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Abstract

1 Previous studies have shown that diets can alter the metabolism of drugs; however, it is
difficult to compare the effects of multiple diets on drug metabolism among different
experimental settings. Phase-I related genes play a major role in the biotransformation
of pro-drugs and drugs.

2. In the current study, effects of nine diets on the mMRNA expression of phase-I drug-
metabolizing enzymes in livers of mice were simultaneously investigated. Compared to
the AIN-93M purified diet (control), 73 of the 132 critical phase-1 drug metabolizing
genes were differentially regulated by at least one diet. Diet restriction produced the
most number of changed genes (51), followed by the atherogenic diet (27), high-fat
diet (25), standard rodent chow (21), western diet (20), high-fructose diet (5), EFA
deficient diet (3), and low n-3 FA diet (1). The mRNAs of the Fmo family changed
most, followed by Cyp2b and 4a subfamilies, as well as Por (From 1121 to 21-fold
increase of theses MRNAS). There were 59 genes not altered by any of these diets.

3. The present results may improve the interpretation of studies with mice and aid in
determining effective and safe doses for individuals with different nutritional diets.
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Introduction

Cardiovascular and neuropsychiatric disorders are estimated to be the top two leading causes
for increasing disability the next ten years, and nutritional inputs are recognized as important
modifiers of these lifestyle diseases (Bhatia et al., 2011; Prottey et al., 1975). In the western
countries, processed, low-nutritional, and high-caloric foods are a significant part of the
daily diet. According to the U.S. Department of Health, eating healthier diets could decrease
at least $71 billion per year in medical costs, lost productivity, and deaths.

Alteration of laboratory animal diets is a good method to investigate the influence of
nutrients on various parameters and the phenotype of lifestyle disease caused by an
imbalance of nutrition intake, especially to exclude complex genetic and husbandry
variables. High-fat, atherogenic, western and high-fructose diets mimic the consumption of
diets high in fat, cholesterol and carbohydrates in humans, and subsequently cause metabolic
syndrome, diet-induced obesity, diabetes, and cardiovascular disease in animal models (Guo
et al., 1999). However, insufficient fat will also damage biological functions of organisms,
and the most commonly investigated are essential fatty acids (EFA) and docosahexaenoic
acid (DHA, n-3 FA). Low EFA diets highlight the importance of certain nutrients that must
be ingested because the body requires but cannot synthesize them, and almost all cells
express receptors that mediate EFA-based signaling pathways. Deficiency of EFAs have
been reported to be associated with cardiovascular, neuropsychiatric, immune-inflammatory
disorders, cancer proliferation, and increasing the length of stay in hospitals (Lands, 2012).
DHA is a “conditionally essential” omega-3 fatty acid (n-3 FA), and is made naturally in
small amounts, but also must be obtained from food or supplements. DHA plays an
important role in the development of the nervous system (Guesnet and Alessandri, 2011). In
order to find a more healthy balance of energy intake and consumption, diet restriction has
been used, and reported to increase insulin sensitivity and lifespan in mammals (Honkakoski
and Negishi, 2000).

Nutrition may have a global impact on genes involved in metabolism (Osada, 2013), and
lifestyle diseases due to imbalance of nutrition intake are often attempted to be treated by
long-term polypharmacotherapy. In addition, drugs are used in people that are on various
diets. Therefore, it is important to determine whether differences in diet affect the
metabolism of drugs.

Phase-I drug-metabolizing enzymes in the liver are very essential for increasing the water
solubility of drugs and other chemicals. These phase-l enzymes include carboxylesterases
(Cess), paraoxonases (Pons), alcohol dehydrogenases (Adhs), aldehyde dehydrogenases
(Aldhs), NAD(P)H:quinone oxidoreductases (Nqgos), flavin-containing monooxygenases
(Fmos), carbonyl reductases (Cbrs), epoxide hydrolases (Ephxs), aldehyde oxidases (Aoxs),
xanthine dehydrogenases (Xdhs), Aldo-keto reductases (Akr), P450 reductase (Por), and
cytochrome P450s (Cyps). Many phase-1 enzymes are regulated by transcription factors,
such as the aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR, Nr1i3),
pregnane X receptor (PXR, Nr1l2), peroxisome proliferator-activated receptor (PPAR,
Nrlcl), farnesoid X receptor (FXR, Nrlh4), hepatic nuclear factors (HNF), liver X receptor
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(LXR), and Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (Klaassen and Aleksunes,
2010; Klaassen and Lu, 2008).

Various amounts, types and lengths of dietary lipids and carbohydrates have been examined
to determine their influence on phase-1 drug metabolism enzymes and their transcriptional
regulators (Osada, 2013). High-fat diet induced PPARa, B, y1, and -y2, HNF4, LXRa and
their target Cyp mRNAs (Anderson et al., 2009), and reduced Cyp3all, Cyp2bl0, Cyp2a4,
PXR, and CAR mRNAs (Ghose et al., 2011). An atherogenic diet for 3 months decreased
Ponl mRNA and activity (Costa et al., 2005). A western diet induced LXR and PPARa
expression in mice (Osada, 2013). A diet rich in polyunsaturated fatty acids (including
DHA), activated CYP4a and 4f subfamilies (Comba ef a/., 2011). Short-chain fructo-
oligosaccharides altered the expression of PPARa and FXR target genes in rat liver
(Fukasawa et al., 2010). Caloric restriction reversed the changes in PPARa and LXR gene
expression (Cao et al., 2001; Osada, 2013).

However, all the studies described above were done separately and with different animal
models; thus it is impossible to compare these data directly. In the current study, a standard
AIN-93M purified diet (Duffy et al., 2002) was used as a control to compare with 8 other
classic laboratory diet formulations in C57BL/6 mice for 3 weeks, and genes involved in
phase-I drug metabolizing enzymes as well as transcription factors regulating these enzymes
were quantified by microarray and validated by real-time PCR (RT-PCR), in order to
determine which diets are most likely to alter the expression of phase-l1 metabolism related
genes, and thus might change the effectiveness and adverse effect of drugs.

Ethics Statement

Animals

The housing facility is an American Animal Associations Laboratory Animal Care-
accredited facility at the University of Kansas Medical Center, and all procedures were
approved in accordance with the Institutional Animal Care and Use Committee guidelines.

Male C57BL/6 mice (22+2 g, 8-weeks old, n=5) were obtained from Charles River
Laboratories, Inc. (Wilmington, MA). Animals were housed in a temperature-, light-, and
humidity controlled environment. Lab chow (#8604; teklad rodent diet; 14% calories from
fat), EFA deficient diet (#84224), high-fat diet (#97070; 59.9% calories from fat), western
diet (42% calories from fat, and 0.2% cholesterol, #88137), atherogenic rodent diet (#02028,
42.6% calories from fat; cholesterol 1.3%, 0.5% cholic acid), high-fructose diet (#89247
60% fructose diet), AIN-93M purified diet (#94048; 10.2% calories from fat), and low n-3
FA diet (#00235 + 7% sunflower oil) (Levant et al., 2006) were all purchased from Harlan
Laboratories (Madison, WI), and diet restriction performed by providing 75% of the #8604
diet consumed by ad /ibitum feeding (Varady et al., 2007) were given to mice for 3 weeks,
and all mice drank water ad /ib. The ad libitum daily feed intake was approximately 4 g/
mouse. Therefore, for diet restriction, each mouse was given approximately 2.7-3.0 g of
food per day. All mice were euthanized in the morning (8:00-10:00 A.M.) and blood and
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tissue samples were collected. Mice were not fasted before liver sample isolation. Livers
were collected and frozen in liquid nitrogen, and stored at 80°C before use. These mouse
livers were previous used to examine the influence of diets on expression of genes involved
in lipid metabolism, oxidative stress, and inflammation (Renaud et a/,, 2014).

Total RNA isolation

Total liver RNA was isolated using RNAzol Bee reagent (Tel-Test Inc., Friendswood, TX)
per the manufacturer’s protocol, and concentrations were quantified with a NanoDrop
Spectrophotometer (NanoDrop Technologies, Wilmington, DE) at 260 nm. Formaldehyde-
agarose gel electrophoresis was used to evaluate the integrity of these total RNA samples,
which were confirmed by visualization of the 18s and 28s rRNA bands.

Microarray and data analysis

Gene expression in livers of mice in each group consuming one of the nine diets was
determined using Affymetrix Mouse 430.20 arrays at the KUMC Microarray Core Facility.
The cRNAs of three mice of each diet were individually hybridized to an array. Raw data
CEL files were imported into the ‘R’ program using the ““Affy’’ package, normalized by the
Robust Multichip Averaging (GCRMA) package, with the output data being log2
transformed. The probes with intensities higher than 1og,100 in at least one group were
selected for further analysis. Gene annotations were obtained using GeneSpring (Agilent
Technologies, Santa Clara, CA), and gene symbols were obtained from the mouse 4302
package (Wu et al., 2012).

Quantification of Cyp2b10, 2d22, 3all, 4al4 and Fmo3 mRNA expression by RT-PCR assay

Diethyl pyrocarbanate (DEPC)-treated double-distilled water was used to dilute each RNA
sample to 50 ng/ul for real-time PCR quantification. Reverse transcription of RNA to cDNA
was performed using the Applied Biosystems High Capacity Reverse Transcriptase kit
(Applied Biosystems, Foster City, CA). Primers for RT-PCR were synthesized by Integrated
DNA Technologies (Coralville, 1A). Reactions were seeded in 384-well optical reaction
plates (Applied Biosystems) and fluorescence was quantified using Applied Biosystems
7900 Real Time PCR System. Data from the mice fed the standard AIN-93M purified diet
was considered the control diet. The mRNAs for the phase-I genes were normalized to
Gapdh, the most commonly used housekeeping gene, and the mRNA levels of Gapdh
remained relatively constant in mice fed these 9 diets for 3 weeks.

Statistical analysis

Differential expression of microarray data was determined using the “limma” package in ‘R’
(compared to data from mice fed AIN purified diet, 7<0.05). All values are expressed as
meanzS.E.M. Hierarchical clustering of phase-I drug-metabolism enzyme mRNAs that
exhibited changes in at least 1 diet was compared to the AIN-93M purified diet by using ‘R’
program using the ‘‘Pheatmap’” package. Average values of three replicates per age are
given by colored squares. High mMRNA abundance is represented in red, whereas low mRNA
abundance is in blue. Validation data of RT-PCR are expressed as meantS.E.M. (n=5).
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Differences between mean values were tested for statistical significance (£<0.05) by one-
way analysis of variance followed by Duncan’s post hoc test.

Results

Cytochrome P450 phase-I drug-metabolizing enzymes

Cypl family—Cypla2 was the only enzyme significantly changed in the Cyp1 family by
the various diets (Fig. 1A). The mRNA of Cypla2 increased 185% in mice fed lab chow,
170% with diet restriction, 213% with a high-fat diet, and 82% in mice fed a low n-3 FA
diet.

Cyp2 family—The mRNAs of the Cyp2 gene family were altered markedly by the various
diets (Fig. 1B-1G). In the Cyp2a subfamily, Cyp2al2 mRNA was up-regulated 56% by diet
restriction and 48% by the western diet (Fig. 1B). The mRNAs of the Cyp2b subfamily
increased markedly in mice fed the restricted diet and the lab chow (Fig. 1C). More
specifically, Cyp2b10 mRNA increased in mice fed lab chow (10-fold) and diet restriction
(153-fold), and Cyp2b13 mRNA was higher in mice on the restricted diet (28-fold) than the
purified diet.

The expression of 9 genes in the Cyp2c subfamily changed significantly with at least one
diet when compared to the purified diet (Fig. 1D). The lab chow up-regulated the mRNAs of
Cyp2c29 (65%), 2¢37 (100%), 2¢50 (58%), 2¢54 (83%) and 2¢55 (1100%). Diet restriction
increased mRNA levels for Cyp2c37 (300%), 2¢38 (200%), 2¢50 (44%), 2¢54 (98%), 2¢55
(300%), and 2c68 (96%) in livers of mice. The high-fat diet increased the mRNA of
Cyp2c50 (58%) and 2c¢54 (80%) in livers of mice. The atherogenic diet induced the
expression of Cyp2c37 (100%), 2¢55 (100%), and 2¢70 (67%) in livers of mice. The western
diet increased the mRNA of Cyp2c37 (96%) and 2¢50 (54%) in livers of mice.

The Cyp2d family was not altered markedly by the various diets (Fig. 1E). Diet restriction
decreased the mRNAs of Cyp2d9 and 2d13 about 50%, but increased Cyp2d22 mRNA
(89%) in livers of mice. A small increase in Cyp2d26 expression (less than 50%) was noted
in mice fed the following diets: diet restriction, high-fat diet, atherogenic diet, and western
diet.

The expression of other enzymes in the Cyp2 family is shown in Fig. 1F-1G. Cyp2j9 mRNA
increased 100% in livers of mice fed the atherogenic diet, while Cyp2g1 mRNA increased
900% in livers of mice fed the restricted diet. The mMRNAs of Cyp2j5, 2j6 and 2ul were
slightly decreased in mice fed the restricted diet, which was similar to changes of the
mMRNAs of Cyp2j6, 2rl and 2ul in mice fed the atherogenic diet.

Cyp3 family—The most abundant Cyp3 enzymes, namely Cyp3all and 3al3, and
Cyp3a4la mRNAs were increased by various diets (Fig. 2A). The Cyp3all mRNA
increased about 100% in livers of mice fed lab chow or diet restriction, while it increased
80% with the atherogenic diet and western diet. An increase in the mRNA of Cyp3al3 was
observed in livers of mice fed lab chow (100%) and the atherogenic diet (55%). Cyp3a4la
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MRNA was increased in livers of mice fed lab chow (500%) and also by diet restriction
(200%).

Cyp4 family—Diet restriction had a marked influence on the effects of two members of the
Cyp4 family (Fig. 2B), as Cyp4al2a mRNA expression was almost silenced whereas
Cyp4ald mRNA increased 173-fold. The mRNA of Cyp4al4 also increased in livers of mice
fed the lab chow (10-fold), high-fat diet (44-fold), and western diet (18-fold). Cyp4bl
MRNA decreased 41% in mice fed the atherogenic diet, while Cyp4f14 and 4v3 mRNAs
were decreased about 40% by the restricted diet. The mRNA of Cyp4f15 increased
somewhat in mice fed the restricted diet (59%), atherogenic diet (100%) and western diet
(71%).

Three Cyp genes were altered markedly other than Cypl, 2, 3 and 4 families (Fig. 2C),
which are often considered the drug metabolizing Cyps. The mRNA of the steroid-synthetic
enzyme Cypl7al decreased in livers of mice fed the lab chow (=72%), atherogenic diet
(—89%) and western diet (—88%), but increased in mice on restricted diet (700%) and the
EFA-deficient diet (200%). Interestingly, the mRNA of retinoic acid related enzyme
Cyp26al was increased by five of the diets, including diet restriction (7-fold), high-fructose
diet (7-fold), high-fat diet (5-fold), atherogenic diet (15-fold), and western diet (4-fold). The
mRNA of Cyp51, which is involved in sterol biosynthesis, was almost abolished in livers of
mice fed the atherogenic diet (—90% decrease) and the western diet (-89% decrease).

Non-Cyp phase-I drug-metabolizing enzymes

The mRNA expression of the Ces family of enzymes in the liver was increased (Fig. 3A) in
mice fed lab chow (Ces3, 41%; Ces6, 200%), diet restriction (Cesl, 100%; Ces6, 200%),
atherogenic diet (Ces6, 99%) and western diet (Ces6, 45%).

The mRNA of Ponl (Fig. 3B) was relatively resistant to alteration by the various diets, in
that it slightly increased in mice fed a high-fat diet (24%) and slightly decreased by the
atherogenic diet (-23%). More dramatically, Ngol mRNA was increased 10-fold by the
restricted diet. The mRNA of Por increased markedly in livers of mice given the restricted
diet (21-fold), and smaller increases were observed in mice fed lab chow (100%), high-fat
(100%), and atherogenic rodent diets (200%) (Fig. 3B).

The Fmo family (Fig. 3C) was altered the most when placed on the restricted diet with a
1121-fold increase in Fmo3, a 47-fold increase in Fmo2, and 2-fold increases in Fmol and
5. The mRNA of Fmo1l was increased by lab chow (52%) and the high-fat diet (51%), while
Fmo5 mRNA was increased by the atherogenic diet (300%) and western diet (100%).

Among the changes in the Akr family (Fig. 3D), Akrlc19 mRNA was altered the most with
increases in mice fed the lab chow (300%), diet restriction (400%) and high-fat diets (60%),
while Akrlc13 were increased about 40% with these three diets. The mRNA alterations of
other genes included: increases in Akrla4 in livers of mice fed the lab chow diet (34%),
high-fat diet (49%), and western diet (35%); increase of Akrldl1 in mice on diet restriction
(64%); increase of Akrlel (34%) in mice on the high-fat diet; decrease of Akrlb3 in mice
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on lab chow (30%); decrease of Akrlc6 in mice on the high-fructose diet (18%); decrease of
Akrlc20 in mice on the high-fructose (30%) and atherogenic diet (30%).

In general, the mMRNAs of the Adh and Aldh families were not altered markedly by the
various diets (Fig. 4A-4B). However, there was an increase of Aldh3a2 in mice on the
restricted diet (90%), high-fat diet (300%), and western diet (300%). The other alterations
include a decrease of Adh4 in livers of mice on the restricted diet (33%), a decrease of
Aldh9al in livers of mice on the atherogenic diet (26%), and an increase of Adh5 in livers of
mice on the restricted diet (21%). Aldh mRNAs had some minor changes also, with an
increase of Aldhlal in the mice fed the lab chow (44%) and high-fat diet (46%), an increase
of Aldh4al fed the high-fat diet (56%), an increase of Aldh7al on the lab chow (41%), high-
fat (54%), and western diets (37%), an increase of Aldh8al on the high-fat diet (31%), and
an increase of Aldh9al on the high-fat diet (26%).

Aox, Chr, Xdh, Ephx, and Mao gene families also had diverse expression patterns in the
current study (Fig. 4C—4F). Aox1 mRNA was increased about 100% by the high-fat diet,
atherogenic diet and western diet, as well as 200% by the lab chow. In contrast, another
altered gene in this family, Aox3, was decreased 71% by the high-fructose diet and 56% by
the EFA-deficient diet (Fig. 4C). Cbrl mRNA was higher in mice fed a restricted diet
(400%), atherogenic diet (100%), and lab chow diet (58%) (Fig. 4D). The mRNA level of
Xdh was 45% higher in livers of mice fed the restricted diet and 86% higher in mice fed the
atherogenic diet (Fig. 4D). Changes in Ephx1 mRNA were more obvious than Ephx2 with
the various diets, as it was about 100% higher with the high-fat diet; 200% higher in lab
chow, diet restriction and western diets; and 400% higher with the atherogenic diet. Ephx2
MRNA was 28% lower in livers of mice fed the restricted diet, 29% higher on the high-fat
diet, and 33% higher on the western diet (Fig. 4E). Mao-a and b mRNA levels were
increased about 100-200% in mice fed the restricted diet, and Mao-b was also increased
47% in livers of mice on the high-fat diet (Fig. 4F).

Expression of xenobiotic-sensing receptors

The expression of transcription factors known to regulate phase-I drug metabolism genes
were altered by 6 of the 8 diets, when compared to the AIN-93M purified diet (Fig. 5). Diet
restriction up-regulated CAR (300%), PXR (200%) and PPARa (100%) mRNA in livers of
mice. In livers of mice fed the high-fat and atherogenic diet, CAR and PPARa increased
about 100%. The atherogenic diet also increased PXR (86%) and Nrf2 (73%) mRNA
expression.

Hierarchical cluster analysis of mRNA profiles for phase-I drug metabolizing enzymes

In the current study, 132 phase-I related genes were examined, and the expression of 73
genes were changed by at least one diet (Fig. 6). Diet restriction altered the expression of 51
genes, followed by the atherogenic diet (27 genes), high-fat diet (25 genes), lab chow (21
genes), western diet (20 genes), high-fructose diet (5 genes), EFA deficient diet (3 genes),
and low n-3 FA diet (1 gene). The other 59 genes that were not altered by any of these diets
include Cyplal, 1b1, 2b19, 2c44, 2¢65, 2d10, 2d34, 2el, 2f2, 2j11, 2j13, 2s1, 2w1l, 3al6,
3ad4, 4a29, 4a31, 413, 4116, 439, 4f41, 4x1, 11al, 11bl, 11b2, 19al, 20al, 21al, 24al,
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26b1, 27b1, and 46al; Adhl, 6a, 6b, 7, fel; Aldh 1a2, 1a3, 1a7, 1b1, 11, 112, 2, 3al, 3bl,
3b2, 5al, 6al, 16al, and 18al; Ces 5, 7, and 8; Ngo2, Fmo4, Pon2, Pon3, and AhR.

The mRNA alterations of Cyp2b10, 2d22, 3al1, 4a14 and Fmo3 quantified by microarray
were validated with real-time PCR, because the changes of these genes are the most obvious
in the present study. In general, the trend of the changes for these 6 genes was similar by
these 2 methods (Supplemental Fig.1).

Discussion

The present study characterizes the mRNA profiles of phase-1-related genes in the livers of
mice fed 9 various diets. Compared with the AIN-93M purified diet, changes in phase-I
related gene expression produced by 8 classic laboratory diets were examined
simultaneously, which yielded more information on these genes within diverse nutrition
conditions than in previous separate reports (Anderson et al., 2009; Dawson et al., 2013,
Duffy et al., 2002; Ghose et al., 2011; Guesnet and Alessandri, 2011; Kanoski and
Davidson, 2011; Vergnes et al., 2003).

Many phase-1 related genes changed markedly in livers of mice on the restricted diet (51
genes). Diet restriction is a regimen based on lower dietary intake relative to the subject's
previous intake before intentionally restricting calories, or, to an average intake of a person
of similar body type (Anderson et al., 2009; Fontana, 2004; Witte, 2009). The present study
indicates the mRNAs of 42 genes were increased by calorie restriction. If the data from the
mice fed the calorie restricted diet would have been compared to the data from the mice fed
the lab chow, the statistics would have been similar except for a few mRNAs that are also
increased by the lab chow (Cypla2, 2c29, 2¢50, 2¢54, 2¢55, 3all, 3a4la, Ces6, Ephx1).

The Fmos catalyze chemical reactions via the bound cofactor flavin, which oxidize
heteroatoms, particularly nucleophilic atoms such as the nitrogen of amines (Phillips and
Shephard, 2008). The current study showed that the Fmo family was markedly induced with
diet restriction (Fig. 3C), especially Fmo3 and Fmo2, which is consistent with about a 1000-
fold higher level of enzyme activity in guinea pigs on a restricted diet (Brodfuehrer and
Zannoni, 1987). Moreover, activation of CAR (increase of Cyp2b10), lipid metabolism
(Cyp4al4d and PPARQ), oxidative stress (Ngol) (Fig. 1, 2, 5, and 3) and Nrf2 might have
occurred in mice with 3-week diet restriction, and the data are consistent with previous
studies (Cao et al., 2001; Osada, 2013). Cyp17al and 26al (Fig. 1) were induced 7-fold in
the mice on diet restriction, indicating the influence on the synthesis of retinoic acid and
steroids. About 4- to 9-fold increases in the mRNAs of Cyp2g1, Akrlc19, and Cbrl (Fig. 1,
3, 4) were observed in diet-restricted mice. Cyp2g1 metabolizes chemicals including
coumarin (Gu et al., 1998); Akrlc19 reduces isatin, which is a pharmacologically active
molecule produced by intestinal bacteria (Ishikura et a/., 2005); Cbrl reduces doxorubicin in
humans and detoxifies reactive aldehydes (Doorn et al., 2004; Kassner et al., 2008).
Therefore, induction of the mMRNAS of these genes by diet restriction may alter the
corresponding biotransformation. Por is the only electron donor for all microsomal P450s,
and the 21-fold induction of the mMRNA expression by diet restriction might increase the
function of Cyps (Fig. 3B). In contrast, Cyp4al2a (Fig. 2B) was almost abolished with diet

Xenobiotica. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guo et al.

Page 9

restriction, which further indicates the influence of restricted diet on the metabolism of fat.
Mao-a (oxidizes de-amination of amines), Cesl1, and Ces6 (biotransformation of ester- or
amide-type prodrugs) had 1- to 2-fold increases of their mRNA in livers of mice fed the
restricted diet (Fig. 3 and 4), and thus might alter the metabolism of circulating serotonin,
norepinephrine, as well as cocaine, temocapril, meperidine and delapril. The high-fat,
atherogenic and western diet ranked as the second most influential diets in regulating phase-
I metabolism genes (atherogenic diet: 27 genes, high-fat diet: 25 genes, western diet: 20
genes). The similarity among these 3 diets is the high fat content. Specifically, the high-fat
diet supplies high triglycerides, the atherogenic diet provides high cholesterol, bile acids and
fat, and the western diet includes high fat and carbohydrates. Therefore, it is not surprising
that the major changes observed were related to lipid metabolism, such as induction of
Cyp4al4 and PPARa mRNA (Fig. 2 and 5), as well as the marked decrease in expression of
Cypl7al and 51 (Cypl7al catalyses the oxidative removal of the 14a-methyl group of
lanosterol or eburicol, and Cyp51 required for sterol biosynthesis) (Mullins et al., 2011),
which is consistent with results in previous studies (Anderson et al., 2009; Osada, 2013).
However, other genes such as Cyp26al, which metabolizes retinoic acid, also had 4- to 14-
fold increases in mice fed these three diets, but especially the atherogenic diet, which
suggest a strong interaction in the synthesis for retinoic acid, cholesterol and bile acids (Fig.
1C). The decrease of Cyp3all, 2b10, 2a4, PXR and CAR in mice fed a high-fat diet
compared to a low-fat diet was not reproduced in the present study, which might be due to
difference in control diet (Ghose et a/., 2011). In the current study, Ephx1, which plays an
important role in both activation and detoxification of exogenous chemicals, such as
polycyclic aromatic hydrocarbons (Nguyen et al., 2013), was obviously up-regulated in
livers of mice fed the atherogenic diet (Fig. 4E). Fmo5 is expressed lowly in livers of mice
but highly in livers of humans, and was increased 3-fold in livers of mice fed the atherogenic
diet (Fig. 3C). In addition, the decrease of Pon1 mRNA in livers of mice fed the atherogenic
diet (Fig. 3B) was consistent with a previous study (Costa et a/., 2005). Aldh3a2 catalyzes
the oxidation of a variety of saturated and unsaturated aliphatic aldehydes, and converts
hexadecenal to hexadecenoic acid (Koppaka et a/., 2012). The mRNA of Aldh3a2 was 3-
times higher in mice fed a high-fat or western diet (Fig. 4B), which indicates extensive
oxidation of long-chain aliphatic aldehydes to fatty acids. Cypla2, 2¢c37, 2¢55, 2j9, 415,
Axol, Ces6, PPARa, and Por were also increased slightly by these 3 diets, and the
significance of these findings needs further research.

Lab chow revealed differences from the AIN-93M Purified Diet. The lab chow resulted in
about a 10-fold induction of Cyp2b10, Cyp2c55 and 4al4 (Konno et al., 2010) (Fig. 1 and
2), which are CAR, PXR and PPARa target genes (Fig. 5); thus the increase might be due to
phytochemicals that activates these nuclear receptors. In addition, Cyp3a4la, 17al (Fig. 2),
and Akrlc19 (Fig. 3D) were altered by the lab chow diet.

The high-fructose diet altered the expression of fewer genes related to retinoic acid, steroid
hormones, and lipid metabolism. Cyp26al mRNAs was 7-times higher in mice fed a high-
fructose diet (Fig. 2), indicating a marked acceleration of retinoic acid synthesis may occur.
Aox oxidizes organic molecules containing aldehyde functionality into the corresponding
carboxylic acid, and hydroxylates aza- and oxo-heterocycles (Coelho et al., 2012). Aox3 is
the only member of the Aox family that was significantly changed in livers of mice fed the
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high-fructose diet (Fig. 4C), and the 71% decrease in expression suggests that inactivation of
drugs as well as other xenobiotics metabolized by Aox3 is likely because it is the prevalent
form of Aox in livers of mice. The constitutively active transcriptional regulator CAR (Fig.
5) was decreased 42% in livers of mice fed the high-fructose diet, and therefore, drug
metabolism, glucose metabolism and bilirubin clearance may be changed (Wada et al.,
2009). The influence of other down-regulated genes (Fig. 3D), including Akrlc6 (-18%),
and 1¢20 (-31%) may change the metabolism of steroid hormones and lipids in livers of
mice fed a high-fructose diet. The expression of phase-1 drug metabolizing genes was not
markedly altered in mice fed the low n-3 FA diet and the EFA-deficient diet. Cypla2 was
slightly increased (Fig. 1) in mice fed the two diets, but the biological significance of these
changes is not obvious. The MRNA of CAR (Fig. 5) and Aox3 (Fig. 4C) were decreased,
and Cypl7al (Fig. 2) was increased by the EFA-deficient diet, therefore, the metabolism of
Aox3 substrates and steroidogenesis (Cypl7al involved) might be changed (Pryde et al.,
2010).

Caution is needed when interpreting these mRNA results to corresponding enzyme activity
and function. However, for many of the enzymes there are no specific substrates or specific
antibodies to determine the similarities of the changes in mRNA and enzyme activities.
Because of the large number of pathways examined in the present study, it will require a
massive effort to quantify enzyme activity, once specific substrates are known for each
pathway.

Conclusion

compared with the AIN-93M purified diet, the mRNA of 73 phase-I related genes were
altered by at least one diet in 8 various diets. Diet restriction had the most dramatic effects in
that it altered the expression of 51 genes, followed by the atherogenic diet (27 genes), high-
fat diet (25 genes), lab chow (21 genes), western diet (20 genes), high-fructose diet (5
genes), EFA deficient diet (3 genes), and low n-3 FA diet (1 gene). Diet restriction altered
the mRNA of the Fmo gene family the most (Fmo3: 1121-fold increase, Fmo2: 47-fold
increase) followed by Cyp2b (Cyp2b10: 153-fold increase, Cyp2hb13: 28-fold increase) and
4a (Cypdal2a: 97% decrease, Cyp4al4d: 173-fold increase) subfamilies, as well as Por (21-
fold increase). Changes in the mRNA of other phase | enzymes were also produced by
changing the diets. Thus the diet is another parameter that should be considered when
determining the dose of drugs to produce the desirable but not adverse effects.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Adhs alcohol dehydrogenases

AhR aryl hydrocarbon receptor

Aldhs aldehyde dehydrogenases

Aoxs aldehyde oxidases

CAR constitutive androstane receptor
Cbrs carbonyl reductases

Cess carboxylesterases

Cyp Cytochromes P450

DHA docosahexaenoic acid

Ephxs epoxide hydrolases

EFA essential fatty acids

Fmos flavin-containing monooxygenases
FXR farnesoid X receptor

HNF hepatic nuclear factors

LXR liver X receptor

Por P450 reductase

Pons paraoxonases

PPAR peroxisome proliferator-activated receptor
PXR pregnane X receptor

Nrf2 Nuclear factor (erythroid-derived 2)-like 2
Ngos, NAD(P)H quinone oxidoreductases

Xdhs xanthine dehydrogenases
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Figure 1.
The mRNAs of enzymes in the Cypl and 2 families fed various diets. “AIN-93M purified”

represents AIN-93M purified diet (#94048); “Lab chow” represents teklad rodent diet
(#8604); Diet restriction performed by providing 75% of the diet (#8604) consumed by ad
libitum feeding; “high fructose” represents 60% fructose diet (#89247); “high fat” represents
high-fat diet (#97070); “atherogenic” represents atherogenic rodent diet (#02028); “western”
represents adjusted calories diet (western diet, #88137); “low n-3 FA” represents DHA
deficient diet (#00235 + 7% sunflower oil); “EFA deficient” represents EFA-deficient diet
(#84224). The same abbreviations used in all the figures of the current study. Data are
presented as means + S.E.M of three mice, * represent ~<0.05.
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Figure 2.
The mRNAs of enzymes in the Cyp3, 4 and other Cyp families in livers of mice fed 8

different diets compared with the AIN-93M purified diet. Data are presented as means +
S.E.M of three mice, * represent A<0.05.
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Figure 3.
The mRNAs of Ces, Pon, Nqo, Por, Fmo and Akr families in livers of mice fed 8 different

diets compared with the AIN-93M purified diet. Data are presented as means + S.E.M of
three mice, * represent A<0.05.
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Figure 4.
The mRNAs of Adh, Aldh, Aox, Cbr, Xdh, Ephx and Mao families in livers of mice fed 8

different diets compared with AIN-93M purified diet. Data are presented as means + S.E.M
of three mice, * represent £<0.05.
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Figureb.
The mRNAs of transcription factors important in phase-1 metabolism in livers of mice fed 8

different diets compared with the AIN-93M purified diet. Data are presented as means +
S.E.M of three mice, * represent A<0.05.
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Hierarchical cluster analysis of mMRNA profiles for phase-1 drug metabolizing enzymes.
Compared with the AIN-93M purified diet 73 phase-1 related genes changed in at least one
diet treatment. Diet restriction altered the mRNA of 51 genes, followed by the atherogenic
rodent diet that altered the mRNA expression of 27 phase-1 drug metabolizing genes. Lab
chow, high-fructose diet, high-fat diet, western diet, low n-3 FA diet and EFA deficient diet,
altered the mRNA expression of 21, 6, 25, 20, 1, and 3 genes, respectively. Average values

of three replicates per diet are given by colored squares. High mRNA abundance is
represented in red, whereas low mRNA abundance is in blue.
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