bio-Rad).

2.5. Quantitative real-time PCR (qPCR):

qPCR was used to quantify changes in gene expression. Briefly, cDNA was prepared from 2 

μg RNA with 200 units of MMLV reverse transcriptase, 10mM dNTP mixture and 0.5 mg 

random hexamers (Promega corporation, Madison WI USA). Changes in gene expression 

were determined using previously published primers for CYPs [43, 44] and key genes 

related to energy homeostasis and lipid metabolism (Suppl. File 2). Samples were diluted 

1:5 and amplified in triplicates using a 96-well plate IQ™ Real-Time PCR detection system 

(Bio-Rad) with 0.25X RT2 SybrGreen (Qiagen Frederick, MD USA) to quantify gene 

expression compared to a reference gene as previously described using Muller’s equation to 

determine changes in gene expression [45]. PCR efficiency was determined based on a 
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standard curve prepared using a sample mixture containing all the cDNA samples diluted at 

1:1, 1:5, 1:25, 1:125, 1:625 and 1:3125 dilutions [46].

2.6. Serum concentrations of testosterone, adiponectin and β-hydroxybutyrate

Serum testosterone and β-hydroxybutyrate concentrations were detected by using Enzyme 

Immunoassay (EIA) and colorimetric kits, respectively, purchased from Cayman Chemical 

Co (Cayman Chemical, Ann Arbor, MI USA). Serum adiponectin concentrations were 

determined using an EIA kit from Bertin pharma (Montigny Le Bretonneux, FR).

2.7. Histopathological analysis using H&E and oil red O

A clean slice of liver was made following necropsy and was placed in 10% formalin 

(Fisher). Hematoxylin and Eosin (H&E) and oil red O staining was performed at Colorado 

Histoprep (Fort Collins, CO USA).

2.8. Quantification of liver triglycerides and polar lipids

Liver triglyceride concentrations were determined using a colorimetric kit from Cayman 

Chemical Co. Liver tissue (40–60 mg) was homogenized in a dounce homogenizer with 0.5 

ml phosphate buffer mixed with 0.5 ml of a 3:2 mix of hexane:isopropyl alcohol. The 

homogenate was transferred into a fresh tube and the extraction repeated with 3:2 

hexane:isopropyl alcohol. The organic layer was transferred into a fresh tube and the hexane 

extraction was repeated twice. The combined organic layers were then dried under nitrogen 

and re-constituted using standard diluent provided in the kit to determine liver triglyceride 

concentrations according to the manufacturer’s protocol.

Polar lipids were extracted from microsomes (2 mg/ml) by the addition of chloroform (0.1% 

butylated hydroxytoluene) and methanol in 1:2 parts into a glass tube. The contents of the 

tube were vortexed and centrifuged at 600 rpm for a minute. The lower layer was transferred 

into a fresh tube the chloroform extraction was repeated 3X. The combined lower layers 

were washed with 1M potassium chloride and then with water. Samples were dried under 

nitrogen and shipped on dry ice to the Kansas Lipidomics Research Center for analysis by 

electrospray ionization triple quadruple mass spectrometry (Applied Biosystems API 4000) 

as described previously [47, 48].

2.9. Statistical Analysis

Data are presented as mean ± SEM (n = 7 – 8). Statistical analyses were performed by 

Student’s t-test using Graphpad Prism version 6. A p-value < 0.05 was considered 

statistically significant.

3. Results

3.1. Changes in the expression of hepatic energy metabolism-related genes in untreated 
Cyp3a-null mice

Mice lacking all hepatic CYP activity have steatosis [19] and several CYPs are either 

regulated by transcription factors involved in energy homeostasis or metabolize crucial lipids 

and bile acids involved in digestion, absorption and utilization of lipids [49]. Therefore, we 
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first investigated whether the liver of 8–9 week-old Cyp3a-null mice show differences in the 

expression of several energy metabolism-related genes compared to WT mice by qPCR. 

Most of the genes investigated were not changed. However, carnitine palmitoyl transferase 

(Cpt1a) is significantly up-regulated by 134X and 18X in Cyp3a-null male and female mice, 

respectively, compared to their WT counterparts. Fatty acid binding protein-4 (Fabp4) is up-

regulated in Cyp3a-null females 13X compared to their WT counterparts (Table 1). Pparα 
and Srebp1c regulate Cpt1a and Fabp4, respectively, suggesting compensatory changes in 

liver lipid metabolism in Cyp3a-null mice that help metabolism excess lipids [46, 50, 51].

3.2. Weight gain is mitigated in HFD-treated Cyp3a-null female mice in comparison to 
HFD-treated WT female mice

Weight gain was monitored in WT and Cyp3a-null male and female mice fed a HFD over 

eight-weeks. Female Cyp3a-null mice gained significantly less weight than their WT 

counterparts as early as week one and by the seventh week Cyp3a-null female mice only 

gained 3.13g while WT mice gained 6.13g (Fig. 1). In contrast, Cyp3a-null male mice did 

not show a significant change in weight compared to their WT counterparts over the full 

course of the study; however, Cyp3a-null male mice gained more weight (p-value = 0.06) 

initially and weighed more than their WT counterparts over the course of the study (Fig. 1). 

Differences in weight gain are irrespective of feed consumption as there are no significant 

differences in feed consumption between the genotypes (Suppl. File 3). Overall, gender 

plays a role in the Cyp3a-null mice’s response to a HFD.

3.3. Cyp3a-null female mice, but not Cyp3a-null male mice, respond faster to a glucose 
challenge than their WT counterparts

Fasting blood glucose concentrations were similar between the different genotypes after 2, 4, 

or 6-weeks of HFD-treatment (Suppl. File 4). A GTT was performed on the fourth week of 

the HFD treatment because of differences in weight gain. Interestingly, Cyp3a-null female 

mice recover faster than the WT mice at the 40–90 minute intervals following the initial 

glucose injections (p-value = 0.03 – 0.07). Area under the curve measurements confirmed 

the rapid recovery in the Cyp3a-null female mice (Fig. 2), and indicates higher lean mass in 

the Cyp3a-null female mice than their WT counterparts [52]. In contrast, there was no 

significant difference in glucose tolerance between the male genotypes (Fig. 2).

An insulin tolerance test was performed on week 6 to determine insulin sensitivity [53]. 

There were no significant differences in insulin tolerance between the Cyp3a-null and WT 

mice in either gender (Fig. 3). We also did not find any differences in fasting insulin levels 

between the Cyp3a-null and WT mice in either gender (Suppl. File 4). This suggests that the 

faster glucose recovery observed in the Cyp3a-null female mice is independent of insulin 

response.

3.4. Differences in organ weights between WT and Cyp3a-null mice

Liver, kidney, spleen, abdominal and inguinal white adipose tissue (WAT), and testis were 

excised and weighed (Table 2). WAT weighed 30% more in the WT females compared to 

their Cyp3a-null counterparts consistent with increased weight gain in WT females; 

however, increased WAT was not statistically significant (p-value = 0.12). In contrast, the 
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kidneys of Cyp3a-null females are 20% heavier than kidneys from WT females, suggesting 

compensation for a toxic burden such as ketosis [54]. In addition, testes weights are 29.2% 

lower in Cyp3a-null males than WT males fed a HFD although the decreased testes weights 

are primarily due to two males that showed very low testis weights. A drop in testis weights 

sometimes in only one testis is not uncommon in rodent HFD studies [55]. In contrast, liver 

weights are 8% higher in Cyp3a-null males than WT males fed a HFD and this result is 

consistent (Table 2).

3.5. Serum concentrations of testosterone, adiponectin, and β-hydroxybutyrate

Adiponectin increases insulin sensitivity and is frequently increased in lean compared to 

obese individuals [56]. The leaner Cyp3a-null females have 1.7X greater serum adiponectin 

concentrations than WT females further demonstrating that the lower weight gain and 

adipose levels had physiological/endocrine effects (Fig. 4A). β-hydroxybutyrate (B-OHB) is 

produced along with acetoacetate from fatty acids as an alternative fuel source during 

fasting, low carbohydrate diets, or exercise. Because the kidney eliminates B-OHB we 

hypothesized that the increase in kidney weight in the Cyp3a-null females was due to an 

increase in B-OHB. Instead, Cyp3a-null female mice show significantly lower B-OHB 

concentrations (49% lower) than the WT females (Fig. 4B), indicating that the WT mice 

have significantly more ketosis, potentially due to increased WAT and consistent with the 

slower response to the glucose challenge. In contrast, we did not observe any significant 

changes in serum adiponectin and B-OHB levels in male mice. Furthermore, we did not 

observe a significant change in serum testosterone concentrations in the male mice despite 

smaller testes (Fig. 4C), probably because the lower testes weights were due to two outlier 

individuals.

3.6. Liver triglyceride concentrations are higher and accompanied by macrovesicular 
steatosis in Cyp3a-null male mice

Higher adiponectin and lower WAT coupled with a faster response to a glucose challenge 

and lower ketones in HFD-treated Cyp3a-null female mice indicate lower liver triglycerides 

and steatosis, and greater feedback inhibition of β-oxidation in HFD-treated WT female 

mice [57]. Therefore, liver triglyceride concentrations were measured. Surprisingly, there 

was no significant difference in liver triglycerides between the WT and Cyp3a-null female 

mice (Fig. 5A).

In contrast, Cyp3a-null males showed a (1.5X) increase in liver triglycerides compared to 

WT males (Fig. 5B) that was coupled with a 8% greater liver weight. Oil Red O and H&E 

staining were used to determine zonation and types of steatosis (microvesicular and 

macrovesicular) in the liver tissue, which is one of the significant markers for the 

development of metabolic syndrome [58]. Histopathology results (Fig. 5C–I) indicate mild 

macrovesicular steatosis without inflammation in the midzonal regions of the liver in male 

mice while female mice showed diffuse microvesicular steatosis without inflammation in 

HFD-fed mice. These changes were more visible following Oil red O staining and indicate 

accumulation of lipid droplets due to HFD-treatment in both the genders although in 

different ways. However, histopathological analysis did not associate increased steatosis 

with the absence of Cyp3a genes.
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3.7. Phosphatidylserine and phosphatidylinositol are increased in Cyp3a-null male mice

Fatty acids are responsible for the formation of lipid signaling molecules. Lipidomic 

analysis demonstrated a few significant changes between the lipid profiles of WT and 

Cyp3a-null males fed a HFD; however no differences were observed between WT and 

Cyp3a-null females (Table 3). Cyp3a-null males display a two-fold increase in total polar 

lipids as well as an increase in the concentrations of several specific lipid groups including 

total phosphatidylserine (PS; 2.65X), phosphatidylinositol (PI; 2.3X), sphingomyelins (SM; 

2.7X), phosphatidylglycerol (PG; 2.7X), and phosphatidic acid (PA; 3.44X) in comparison 

to WT males (Table 3). Principle component analysis (PCA) indicates lipid species are 

primarily clustered by gender; not genotype with the exception of large-chain PS, some 

sphingomyelin, and mid-chain phosphatidylcholine (PC) species (Suppl. File 5). When 

normalizing to relative concentrations to look for changes in composition between WT and 

Cyp3a-null males, differences are observed only in PS, PI, and SM concentrations by 1.6X, 

1.3X and 1.98X respectively (Suppl. File 6). The relative increases in polar lipids is 

primarily due to higher concentrations of long chain lipid species containing 38:4 and 40:4 

in PS and PI, respectively (Fig. 6).

3.8. Changes in the expression of hepatic energy metabolism related genes in HFD-
treated Cyp3a-null mice

Following HFD-treatment for 8-weeks, Cpt1a, as well as Fasn, ApoE, Pxr, and Srebp1a are 

down-regulated by approximately 0.5X in Cyp3a-null male mice compared to their WT 

counterparts (Table 4). In contrast, IL-6 and Pxr are upregulated about 2.0X in Cyp3a-null 

females, but not males. Fatp1 is up-regulated 2.1X in males and 2.25X in females; however 

only the up-regulation in males is significant. Overall, the expression data suggests a 

decrease in lipid oxidation and synthesis and an increase in transport in the male mice, 

which may explain the increase in liver triglycerides. These changes in gene expression are 

consistent with a decrease in AMPK activity. However, we found no significant change in 

AMPK phosphorylation levels between the WT and Cyp3a-null mice (Suppl. File 7). The 

lower PXR expression in males may also help explain minor steatosis coupled with no 

increase in apoptosis or inflammation [59].

Because recent studies indicated that several Cyps are regulated by a HFD [13, 19], we also 

investigated the expression of several Cyps (and PXR). With the exception of the knocked 

out Cyp3a members, there are only a few Cyps that showed changes in gene expression and 

only Cyp2b protein expression in males (2.8X) was increased significantly; consistent with 

increases in Cyp2b9, a gene controlled by the metabolic receptors, FoxA2 and CAR, or 

potentially Cyp2b10, a gene controlled by the nuclear receptors CAR and PXR (Suppl. File 

7) [60–63].

4. Discussion

Cyp3a-null female mice gained 50% less weight than WT female mice and Cyp3a-null male 

mice are slightly heavier than their WT counterparts following treatment with a HFD (diet-

induced obesity) (Fig. 1). This indicates gender specific responses to the HFD and 

demonstrates a role of Cyp3a in the metabolism and utilization of fatty acids. Diverse gender 
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responses might be expected as several Cyp3a members are sexually dimorphic in the liver. 

For example, Cyp3a41 and Cyp3a44 are both female specific [44, 62, 64] and human 

CYP3A4 is expressed slightly more in females than males [8, 65].

Cyp3a-null female mice reacted to a glucose challenge more rapidly than WT mice, which is 

consistent with their reduced weight gain and 30% lower WAT weight. In addition, plasma 

adiponectin concentrations are higher and serum B-OHB concentrations are lower in Cyp3a-

null female mice, which is consistent with lower WAT, faster recovery from glucose, and 

rapid β-oxidation [66–68]. Adiponectin plays a central role as it increases hepatic glucose 

and fatty acid utilization, and in turn protects the liver from fatty liver disease [69].

Interestingly, resveratrol protects from alcohol-induced fatty liver disease in part by 

increasing fatty acid oxidation as observed through greater B-OHB coupled with enhanced 

adiponectin, and increased expression of Cpt1a as well as other genes associated fatty acid 

oxidation [70, 71]. Adiponectin also decreases lipid uptake by the liver in part by decreasing 

CD36 and this could provide a mechanism for compensating for a diet rich in fatty acids 

[72]. In addition, the Cyp3a inhibitor naringin found in grapefruit and other citrus also 

reduces serum B-OHB concentrations [73, 74], is associated with reduced adiposity, weight 

gain in mice and humans, and increased Cpt1a expression through Pparα activation coupled 

with Srebp-1 inhibition [75, 76]. However, Cpt1a expression was much greater in Cyp3a-

null mice than WT mice prior to the HFD, but no significant difference in Cpt1a or other 

energy-related genes was found after a HFD in female mice. It is also possible that the liver 

is not the only organ in which Cyp3a plays a role in the metabolism and utilization of fatty 

acids in HFD-fed female mice as several of the perturbed parameters are regulated by WAT, 

kidney and skeletal muscle [66, 77, 78].

In contrast to females, Cyp3a-null male mice gained weight relative to WT mice; albeit a 

relatively small amount. In addition, Cyp3a-null male mice have increased liver lipids 

including a 1.5X increase in liver triglycerides (Fig. 5B) and 2X increase in total polar lipids 

(Table 3). Specific lipid groups (PI, PS, SM) and long chain fatty acids that are 38–40 

carbons are increased in the livers of Cyp3a-null male mice relative to WT mice (Fig. 6). An 

increase in long-chain fatty acids is consistent with increased storage and increased 

metabolism [79], perturbations in the transport of long-chain fatty acids is associated with 

liver disease [80], and increased SM is associated with obesity [81, 82]. However, while SM 

is associated with obesity, PI is associated with anti-obesity effects by regulating hepatic 

lipid metabolism genes [83]. Therefore, most but not all lipid markers are consistent with 

fatty liver disease and obesity.

Furthermore, down-regulation of Cpt1a, ApoE, Fasn, Pxr, and Srebp-1 genes indicates a 

down-regulation of lipid metabolism associated genes while Fatp1 is up-regulated and 

indicates an increase in fatty acid transport genes involved in accumulation [84, 85]. These 

changes in gene expression are consistent with increased liver lipids [86, 87]. Interestingly, a 

drop in Srebp1 was also observed in steatotic HRN mice lacking all hepatic CYP activity 

[88], probably due to the increased retention of unsaturated fatty acids in the liver [89]. 

Typically, increases in free fatty acids are associated with increases in Srebp1 and Fasn [90] 

leading to increased Srebp1c activation that causes increased deposition of fat in the liver 
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[91]. This suggests that there are other forces regulating the hepatic increase in triglycerides 

in Cyp3a-null mice or the down-regulation of Srebp is a compensatory response to the 

increased liver lipids. Overall, most but not all of these lipid markers are consistent with 

increased weight, liver triglycerides and polar lipids, and it is likely that decreased Cyp3a-

mediated liver metabolism plays a role in the increased liver lipids through changes in 

metabolism.

In addition to xenobiotics, CYP3A isoforms are involved in the metabolism of steroids, bile 

acids, and unsaturated fatty acids [30, 49]. CYP3A4 has been shown to metabolize fatty 

acids such as arachidonic acid to generate epoxyeicosatrienoic acids (EETs) that have anti-

inflammatory effects [92]. High-fat diets generate an endogenous fatty acid molecule, 

anandamide that can be converted to arachidonic acid by fatty acid amide hydrolase that can 

be further epoxygenated by Cyp3a to EETs. Anandamide and Cyp3a-mediated metabolites 

[36] bind cannabinoid receptors such as cannabinoid receptor 1 (CB1) in order to alter 

nociception, cognition, memory and orexigenic effects in the peripheral and central nervous 

system; however, there were no differences in food consumption between WT and Cyp3a-

null mice. For example, CB1 regulates adiponectin activity in obese mice, and Rimonabant, 

a CB1 inverse agonist causes weight loss, increases Cpt1a, while decreasing Fasn in WT 

male mice, but not adiponectin-null mice [72]. Cannabinoid receptor 2 (CB2) is associated 

with immunosuppression and agonists reduce obesity [93]. Given that the fatty acid, 

anandamide and its Cyp3a metabolites are potent activators of CB1/2, it is possible that the 

loss of Cyp3a plays a role in perturbing fatty acid metabolism and epoxidation, including the 

production of anandamide and other fatty acid derivatives, that typically would act as 

signaling molecules [94, 95], and reduce obesity.

However, this does not explain why males and females react differently except for the 

possibility that the gender specific Cyp3a members in mice differentially metabolize 

steroids, arachidonic acid, anandamide, and other fatty acids. Murine 6β-hydroxylation of 

testosterone is significant higher in females than males demonstrating the higher Cyp3a 

activity in females than males [46]. Of course this difference in 6β-hydroxylation is lost in 

Cyp3a-null mice, indicating the differences between males and females for obesity and 

NAFLD is not directly caused by Cyp3a metabolism of steroids, but may be due to the 

metabolic differences that lead to sexually dimorphic differences in Cyp3a expression. It is 

possible that there are distinct differences in Cyp3a-mediated fatty acid metabolism in males 

compared to females as females express different Cyp3a isoforms, primarily Cyp3a41 and 

Cyp3a44. However, the substrate profiles for these murine isoforms are not known and that 

includes there metabolism of anandamide, arachidonic acid, and other PUFAs.

Gender differences in PXR regulation and feedback within Cyp3a-null mice may also play a 

role in the sexually dimorphism of weight gain. For example, mPXR is associated with 

increased weight gain and hPXR with protection from weight gain in male mice with 

increased Cpt1a and PPARα levels [14]. In contrast, hPXR activation/presence causes 

greater weight gain than mPXR in female mice [39]. Because PXR positively regulates 

Cyp3a, the PXR studies are consistent with our in which loss of Cyp3a increased obesity in 

males and protected females. Therefore, while we don’t know the exact mechanism of the 
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sexually dimorphic weight gain in Cyp3a-null mice, it appears that differential PXR/Cyp3a 

activation and subsequent regulation of gene expression plays a role.

In summary, the loss of seven Cyp3a genes lead to sexual dimorphic changes during the 

eight weeks of high fat diet treatment with Cyp3a-null female mice showing a healthier 

acclimation to a high fat diet through decreased weight gain, higher adiponectin, lower B-

OHB levels, and a better response to glucose; while the Cyp3a-null males succumb to 

increased fatty liver including slightly increased weight, higher hepatic polar lipids and 

triglycerides, and greater liver weight. Overall, the changes in HFD-induced health 

parameters in females are consistent with other studies showing that compounds that inhibit 

Cyp3a or perturb Cyp3a-mediated fatty acid metabolism protect from obesity [74, 93], and 

the increases in weight in males are moderate. Interestingly, PXR activation and subsequent 

CYP3A induction is associated with weight gain in females [39]. Ultimately, inhibition of 

CYP activity by environmental compounds or drugs may alter hepatic and non-hepatic lipid 

levels with different effects in males than females in which males may present increased 

steatosis and females show a mitigation of the effects of a HFD.
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CYP Cytochrome P 450

EET Epoxyeicosatrienoic acid

Fabp4 Fatty acid binding protein 4
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Fatp Fatty acid transporter protein

Foxa2 Forkhead box protein A2

HETE Hydroxyeicosatetraenoic acid
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Pparα Peroxisome proliferator activated receptor alpha

Pparγ Peroxisome proliferator activated receptor gamma

PXR Pregnane X receptor

Srebp1 Sterol regulatory element-binding protein 1

WT Wildtype
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Highlights:

• Cyp3a-null female mice are resistant to the effects of a high-fat diet

• Cyp3a-null females show improved metabolic responses, including glucose 

tolerance

• In contrast, Cyp3a-null male mice show increased liver triglycerides

• Gene expression changes indicate decreased lipid metabolism and increased 

uptake
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Fig. 1: Gender is crucial in the response of Cyp3a-null mice to HFD treatment in comparison to 
WT mice.
Change in body weight of female (A) and male (B) mice during eight-weeks of HFD-

treatment. Changes in body weight are also represented as area under the curve to confirm 

results in females (A) and males (B). Data are presented as mean ± SEM. Statistical 

significance was determined by Student’s t-tests (n = 7 or 8)(* p<0.05, ** p<0.01).
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Fig. 2: Cyp3a-null female mice, but not Cyp3a-null male mice, fed a HFD show increased 
sensitivity to a glucose challenge in comparison to WT mice.
A GTT was performed as described in the Materials and Methods after 4-weeks of HFD-

treatment in female (A) and male (B) mice. GTT results are also represented as area under 

the curve (AUC) to confirm results for females (C) and males (D). Data are presented as 

mean blood glucose levels ± SEM. Statistical significance was determined by Student’s t-

tests (n = 7–8) (* p<0.05).
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Fig. 3: HFD does not significantly perturb insulin concentrations or action in Cyp3a-null mice.
An ITT was performed as described in the Materials and Methods after 6-weeks of HFD-

treatment in female (A) and male (B) mice. ITT results are also represented as area under the 

curve (AUC) to confirm results for females (C) and males (D), and ITTs are not different 

between WT and Cyp3a-null mice of either gender. Data are presented as mean ± SEM. 

Statistical significance was determined by Student’s t-test (n = 7–8).
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Fig. 4: Serum adiponectin, β-hydroxybutyrate and testosterone in WT and Cyp3a-null mice fed a 
HFD.
Commercial kits were used to measure (A) adiponectin, (B) β-hydroxybutyrate and (C) 

testosterone in serum samples as described in the Materials and Methods. Data are presented 

as mean ± SEM. Statistical significance was determined by Student’s t-tests (n = 7 – 8) (* 

p<0.05).
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Fig. 5: Hepatic lipid levels and histopathological changes observed in WT and Cyp3a-null mice 
fed a HFD.
Liver triglycerides in female (A) and male (B) mice were determined as described in the 

Materials and Methods. Data are represented as mean ± SEM. Statistical significance was 

determined by Student’s t-tests (n = 7 – 8) (* p<0.05). Histopathological changes were 

evaluated by H&E or Oil red O staining of liver tissues following 8-weeks of HFD treatment 

in WT and Cyp3a-null mice. WT (C,D) and Cyp3a-null (E,F) female liver slices stained 

with H&E and Oil red O, respectively. WT (G,H) and Cyp3a-null (I,J) male liver slices 

stained with H&E and Oil Red O, respectively. Scale 0.2 mm.
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Fig. 6: Phosphatidylinositol and phosphatidylserine are increased in Cyp3a-null male mice.
Data are represented as mean ± SEM. Statistical significance was determined by Student’s t-

tests (n=5) (* p<0.05, ** p<0.01).
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Table 1:

Compensatory changes in energy and lipid metabolism genes in Cyp3a-null mice.

FEMALES MALES

Genes WT Cyp3a-null WT Cyp3a-null

Acox 1.00±0.428 0.326±0.054 1.00±0.520 1.318±0.431

Cpt1a 1.00±0.388 18.706±5.562* 1.00±0.265 134.76±60.91*

Fabp4 1.00±0.215 12.923±5.297* 1.00±0.954 2.441±1.697

Fasn 1.00±0.259 1.537±0.258 1.00±0.330 0.855±0.053

Foxa2 1.00±0.348 4.808±2.486 1.00±0.713 6.512±4.854

Pparα 1.00±0.266 1.424±0.374 1.00±0.558 3.366±1.545

Pparγ 1.00±0.342 2.616±1.791 1.00±0.988 0.172±0.143

Srebp1 1.00±0.256 0.908±0.228 1.00±0.245 1.342±0.272

Data represented as relative mean +/− SEM (n = 4). Statistical significance determined by Student’s t-test.

*
Indicates a p-value ≤ 0.05.
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Table 2:

Organ weights determined at the termination of study after 8 weeks of HFD treatment.

Models Body Liver Kidney WAT
a Testis

WT-F 23.75±1.03 0.91±0.04 0.25±0.01 1.13±0.20

Cyp3a-null F 23.88±1.34 0.88±0.04 0.30±0.01*** 0.78±0.23

WT-M 35.88±1.22 1.39±0.06 0.40±0.01 3.20±0.36 0.24±0.01

Cyp3a-null M 39.14±0.74* 1.50±0.54* 0.42±0.01 3.57±0.32 0.17±0.02**

a
White adipose tissue (WAT)

Data represented as mean +/− SEM (n = 7 or 8). Statistical significance determined by Student’s t-test.

*
Indicates a p-value ≤ 0.05,

**
indicates a p-values ≤ 0.01, and

***
indicates a p-value ≤ 0.001.

Chem Biol Interact. Author manuscript; available in PMC 2019 September 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kumar et al. Page 27

Table 3:

Lipidomics measured after eight weeks of HFD treatment on Cyp3a-null mice.

FEMALES MALES

Lipids WT Cyp3a-null WT Cyp3a-null

Total LysoPC 0.775±0.240 0.466±0.297 1.083±0.239 1.834±0.424

Total PC 45.200±10.050 36.980±16.570 58.750±11.550 98.720±13.940

Total SM / DSM 3.115±0.691 2.272±1.217 2.855±0.961 7.739±1.398*

Total ePC 1.459±0.312 1.317±0.509 2.082±0.434 3.359±0.517

Total LysoPE 0.217±0.061 0.195±0.111 0.358±0.087 0.631±0.114

Total PE 8.005±2.107 7.912±4.225 11.950±2.681 19.840±3.300

Total ePE 0.144±0.042 0.156±0.086 0.309±0.076 0.535±0.093

Total PI 2.512±0.487 2.348±1.220 3.907±0.961 9.007±1.437*

Total PS 0.510±0.118 0.553±0.241 0.542±0.138 1.434±0.286*

Total ePS 0.003±0.001 0.003±0.001 0.005±0.002 0.014±0.003*

Total PA 0.021±0.003 0.026±0.010 0.025±0.004 0.086±0.020*

Total PG 0.009±0.004 0.013±0.007 0.034±0.012 0.092±0.020*

Total lipids 61.97±14.01 52.06±24.45 81.89±16.97 163.6±7.685**

Data represented as mean signal per mg of protein +/− SEM (n = 5). Statistical significance determined by Student’s t-test.

*
Indicates a p-value ≤ 0.05 and

**
indicates a p-value ≤ 0.01.
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Table 4:

Disregulation of energy and lipid metabolism genes in Cyp3a-null mice after eight weeks of HFD treatment.

Genes WT Cyp3a-null WT Cyp3a-null

Acox 1.00±0.111 0.885±0.145 1.00±0.140 0.623±0.111

ApoE 1.00±0.160 1.411±0.273 1.00±0.156 0.437±0.107*

Car 1.00±0.116 1.769±0.430 1.00±0.198 0.564±0.052

Cpt1a 1.00±0.093 1.152±0.196 1.00±0.129 0.510±0.083**

Fasn 1.00±0.152 0.871±0.164 1.00±0.184 0.450±0.067*

Fatp-1 1.00±0.312 2.259±0.637 1.00±0.217 2.088±0.416*

Foxa2 1.00±0.182 1.354±0.247 1.00±0.202 1.052±0.137

IL-6 1.00±0.150 2.018±0.454* 1.00±0.222 0.640±0.141

Pepck1 1.00±0.193 1.199±0.327 1.00±0.298 0.397±0.105

Pparα 1.00±0.122 1.201±0.164 1.00±0.211 0.970±0.168

Pparγ 1.00±0.053 1.296±0.207 1.00±0.327 0.878±0.153

Pxr 1.00±0.158 1.919±0.386* 1.00±0.234 0.407±0.075*

Srebp1 1.00±0.127 0.967±0.213 1.00±0.145 0.567±0.058*

Srebp1a 1.00±0.254 1.118±0.346 1.00±0.188 0.466±0.120*

Srebp1c 1.00±0.127 1.355±0.266 1.00±0.160 0.536±0.131

Cyp2b9 1.00±0.137 1.495±0.154* 1.00 ±0.340 4.250±3.585

Cyp2b10 1.00±0.210 1.283±0.176 1.00 ±0.202 1.819±0.331

Data represented as relative mean +/− SEM (n = 7 or 8). Statistical significance determined by Student’s t-test.

*
Indicates a p-value ≤ 0.05 and

**
Indicates a p-value ≤ 0.01.
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