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Abstract
Nutritional studies in laboratory animals have long shown that various dietary components can contribute to altered gene expression
and metabolism, but diet alone has not been considered in whole animal genomic studies. In this study, global gene expression
changes in mice fed either a non-purified chow or a purified diet were investigated and background metal levels in the two diets
were measured by ICP-MS. C57BL/6J mice were raised for 5 weeks on either the cereal-based, non-purified LRD-5001 diet or the
purified, casein-based AIN-76A diet, as part of a larger study examining the effects of low dose arsenic (As) in the diet or drinking
water. Affymetrix Mouse Whole Genome 430 2.0 microarrays were used to assess gene expression changes in the liver and lung.
Microarray analysis revealed that animals fed the LRD-5001 diet displayed a significantly higher hepatic expression of Phase I and
II metabolism genes as well as other metabolic genes. The LRD-5001 diet masked the As-induced gene expression changes that
were clearly seen in the animals fed the AIN-76A diet when each dietary group was exposed to 100 ppb As in drinking water. Trace
metal analysis revealed that the LRD-5001 diet contained a mixture of inorganic and organic As at a total concentration of 390 ppb,
while the AIN-76A diet contained approximately 20 ppb. These findings indicate that the use of non-purified diets may profoundly
alter observable patterns of change induced by arsenic and, likely, by other experimental treatments, particularly, altering gene and
protein expression.
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1. Introduction
Nutritional studies in laboratory animals have long
shown that various dietary components can substantially
influence expression of individual genes and proteins
and also alter metabolism, but to date the effects of
diet alone have not been carefully considered in whole
animal genomic studies. Gene arrays are a powerful
tool for examining global patterns of gene expression and can greatly aid in understanding underlying
mechanisms of action, such as pharmacological or toxicological investigations of the effects of drugs and
toxicants in vivo [1]. However, many other variables,
which are often not controlled for in experimental
designs, can also influence gene expression, confounding the effects of the experimental treatment. A number
of these factors, including housing, handling, diurnal
cycles, euthanasia, and necropsy procedures, have previously been shown to alter gene expression patterns
[2,3].
Laboratory animal diets fall into three main
categories: cereal-based (non-purified), purified, and
chemically defined [4]. This study compared the global
effects of a purified (AIN-76A) and non-purified diet
(LRD-5001) on gene expression using whole genome
microarrays. Recent insights have indicated the importance of a carefully controlled laboratory diet, as a
number of publications have reported that variability
in estrogenic activity in lab diets, particularly from
isoflavones, can greatly affect experimental results [5–8],
while others have reported the variable contamination
of chow with toxicants of interest [9,10]. In addition, considerable lot-to-lot variability has also been
reported for normal constituents [8,11]. Laboratory
diets can be either an open formula, in which the
exact composition is readily available to consumers,
or a closed formula, in which the exact composition is known only by the manufacturer [12]. In
many closed diets, the protein, fat, and carbohydrate
sources vary from lot-to-lot, as do the proportions of
these ingredients, based on product availability and
cost.
The AIN-76A diet is a purified diet introduced in
1977 by the American Institute of Nutrition (AIN) for
use with experimental rodents. The major source of protein is casein and the diet contains purified and refined
sources of minerals and vitamins in standard proportions
with minimal variability from lot-to-lot [4,13]. While
the importance of laboratory diet has become clear, the
type of diet in not commonly reported in the published
toxicogenomics literature or is listed as standard lab
chow, and many animal housing facilities continue to

use such cereal-based, non-purified, non-refined diets.
One of the more commonly used is the Purina Laboratory Rodent diet 5001 (LRD-5001). The LRD-5001
chow is a closed formula consisting of variable sources
of protein, one of which is fish meal (a probable source
of arsenic and other contaminants) and the ingredients
and proportions in this diet vary according to raw material availability and price. It was recently reported that
this diet contained varying and often high concentrations of methylmercury, likely due to the fishmeal, which
was shown to have an impact on experimental results
[9].
The goal of in vivo gene array studies is to reveal
gene expression patterns associated with a specific treatment variable. However, a diet with high and variable
background levels of the toxicant under investigation
can potentially skew or mask results. In addition, it is
well known that specific dietary components can be
potent inducers or inhibitors of specific gene or protein
expression or inhibit certain metabolic enzymes. The
composition of the LRD-5001 diet and results of previous studies led us to examine the background levels
of metals in this chow, particularly since our laboratory
investigates the mechanism underlying the toxicity of
arsenic (As) and other toxic metals of concern. Arsenic
is classified as a human carcinogen by the U.S. EPA
and the World Health Organization [14,15], and chronic
ingestion has been associated with increased risk of a
number of serious diseases including various cancers,
type II diabetes, cardiovascular disease and reproductive
and developmental abnormalities [15–20]. In numerous published studies, As has been shown to interfere
with a wide variety of physiological processes, including DNA repair [21–23], endocrine signaling [24–27],
and immune function [28,29]. This study was conducted
as part of a larger experiment investigating altered patterns of gene expression in the liver and lung in response
to low dose As exposure administered through the diet
or in drinking water. As part of this larger study, two
groups of animals were fed either the non-purified LRD5001 lab chow or the purified AIN-76A diet. Sub-groups
from each diet background were exposed to As at 10 or
100 ppb in the drinking water (ad lib) or 10 ppb added to
each diet for 5 weeks. This study revealed a significant
alteration in the gene expression pattern in the livers and
lungs of the mice as a direct result of diet. Moreover,
while the animals on the purified diet showed a striking
and consistent pattern of altered gene expression as a
result of As exposure, these effects were largely masked
by the non-purified diet, due to the dominant pattern
of effects from the diet itself on many of these same
pathways.
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2. Methods
2.1. Animal husbandry
All animal studies were conducted in accordance with
AALAC approved guidelines using a protocol approved
by IACUC at the University of Oklahoma Health Sciences Center. Six-week-old C57BL/6J male mice (NCI
APA breeding stock, Frederick MD) were housed in ventilated cages with autoclaved nanopure water (ad lib),
autoclaved bedding, and autoclaved LRD-5001 or AIN76A chow (ad lib) that had been specially formulated for
this study by the manufacturer with or without addition
of 10 ppb sodium arsenite (Harlan Teklad, Madison, WI).
Mice were acclimated on each diet for 2 weeks prior to
initiation of the As study to allow for washout of residual diet. At the start of the experiment, animals were
given drinking water (changed bi-weekly) with or without addition of 10 or 100 ppb sodium arsenite. Animals
were euthanized using carbon dioxide and the livers and
lungs were removed and placed in RNAlater (Ambion,
Austin, TX) on ice. For the liver tissue, groups of five
animals were processed separately with exception of the
AIN-76A diet with the 100 ppb As in the drinking water
where n = 4. For the lung, groups of five animals were
processed with the exception of both As drinking water
exposures on the AIN-76A diet and the LRD-5001 control where n = 4 and the LRD-5001 diet with the 100 ppb
As in the drinking water where n = 3. Samples were
shipped on wet ice and stored in RNAlater at −80 ◦ C.
2.2. RNA isolation and microarray
RNA was extracted from frozen liver samples and
homogenized using QiashredderTM and RNeasy® Mini
Kits (Qiagen, Valencia, CA) per manufacturer’s protocol. Contaminating genomic DNA was removed using
DNA-free kits (Ambion, Austin, TX) and total RNA
was quantified with a NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Rockland, DE). RNA
quality was determined with the RNA 6000 LabChip kit
Nano Assay (Agilent Technologies, Inc., Santa Clara,
CA).
Microarray experiments were performed using
GeneChip® Mouse Genome 430 2.0 arrays from
Affymetrix (Santa Clara, CA). Total RNA samples were
processed following a standard one-cycle eukaryotic
target preparation protocol from Affymetrix. Briefly,
total RNA was first reverse-transcribed using T7oligo(dT) promoter primer in the first-strand cDNA
synthesis reaction. Following RNase H-mediated
second-strand cDNA synthesis, the double stranded

131

cDNA was purified and served as a template in the
subsequent in vitro transcription (IVT) reaction. The
IVT reaction was carried out in the presence of
T7 RNA Polymerase and a biotinylated nucleotide
analog/ribonucleotide mix for complementary RNA
(cRNA) amplification and biotin labeling. Biotinylated
cRNA (15 !g) targets were then purified, fragmented,
and hybridized to GeneChip® array during the overnight
incubation at 45 ◦ C in a rotating hybridization oven.
After hybridization, the arrays were stained with
streptavidin-phycoerythrin in the GeneChip® Fluidics
station and then scanned using Affymetrix GeneChip®
Scanner (laser filter set at 570 nm; pixel size 2.5 !m).
The array image data were acquired, and the fluorescent
signal intensities were quantified using Affymetrix®
GCOS v. 1.2 software with following settings of quantitation parameters: Alpha1 = 0.05, Alpha2 = 0.065,
Tau = 0.015, Gamma1H = 0.0045, Gamma1L = 0.0045,
Gamma2H = 0.006,
Gamma2L = 0.006,
Perturbation = 1.1, Target Intensity = 150.
2.3. Statistical analysis
The Mouse Whole Genome 430 2.0 GeneChip array
has over 39,000 individual probes for mouse transcripts
representing the entire transcribed mouse genome (transcriptome) on a single array. The sequences from which
the array probe sets were derived were selected from
GenBank® , dbEST, and RefSeq. The sequence clusters
were created from the UniGene database (Build 107,
June 2002) and then refined by analysis and comparison with the publicly available draft assembly of the
mouse genome from the Whitehead Institute for Genome
Research (MGSC, April 2002). Microarray analysis
procedures used here have been described [30]. Gene
expression data (CEL files) were analyzed using open
source R software packages available as part of the Bioconductor project (http://www.bioconductor.org). Gene
expression data were normalized by robust multi-array
analysis (RMA) as previously described [31]. ANOVA
p-values for each probe were calculated using R. We
identified differentially expressed genes between classes
using the non-parametric rank-product method (p-value
<0.05) as previously described [32,33] and log2 expression values for each slide were generated. Mean fold
changes were calculated in R for each probe within
classes for use in subsequent filtering. Clustering was
performed using the simpleaffy package from Bioconductor, using its default, standard Pearson. Canonical
pathway analysis was generated through the use of Ingenuity Pathways Analysis (IPA) (Ingenuity® Systems,
www.ingenuity.com). Canonical pathway analysis was
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measured in two ways: (1) a ratio of the number of
genes from the data set that map to the pathway divided
by the total number of genes that map to the canonical
pathway. (2) Fischer’s exact test was used to calculate a
p-value. Additional analysis was done with Affymetrix
NETAFFX expression query.
2.4. ICP-mass spectrometry metal analysis
Total concentrations of trace metals in both the
LRD-5001 and AIN-76A diets were measured by
the Dartmouth Trace Elements Analysis Core Facility. Approximately 0.25 g of chow was weighed into a
Teflon microwave digestion vessel and 5 ml of concentrated HNO3 (Fisher Optima) was added. The samples
were microwave digested at 180 ◦ C with a ramp time
and hold time of 10 min each (MARS5 CEM Corporation, Mathews, NC). The digested samples were
made up to a volume of 25 ml with H2 O and analyzed for total trace element concentrations using high
resolution inductively coupled plasma-mass spectrometry (ICP-MS) (Element2 ICP-MS, Thermo Electron,
Bremen, Germany). Calibration and quantification were
by the method of standard additions. Each sample was
digested and analyzed in triplicate and the certified reference material DORM2 (CRC, Ottawa, Canada) was
digested and analyzed along with the sample batch.
Arsenic speciation was performed by anion exchange
chromatography coupled to ICP-MS. A Hamilton PRP
X100 anion exchange column was used with a 30 mM
phosphate eluant and a flow rate of 1 ml/min. The basic
methodology has been described elsewhere [34]. The pH
of the phosphate eluant was adjusted to pH 8 to allow
for resolution of arsenobetaine from arsenite.
3. Results
3.1. Trace metal contaminants in laboratory chow
Table 1 outlines several trace metal concentrations in
the LRD-5001 and AIN-76A diets as measured by ICPMS. All the measured trace metals were increased in the
non-purified chow as compared to the AIN-76A, with
the exceptions of chromium and manganese, which are
added to the AIN-76A diet for nutritional value. Many
of the metals present in the LRD-5001 diet (including
copper, zinc, and manganese) are also added for potential nutritional value and the metal concentrations in both
diets have been previously documented [35]. However,
the elevated concentrations of toxic contaminants such as
arsenic, cadmium and lead in the LRD-5001 diet, which
are not purposely added, are particularly striking. One

Table 1
Trace metal contaminants in LRD-5001 and AIN-76A diets
Metal

Total arsenic
Arsenobetaine
As3+
As5+
Dimethyl arsenic
Cadmium
Chromium
Copper
Lead
Manganese
Nickel
Selenium
Vanadium
Zinc

Concentration (mg/kg)
LRD-5001

AIN-76A

0.39 (±0.03)
0.088 (±0.004)
0.022 (±0.003)
0.033 (±0.005)
0.038 (±0.004)
0.088 (±0.006)
0.6 (±0.1)
12 (±2)
0.3 (±0.3)
39 (±5)
1.80 (±0.07)
0.37 (±0.04)
0.82 (±0.09)
108 (±5)

0.02 (±0.01)
N/A
N/A
N/A
N/A
0.001 (±0.001)
6 (±4)
5 (±4)
0.006 (±0.004)
50.5 (±0.4)
0.09 (±0.01)
0.22 (±0.07)
0.073 (±0.002)
49 (±1)

Total concentrations of specific trace metals in the LRD-5001 and
AIN-76A rodent chows were measured using ICP-MS as described
in Section 2. Each sample was run in triplicate, and the average concentration (mg/kg = ppm, average ± S.D.) is shown. Arsenic species
were quantified by ICP-MS as described in Section 2. There was a
40–50% recovery of the total arsenic. Each speciation sample was run
in duplicate.

of the most notable differences is the high level of As in
the LRD-5001 chow. A total of 390 ppb As was detected.
Arsenic in food sources is typically composed of a mixture of both inorganic and organic As. In our extraction
and speciation of the diet, approximately 40–50% of
the total 390 ppb As was recovered for species analysis; the undissolvable fraction is most likely comprised
of arsenolipids or other insoluble forms. Of the 390 ppb
total As that was speciated in the LRD-5001 diet, 56 ppb
was inorganic As. On a daily ingestion basis, 56 ppb inorganic As in food is a concentration that is substantially
higher, assuming equal bioavailability, than the equivalent current U.S. EPA human exposure standard for As
in the drinking water, which was recently lowered from
50 to 10 ppb. The AIN-76A diet contained only 20 ppb
total As, which was a level too low to speciate, so the
actual level of inorganic As exposure from this chow is
unknown. However, addition of 10 ppb As to this chow
(data not shown), or exposure to 10 or 100 ppb As in
drinking water produced a clear gene expression profile
in this dietary background, suggesting that the bioavailable fraction of inorganic As in the AIN-76A diet is
low.
3.2. Laboratory diet alters gene expression
Fig. 1 is a set of “heat maps” of clustered genes filtered with the ANOVA function of R from the list of
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Fig. 1. Laboratory diet alters gene expression in the liver and lung. Genome-wide transcriptome microarrays were run as described in Section 2
and as indicated on the treatment labels shown on the x-axis. Following array analysis of individual animals to generate lists of significantly altered
genes (see Section 2), the ANOVA function of R was used to generate heat maps of the clustered, top differentially regulated probes in the liver
(top 1000 probes) (1A) and lung (top 100 probes) (1B). Animals were grouped manually by treatment, and genes were then clustered by relational
analysis using standard Pearson, as described in Section 2. The first four groupings represent individual animals fed on the non-purified LRD-5001
diet, with or without exposure to As as indicated, and the second four groups represent individual animals fed on the purified AIN-76A diet, with
or without As (see Section 2). Individual Affymetrix probes that were differentially expressed are represented across each row. Green shaded boxes
indicate genes that were significantly down-regulated relative to control and red shaded boxes indicate genes that were up-regulated.
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differentially expressed genes, selecting the top 1000
in the liver and top 100 in the lung. Expression values
for each animal from the four groups of As exposures on each diet are represented in the columns
(individual animals were manually clustered by treatment group), while differentially expressed Affymetrix
probes ranked by ANOVA p-value are represented in
the rows (clustered by statistical analysis using standard Pearson correlation). The liver showed a much
greater overall differential response, leading to a much
longer list of significantly altered genes as compared
to lung. Thus, the 1000 most significantly regulated
probes in the liver are represented in Fig. 1A and
the 100 most significantly altered probes in the lung
are represented in Fig. 1B. The most obvious difference in the expression pattern among all groups was
observed in the liver tissue (Fig. 1A) and was principally between the animals on the two different diets,
regardless of additional As exposure (with the exception of the 100 ppb As dose with mice on the purified
AIN-76A diet and 100 ppb As in drinking water). While
the pattern of alterations was somewhat more muted and
variable in the lung (Fig. 1B), there was also an obvious dietary effect in this tissue, which dominated the
other treatment variables (with the exception of mice
on the AIN-76A diet and 10 or 100 ppb As in drinking
water).
3.3. Pathway analysis of diet-induced gene
expression changes
We performed further analysis with the initial gene
lists, focusing on genes showing an average expression value change of at least 1.5-fold, and using diet
as the only categorical variable. IPA pathways analysis was performed and significant effects on several
pathways as a function of diet alone were observed.
These pathways, which were selected by the −log(pvalue) of altered pathways versus ratio (fraction of
the genes in the pathway that were significantly regulated by the diet), as designated by IPA, include:
LPS/IL1 which mediates inhibition of RXR function;
fatty acid and linoleic acid metabolism; and a number of amino acid metabolism pathways, including
those for tryptophan, valine, leucine, and isoleucine
(for complete list of pathways see Supplementary
Table 1). Gene expression changes in amino acid
and lipid metabolism were not unexpected based on
the published quantitative composition analysis of the
two diets. There were also significant changes in
genes involved in Phase I and II metabolism, which
includes the metabolism of xenobiotics by cytochrome

P450s (CYPs) and glutathione metabolism pathways.
A total of 33 genes involved in the metabolism of
xenobiotics by cytochrome P450s were more highly
expressed in the LRD-5001 diet as compared to
the AIN-76A diet (p-value = 2.91 × 10−18 ). Sixteen
genes involved in glutathione metabolism were also
altered (13 increased, 3 decreased) in the LRD5001 diet (p-value = 1.21 × 10−10 ). Aryl hydrocarbon
receptor signaling and NRF2-mediated oxidative stress
responses, which are also particularly important toxicology pathways, were also differentially regulated between
the two diets.
3.4. Dietary effects on Phase I and II metabolism
genes
The significant differential expression of the Phase
I and II metabolism enzymes revealed in the pathway
analysis led us to further investigate the changes in this
group of genes. Fig. 2A is a heat map of a subset of
the genes identified in the pathway analysis, namely
genes with at least a 1.5-fold mean change and specified
by IPA as being involved with xenobiotic metabolism.
We further investigated CYP genes in the liver using
Affymetrix NETAFFX to search for all probes with
“P450” as part of the gene title. This search retrieved
101 Cytochrome P450 probe IDs. To investigate the
changes in these probes, the average expression value
for each gene in the liver within each of the AIN-76A
and LRD-5001 groups was expressed as a ratio. The
ratios for all CYP probes were then ordered by decreasing absolute value and then intersected with the overall
list of 500 most altered probes between the two diets.
This generated a list of the CYP probes (21 of the
total 101 probes) that were the most altered by diet
(Fig. 2B). We then cross-referenced this list to the xenobiotic metabolism list generated by IPA. The IPA list
contains both Phase I- and Phase II-related genes, but
of the CYP (Phase I) genes, there is considerable overlap between the two lists. However, a number of genes
were significantly altered by diet, but were not selected
by IPA pathways analysis because they were not designated in the software as being part of the “metabolism
of xenobiotics” canonical pathway. Some of these genes
are grouped in other metabolism pathways, while others had limited available information within the IPA
system. Thus, while both IPA and NETAFFX pathway
analysis cover a wide range of gene information, neither comprehensively covers the breadth of functions
and interconnected pathways of each gene, suggesting
that analysis of genomic data with multiple programs is
beneficial.

135

C.D. Kozul et al. / Chemico-Biological Interactions 173 (2008) 129–140
(A)

MgstJ
Cyp2c38
Gslt2

Adhfe1
Cyp2g1

GsiaZ
Ephx1

Gstt3
Cyp2c55
Cyp2c50
Cyp2c37
CypJall
Cyp2c29
Uglla6a
Akilc19
Ugt2bJ6
Cyp3a2S

Cyp2c44
Gsla4
Cyp2aS
Gstm4
Gstm2
Gstm6

Cyp2d22
MGC25972

Gslml
Cypl a2
Gstm3

Ugt2bl

Gsta3

exposure

di et

(8)

Cyp4al0
Po<

Gyp"
CypS1
Cyp7al
Cyp7al

Cypl a2
Cyp2a5
MGC2S972

Cyp2,1
Cyp26a1
Cyp2055
Cyp2029

CypJa25
Cyp2,"
Cyp2050
Cyp2,50
Cyp2c37

Cyp3al 1
Cyp39al
Cyp17al

Fig. 2. Induction of Phase I and Phase II metabolism genes in the livers of animals on the LRD-5001 diet. Following genome-wide transcriptome
analysis of gene expression in mice as described in Fig. 1 and in Section 2, pathways analysis revealed Phase I and II metabolism to be significantly
altered as a function of diet. Panel A represents the genes designated by IPA to be involved in Phase I and II metabolism in the liver. A significant
increase in expression of these genes was observed in all animals fed on the LRD-5001 diet relative to the animals on the AIN-76A diet. Panel
B represents the probes designated by Affymetrix to have “Cytochrome P450” in the gene title. While there is substantial overlap with the IPA
analysis, some additional probes are present here.
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3.5. Diet alters gene expression in the lung
We also assessed the overall changes in gene expression in microarray results from the lungs of the mice.
While there was a less dramatic dietary effect in the
lung, pathways analysis revealed significantly different expression of several immune signaling pathways,
particularly: complement and coagulation cascades (pvalue = 1.82 × 10−4 ); IL10 signaling (p-value = 0.03);
and PPAR∝/RXR∝ activation (p-value = 0.019). We
also observed significant changes in the expression
of several CYPs (CYP1A1, CYP3A4, and CYP2E1).
Interestingly, the dioxin- and polycyclic aromatic hydrocarbon (PAH)-inducible cytochrome P450, Cyp1a1,
was up-regulated by 37-fold in the lungs of animals
fed the LRD-5001 diet relative to those on the AIN76A diet. This indicates that diet can also alter gene
expression in tissues without primary metabolic functions.
3.6. Diet masks the effects of As in drinking water
on gene expression
Given the large effect of diet on gene expression, we
next explored the role this effect might have on the ability
to detect gene expression changes from an experimental treatment, in this first case the effects of 100 ppb As
in drinking water for 5 weeks in the liver, where we
had seen the largest dietary effect. Rank-product analysis was performed comparing mice exposed to 100 ppb
As in the drinking water to controls within each diet
group, to define differentially expressed genes using a
p-value of 0.05 or less. Analysis of the groups on the
LRD-5001 diet is essentially a comparison between two
high dose As treatments (i.e., high As in food versus
high As in food and water), while the groups on the
AIN-76A diet represent a comparison of 20 ppb total
As in diet versus a combined total of 120 ppb As in
food and water. Fig. 3A is a heat map, which shows
the probes that were differentially expressed between
the 100 ppb As exposures and controls in the AIN-76A
diet. Results for these same probes in matched exposures
for animals fed on the LRD-5001 diet are also shown
for comparison in this map. While an obvious drinking
water As effect was observed in the mice on the AIN76A diet, this effect was difficult to discern in animals
on the LRD-5001 diet. Fig. 3B represents the data in
which rank-product analysis was used to select the significantly altered probes between the 100 ppb drinking
water As exposure and control on the LRD-5001 diet.
Results for the same probes from the matched groups
of animals fed on the AIN-76A diet are also shown in

this heat map. We observed similar discrepancies as in
Fig. 3A, in which the apparent genes altered by drinking water As in the LRD-5001 diet background do not
appear to be altered by drinking water As in the AIN76A diet. These results show that laboratory diet can
considerably confound the analysis of gene expression
studies.
A number of pathways were observed to be significantly altered by 100 ppb drinking water As in the
animals fed the AIN-76A diet based on IPA analysis,
including xenobiotic metabolism. Many of the identified pathways are in accordance with previous results of
As exposure studies. However, canonical pathway analysis of the drinking water As effect in the animals fed
the LRD-5001 diet suggested only a few pathways were
significantly altered by added drinking water As. Taken
together, these results suggest that the dietary effect is
masking the effects of drinking water As in the LRD5001 group, either because those genes are already being
strongly affected by diet, or because the dietary effect is
so pronounced that it is difficult statistically to see the
As signature beneath this pattern. Because of the complexity of the As response in liver and lung, that analysis
is beyond the scope of this report and will be presented
elsewhere.
4. Discussion
Our initial impetus for this study was the concern over
high levels of dietary As in standard laboratory chow.
Trace metal analysis revealed that the LRD-5001 nonpurified chow contained a total of 390 ppb of As, whereas
the purified AIN-76A diet contained a total of approximately 20 ppb As (which was too low to speciate).
While we observed no obvious physiological differences
between the two groups of mice during the course of the
experiment, whole genome analysis of the transcriptome
from liver and lung revealed that there were significant
differences in gene expression that were attributable to
diet alone. In addition, exposure of mice to 100 ppb As
in the drinking water within each dietary group demonstrated the importance of this diet effect, since many of
the gene expression changes induced by drinking water
As in the AIN-76A diet background were masked in
animals on the standard LRD-5001 diet.
This was particularly striking in the liver, which suggests the importance of diet in any genomics study
involving this tissue or involving either nutritional or
xenobiotic metabolism. Many of the dietary effects on
gene expression in the liver were not unexpected due
to the differences in composition of these two diets, but
the scope and magnitude of the gene modulation was
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Fig. 3. Diet masks the effects of drinking water As on gene expression in animals on the LRD-5001 diet. Following genome-wide transcriptome
analysis of gene expression in mice as described in Fig. 1 and in Section 2, rank-product analysis of liver gene expression with a p-value cut-off of
0.05 was implemented between the 100 ppb As in drinking water exposures and controls for groups on the AIN-76A diet (3A) and the LRD-5001
diet (3B). In the heat map for animals on the AIN-76A diet (3A), the effect of drinking water As was readily visualized. In contrast there was a less
obvious pattern of drinking water As effects in animals on the LRD-5001 diet (3B), although many of the genes that were up- or down-regulated by
drinking water As in the AIN-76A diet are similarly affected by diet in both control and As-treated animals on the LRD-5001 diet.
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unexpected. Interestingly, this dietary effect was also
quite evident in the lung, where a number of individual
genes showed significant expression changes, particularly Cyp1a1, which plays a key role in activation of
PAHs such as those found in cigarette smoke to potent
mutagen-carcinogens.
The dominant pattern in the liver between the two
diets was on genes and pathways involved in the
metabolism of xenobiotics, particularly Phase I and
Phase II metabolism. Phase I oxidation by CYP family
members is crucial for the elimination of xenobiotics and
endobiotics, whereas Phase II enzymes are principally
responsible for conjugating parent compounds and/or
their Phase I metabolites with large polar molecules
such as glutathione or glucuronic acid that lead to
products that can be readily excreted from the body.
Previous studies have reported that a number of individual Phase I and II genes and/or protein products
can be regulated by dietary factors [36–38] and some
researchers have argued that the modulation of CYP
activity by diet may contribute to advanced disease progression and an altered function of CYP activity in
response to xenobiotics [39]. Many individual dietary
components have been shown to be potent inducers
or inhibitors of specific Phase I and II members. For
example, dark green vegetables have been shown to
contain potent inducers of several different CYP and
Phase II genes, as well as inhibitors of specific Phase
I and II enzymes [39–41]. Likewise, grapefruit juice
and St. John’s Wort have been shown to contain similarly powerful inhibitors and inducers, and can actually
interfere with metabolism of a wide variety of pharmacological agents as a result [42–44]. Charcoal-broiled
beef has also been shown to contain powerful inducers of Cyp1a1 and other genes, most likely as a result of
PAHs generated from the cooking process [45,46]. Thus,
diet can clearly influence Phase I and II metabolism
in liver. However, the extent to which two well-known
and widely used animal chows can produce such large
and global differences in liver metabolism has not, to
our knowledge, previously been appreciated or reported.
With respect to use of these diets in rodent models,
such dietary effects may have a profound influence
on the ability to study and interpret effects of xenobiotics and other treatments on drug metabolism and
many other aspects of pharmacology and toxicology,
as well as basic aspects of nutritional biochemistry
and likely many other biochemical or physiological
responses.
Differences in protein sources, vitamins and other
trace metals undoubtedly factored into the altered
gene expression. However, while it is tempting to

attribute at least some of the dietary differences in
gene expression we observed to the differences in As
concentration, we believe that this is a less important contributor than other dietary constituents in the
LRD-5001 diet. There was clearly a reproducible effect
of As on gene expression in the AIN-76A animals at
as low as 10 ppb As added to the food or drinking
water, and an even greater effect, albeit a qualitatively
quite different response, at 100 ppb As in drinking
water in both liver and lung in the AIN-76A animals.
Studies analyzing the natural content of As in the
food suggest that the mean concentration of total As
in an average adult diet is approximately 20 ppb [47],
which indicates that the AIN-76A diet may be a more
representative background for such “typical” human As
exposures. However, individuals or sub-populations may
consume much higher levels of As than that depending on specific dietary components [48]. In any event,
although it is likely that the As, particularly inorganic
As, in the LRD-5001 diet contributed to the overall As
dose to the animals, our analysis of the gene expression
patterns suggests that the dietary effect of the LRD5001 diet is actually to mask rather than enhance the
drinking water As signature, which confounds the analysis of changes induced by low dose As exposures. This
suggests that such studies should be done in a dietary
background such as AIN-76A where not only the As
levels are low, but the overall effect of other potential
modulators of gene expression is minimized. It is likely
that these findings can be extrapolated to other experimental treatments, as the use of non-purified diets could
confound genomic or gene expression investigations,
masking or otherwise influencing outcomes. Thus, use of
defined diets such as the AIN-76A chow is recommended
for gene expression studies since it produces a much
lower and more consistent background against which the
specific effects of other experimental treatments can be
observed.
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