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Abstract The AIN-76A diet causes fatty liver in rodents
when fed for long periods of time. The aim of this study was to
utilize fatty acid analysis and transcriptomics to investigate
the effects of different fat sources in the AIN-76A diet on
tissue lipid profiles and gene expression in male, weanling
Fischer-344 rats. Animals were fed isocaloric diets that dif-
fered only in the fat source: (1) corn oil (CO) (2) anhydrous
milk fat (AMF), and (3) AMF supplemented with 10 %
phospholipids from the milk fat globule membrane (AMF-
MFGM). There were no differences in food intake, body
weight, growth rate, or body fat composition among the
groups, and the fatty acid compositions of red blood cells
(RBC), plasma, muscle, and visceral adipose tissues reflected
the dietary fat sources. Modifying the fat source resulted in
293 genes differentially regulated in skeletal muscle, 1,124 in
adipose, and 831 in liver as determined by analysis of vari-
ance (ANOVA). Although tissue fatty acid profiles mostly
reflected the diet, there were several quantitative differences
in lipid classes in the liver and plasma. The AMF diet resulted
in the highest level of hepatic triacylglycerols, but the lowest
level in plasma. The CO diet resulted in significant accu-
mulation of hepatic unesterified fatty acids and decreased
DGAT expression and activity, a potential trigger for ste-
atohepatitis. These results indicate that the fatty acid com-
position and presence of polar lipids in the AIN-76A diets
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have significant effects on lipid partitioning, gene expression,
and potentially the development of liver pathology.
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Abbreviations
ACF Aberrant crypt foci

AMF Anhydrous milk fat

ANOVA Analysis of variance

BHT Butylated hydroxytoluene

CE Cholesteryl esters

CHD Coronary heart disease

CcO Corn oil

FAME Fatty acid methyl ester(s)

FFA Unesterified fatty acids

HUFA Highly unsaturated fatty acid(s)
MFGM  Milk fat globule membrane
NAFLD  Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis

PL Phospholipid(s)

PUFA Polyunsaturated fatty acids
RBC Red blood cell(s)

TAG Triacylglycerol(s)

TLC Thin-layer chromatography
Introduction

The AIN-76 diet is a purified rodent diet that was devel-
oped in the late 1970s by an ad hoc committee formed by
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the American Institute of Nutrition (AIN) [1]. One ratio-
nale for developing this diet was to provide researchers
with a nutritionally adequate diet that would allow for
standardizing studies between laboratories. Not long after
this diet was developed several groups reported undesirable
physiological effects linked to the diet, such as hemor-
rhagic deaths [2], nephrocalcinosis [3], and fatty liver [4].
An amended formulation of the diet (AIN-76A) was
developed in 1980 with an increased vitamin K content to
address the hemorrhagic effect [5]. In 1993 two revised
diets were formulated to replace the AIN-76A, a version
for growing animals (AIN-93G) and a maintenance for-
mula for mature animals (AIN-93M). These revised diets
contained a higher calcium to phosphorus ratio (from 0.75
to 1.3) to prevent the nephrocalcinosis found in female rats
consuming the AIN-76A diet [1]. In addition, the carbo-
hydrate composition was changed from 50 % sucrose and
15 % cornstarch in the AIN-76A formula to ~40 %
cornstarch, 15 % dextrinized cornstarch, and 10 % sucrose
in the AIN-93G diet. This change represents a fivefold
decrease in the fructose content of the diet and is not
associated with the accumulation of hepatic lipids caused
by long-term feeding of the high sucrose levels [6]. Despite
the availability of the improved rodent diets, the AIN-76A
still remains popular in specific research fields, such as in
studies investigating the effects of diet on colon cancer
using the aberrant crypt foci model (ACF). In fact, in a
database maintained to compare the efficacy of diet mod-
ulation on the incidence of ACF, the overwhelming
majority of studies have utilized the AIN-76A [7].

The propensity of the AIN-76A diet to result in accu-
mulation of hepatic lipids is potentially of interest to
human nutrition, as it is estimated that between 20 and
30 % of adults in Western countries have nonalcoholic
fatty liver disease (NAFLD) and this level rises to between
70 and 90 % in obese individuals and those with diabetes
[8]. To test the hypothesis that high levels of dietary
fructose are responsible for the accumulation of hepatic
lipids, Bacon et al. [9] tested the effects of modifying the
sucrose content of the AIN-76A diet in a 3-week feeding
study in rats. According to the results, diets containing
greater than 25 % sucrose resulted in significantly higher
hepatic triacylglycerols (TAG) than ones with less than
20 % sucrose or chow.

We recently conducted an ACF study utilizing the AIN-
76A diet to investigate the potential chemopreventive
effects of a complex milk fat fraction [10]. In the study we
used three diets with different fat compositions: (1) corn oil
(CO), (2) anhydrous milk fat (AMF), and (3) anhydrous
milk fat supplemented with milk fat globule membrane
(AME-MFGM). CO diet is the standard fat source for the
AIN-76A diet, and for the AMF diet, the 5 % mass of fat
was replaced with AMF. Formulation of the AMF-MFGM
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diet was achieved by utilizing an isolate of MFGM (pro-
viding 10 % phospholipids of total fat) that was isolated
from cream, and which also contained protein, carbohy-
drate, and minerals in addition to the fat. The details of the
diet formulation have been reported previously [10].

MFGM is derived from the apical surface of mammary
epithelial cells and surrounds the fat droplets in milk [11]. Itis
composed primarily of TAG, proteins, and phospholipids
(PL) [12]. The composition of the polar lipids of MFGM can
vary according to the method of isolation, but the major
constituents are phosphatidylcholine (~32 %), phosphati-
dylethanolamine (32 %), sphingomyelin (~24 %), phos-
phatidylinositol (~4 %), phosphatidylserine (~3 %), and
gangliosides (~3 %) [13]. A large amount of this material is
produced in the USA each year as a byproduct of butter
production, and is available as a food ingredient. Owing to its
unique lipid profile and membrane protein profile, MFGM
has been suggested as a potentially bioactive food ingredient
with novel nutritional functionalities [14]. Despite this sup-
position, few studies have been conducted in vivo with either
animal models or humans to evaluate the potential of this
material as a bioactive ingredient.

The goal of this study was to investigate lipid metabo-
lism in rats fed a diet known to induce hepatic stress. Our
approach involved subjecting lipid-metabolizing tissues to
two different, yet comprehensive analytical techniques
(lipid and gene expression profiling) to understand how the
dietary fats affected the lipid metabolism.

Materials and Methods
Animals and Diets

Eleven animals used in this study were among a group of
63 male, weanling Fischer-344 rats (Charles River Labo-
ratories) used in another study [10]. They were randomly
assigned to one of three isocaloric dietary treatments that
differed only in the fat source [10]. After a 7-day accli-
mation period on standard chow diets, the rats were indi-
vidually housed in a room controlled for temperature,
humidity, and light cycle and were given free access to
experimental diets and deionized water. Food intake and
weight were measured weekly. All experimental protocols
involving animals were approved by the Utah State Uni-
versity Institutional Animal Care and Use Committee.

Animals were fed experimental diets for 12 weeks.
After MRI analysis of body composition (EchoMRI-
900™), rats were killed by cardiac puncture following
ketamine/xylazine anesthesia. Liver, adipose, and skeletal
muscle tissues and blood samples were collected, flash
frozen in liquid nitrogen, and stored at —80 °C for until the
time of analysis.
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Lipid Extraction

Tissue samples were removed from the freezer and a
sample of tissue was cut into small pieces with a razor and
placed in a mortar with liquid nitrogen and ground to
obtain a fine homogenous powder. About 200 mg of the
tissue powder or plasma from each sample was weighed
and put into a screw-capped glass tube. Surrogate stan-
dards, including sphingomyelin, phosphatidylcholine,
phosphatidylserine, phosphatidylethanolamine, diacylglyc-
erol (DG), unesterified fatty acids (FFA), TAG, and cho-
lesteryl esters (CE), were prepared in chloroform.
Surrogate standards (100 pl) for different lipid classes were
added to each sample and weights were recorded. Lipids
were extracted by the method of Folch et al. [15] with
slight modifications. Samples were mixed with 5 ml
chloroform/methanol (2:1 with butylated hydroxytoluene,
BHT). The whole mixture was sonicated and then agitated
for 15-20 min in an orbital shaker at room temperature.
The mixture was washed with 0.2 volumes (1 ml for 5 ml
solvent mixture) of 0.9 % NaCl solution and vortexed for
20 s. Subsequently, the mixture was centrifuged at
1,500x g for 10 min to separate the two phases. The lower
(chloroform) phase containing lipids was collected and
evaporated under a nitrogen stream and then reconstituted
in a small volume of hexane with BHT in a 4-ml amber vial
and stored at —80 °C until further analysis.

Separation and Recovery of Different Lipid Classes

Individual lipid classes of the extracted lipid were sepa-
rated using thin-layer chromatography (TLC). Extracted
lipid from each tissue was diluted by hexane with BHT
such that 20 pl of solution contained around 2.5 mg of
lipid. Aliquots of 20 pl were spotted on a 20 x 20 cm
silica gel 60 A analytical plate (500 pm layer) (Whatman
Inc., Florham Park, NJ). Lipid class standards were also
spotted for detecting target bands. Total lipid classes were
separated by developing the plate in a solvent system
containing hexane, diethyl ether, and formic acid in the
ratio of 80:20:2 (v/v/v). The TLC plate was then sprayed
with 0.05 % primulin in acetone/water (8:2 v/v). Individual
lipid bands on the TLC plate were detected under a hand-
held UV lamp and the margins were marked with a pencil.
Target lipid classes bands were scraped from the TLC plate
using a small razor blade and collected into screw-capped
glass tubes. Recovered lipid classes from total lipid TLC
plate were PL, DG, FFA, TAG, and CE.

Fatty Acid Methyl Esters

Recovered lipid classes were transesterified into fatty acid
methyl esters (FAME) using the method of Curtis et al.

[16] with slight modifications. In each tube, 0.8 ml hexane
and 1.2 ml 10 % (v/v) acetyl chloride in methanol were
added. Tubes were capped, vortexed for 20 s, and placed in
an oven at 100 °C for 40 min. Upon completion of the
incubation period, samples were removed and allowed to
cool to room temperature. Then 2 ml of a 6 % sodium
carbonate solution and 0.4 ml hexane were added into each
tube. On subsequent vortexing and centrifuging of tubes
two distinct phases were obtained. The top organic layer
was removed and transferred to gas chromatography (GC)
vials. Solvent was evaporated under a nitrogen stream and
FAME were collected in 100 pl of hexane with BHT and
transferred to GC vial inserts. The samples were subse-
quently analyzed by GC using a GC2010 (Shimadzu Sci-
entific Instruments, Columbia, MD).

GC Data Analysis

For each GC run, standard curves were generated using
commercially available FAME standards (Nu-Chek Prep,
Elysian, MN). To establish the linearity of the detector
response, a three-point calibration was generated with
every sample set. The calibration standard, GLC-463,
contained 42 fatty acids representing most of the common
species found in mammalian tissues and dairy products.
Chromatograms of sample FAME were compared with
those of FAME standards to identify target fatty acids. The
peak area for each fatty acid was then normalized to the
peak area and concentration of the corresponding surrogate
standard. Next, the molar concentration of the analytes was
calculated and then converted to moles of the corre-
sponding lipid classes through molecular weight calcula-
tions. The molar concentration of lipid classes was
normalized to tissue sample weights to obtain concentra-
tions (umol/g tissue) in each tissue. Lastly, the mole per-
centage of each fatty acid species was calculated.

Gene Expression Analysis

Total RNA was extracted from liver, muscle, and adipose
tissue and prepared as previously described [10]. Micro-
array data were generated by Genome Quebec using the
Illumina platform (Illumina, Inc., San Diego, CA). Data
were analyzed using FlexArray 1.6, a custom statistical
software program developed by Genome Quebec [17]. The
expression data were filtered to remove feature ids that
have not been detected. Next, a background adjustment and
normalization were carried out using the Lumi algorithm
(based on lumi Bioconductor package) in FlexArray 1.6.
Background correction was carried out by using negative
controls. Variance was stabilized by the variance-stabiliz-
ing transformation (VST) method and subsequently a
robust spline normalization was conducted. Analysis of
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variance (ANOVA) was conducted to evaluate significant
diet effects on gene expression across treatment groups.
The Cyber-T algorithm was employed to identify differ-
entially regulated genes (CT gene lists) among tissues
between treatment groups from ANOVA gene lists [18]
followed by the Benjamini—Hochberg false discovery rate
multiple testing correction [19]. The CT gene lists were
then subjected to Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) pathway analysis using ArrayTrack v.3.5.0
(NCTR/FDA) [20].

Real-Time PCR

Total RNA was extracted from liver samples using the
RNAeasy Mini-Kit (Qiagen, Valencia, CA). RNA quality
was checked and the concentration measured by NanoDrop
1000 (Thermo Fisher, Waltham, MA). RNA (1 pg) was
converted to cDNA using high-capacity cDNA reverse
transcription kit (Life Technologies, Carlsbad, CA). Vali-
dated and predesigned TagMan primers and probes (Life
Technologies) were used to quantify cytochrome P450,
family 8, subfamily b, polypeptide 1 (Cyp8bl, ID:
Rn00579921_s1), 1-acylglycerol-3-phosphate O-acyltrans-
ferase 2 (Agpat2, ID: Rn01438505_ml), and angiopoietin-
like 4 (Angptl4, ID: Rn01528817_m1). Beta-actin (Actb,
ID: ID Rn00667869_m1) was used as an endogenous
control. Real-time PCR amplifications were carried out in a
DNA Engine Opticon® 2 two-color real-time PCR detec-
tion system (Biorad, Hercules, CA). PCR results were
analyzed with the Opticon Monitor 3 software (Biorad).
The comparative C; method was used to quantify gene
expression. AC, was obtained by normalizing to beta-actin.
AAC, was determined by the arithmetic formula described
by Lopez-Parra et al. [21]. Symmetrical raw fold change
was obtained by comparing AAC; values of two groups
compared.

Liver Fat Analysis by Histology

Cryostat sections in 6 pm thickness were made from liver
samples taken out of —80 °C freezer. The tissue sections
were brought to room temperature on glass slides. The
slides were dipped a few times in 60 % triethyl phosphate
and then stained in 0.5 % Oil Red O (in 60 % triethyl
phosphate) for 15 min. After being rinsed in water for
2 min, the slides were counterstained in Harris modified
method hematoxylin stain (Thermo Fisher, Waltham, MA)
for 2 min. The slides were placed in saturated lithium
carbonate solution for 10 s, rinsed in water for 5 min, and
held in water. The slides were mounted with warm glycerin
jelly and observed with light microscopy. Color images
were captured with a digital camera attached to the
microscope. Lipids in randomly sampled areas from each
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slide were quantified by ImageJ [22]. The fat content of
each sample was expressed by quantification of Oil Red
O-stained areas as a percentage of whole area.

Liver Diacylglycerol Acyltransferase (DGAT)
Enzyme Assay

The microsomal fraction was obtained by the methods of Ko
et al. [23] and Coleman [24]. Rat liver (approximately 1.5 g)
was minced and then homogenized in 15 ml of STE buffer
(0.25 M sucrose, 10 mM Tris—HCI, pH 7.4, 1.0 mM EDTA)
with a Teflon-glass homogenizer at medium speed. The
homogenate was centrifuged at 14,000xg for 20 min at
4 °C. The supernatant was centrifuged at 100,000x g for 1 h
at 4 °C to obtain a microsomal pellet. The pellet was sus-
pended in STE buffer without EDTA and centrifuged at
100,000x g for 1 h at4 °C. The final pellet was resuspended
in STE buffer without EDTA. Total protein in final solution
was quantified by the Bradford assay. The microsomal frac-
tions were stored in aliquots at —80 °C.

A fluorescent DGAT assay was carried out as described
by McFie and Stone [25]. Briefly, a master mix was pre-
pared in a test tube containing 20 pl of 1 M Tris—HCl (pH
7.6), 4 ul of 1 M MgCl,, 10 pl of 4 mM dioleoyl-sn-
glycerol, 10 pl of 12.5 mg/ml bovine serum albumin, 10 pl
of 500 pM NBD-palmitoyl CoA, and 96 pul of water
per reaction. Tubes were pre-incubated in a 37 °C water
bath for 2 min and 50 pl of protein sample was added to
start the reaction, which was held at 37 °C for 10 min with
occasional shaking. The reaction was terminated by addi-
tion of 4 ml CHCI;/MeOH (2:1, v/v). Samples were added
to 800 pl of water and allowed to sit at room temperature
for 1 h. Tubes were centrifuged at 3,000xg for 5 min to
separate aqueous and organic phases. The organic phase
was removed via pipette and dried under a stream of
nitrogen. Lipids were resuspended in 50 pl CHCl;/MeOH
(2:1) and spotted on a 20 x 20 cm TLC plate. TLC plates
were developed in the solvent system, hexane/diethyl ether/
acetic acid (80:20:1, v/v/v). The plates were air-dried for
1 h and scanned by Typhoon Trio + Laser Imager 7 (GE
Healthcare, Waukesha, WI). The following settings were
used: excitation, blue (488 nm) LED laser light source;
emission, 520 nm BP emission filter. Fluorescence was
quantified by ImageJ [22]. The newly synthesized NBD-
TAG was quantified as units (fluorescence intensity) of
NBD-TAG formed per minute per milligram of protein.

Statistical Analysis

A one-way ANOVA was performed using SAS software
version 9.2 (SAS Institute Inc.) to perform comparisons
among groups or using FlexArray 1.6 for gene expression
among groups and tissues. Group means were compared
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using Cyber-T algorithm for gene expression data and
Ryan-Einot—Gabriel-Welsch multiple range test for other
data. Data were reported as mean + standard deviation.

Results
Fatty Acid Profile of Diets

The most abundant fatty acids of the test diets are shown in
Fig. 1. Both the milk-fat-based diets have similar fatty acid
profiles, and are very different from the CO diet. The milk
fat diets both have significant contributions of saturated
fatty acids (~ 65 %), whereas in the CO diet the percentage
is much lower (~17.5 %). All diets have similar levels of
monounsaturates, with oleic acid contributing approxi-
mately 25 %. The other notable difference is in the poly-
unsaturated fatty acid content (PUFA) content (CO 54 %,
AMF 4.5 %, and AMF-MFGM 6 %) and n-6/n-3 ratio (CO
54:1, AMF 6:1, AMF-MFGM 7:1).

Food Intake, Body Weight, Growth Rate, and Body Fat
Composition

There were no significant differences in terms of food
intake, final body weight, growth rate, or body fat com-
position (MRI analysis) among groups [10].

Fatty Acids Profile of Red Blood Cells

The red blood cell (RBC) fatty acid profile was measured to
compare the CO diet to the milk-fat-based diets, and to
determine if the higher polar lipid content of the AMF-MFGM
had an effect compared with the AMF diet. RBC fatty acids
that were significantly affected by the diets and present at
>1 % of total fatty acids are shown in Fig. 2. Not surprisingly,
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Fig. 1 Fatty acid profile of experimental diets. Only fatty acids
significantly different across groups and present at >1 % of total fatty
acids are shown. Means in a row with different superscripts are
significantly different (p < 0.05)
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Fig. 2 Red blood cell (RBC) fatty acids from rats fed CO (corn oil),
AMF (anhydrous milk fat), and AMF-MFGM (anhydrous milk fat-
milk fat globule membrane). Only fatty acids significantly different
across diet groups and present at >1 % of total fatty acids are shown.
Means in a row with different superscripts are significantly different
(p < 0.05)

the CO cohort had a higher percentage of 18:2n-6, 20:4n-6, and
22:4n-6, all n-6 fatty acids, presumably because of the high
linoleic acid content of the diet. In addition, these animals had
lower percentages of 16:1n-7, 18:1n-9, 18:1n-7, 20:3n-9,
20:5n-3, 22:5n-3, and 22:6n-3 compared to the animals fed the
milk fat diets. The RBC from animals fed the two milk-fat-
based diets had remarkably similar fatty acid profiles with two
statistically relevant differences. Namely, the AMF-MFGM-
fed animals had a higher percentage of 18:1n-7 and a lower
percentage of 20:3n-9.

Fatty Acids Profile of Skeletal Muscle Tissue
and Visceral Adipose Tissue

As with the RBC, there were large differences between the
fatty acid profile in skeletal muscle and visceral adipose
tissue of the rats fed the CO diet versus the milk fat diets
which were virtually identical. In skeletal muscle, the CO-
fed animals had significantly less 16:1n-7, 18:1n-9, and
20:3n9, and more 18:2n-6, 20:4n-6, and 22:4n-6 (Fig. 3).
Unlike skeletal muscle, the contribution of long chain fatty
acids to the adipose lipids was low (Fig. 4). However,
among the major fatty acids (>1 % total), the CO animals
had less 16:0, 16:1n-7, 18:0, and 18:1n-9 and more 18:2n-
6. The only fatty acid that differed among the animals fed
the milk fat diets was 20:3n9, which in both tissues was
slightly lower in the AMF-MFGM group.

Fatty Acids Profile of Liver Tissue

Fatty acids in liver tissue which were significantly affected by
the CO, AMF, and AMF-MFGM diets and which contribute
>1 % of fatty acids in one tissue are presented in Fig. 5.
Animals from the CO group had less 16:1n-7, 18:1n-9, 20:3n-
9, and 22:6n-3 and more 18:2n-6 and 20:4n-6. Unlike the
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Fatty acid profile of skeletal muscle
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Fig. 3 Fatty acid profile of skeletal muscle from rats fed CO (corn
oil), AMF (anhydrous milk fat), and AMF-MFGM (anhydrous milk
fat-milk fat globule membrane). Only fatty acids significantly
different across diet groups and present at >1 % of total fatty acids
are shown. Means in a row with different superscripts are significantly
different (p < 0.05)
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Fig. 4 Fatty acid profile of visceral adipose tissue from rats fed CO
(corn oil), AMF (anhydrous milk fat), and AMF-MFGM (anhydrous
milk fat-milk fat globule membrane). Only fatty acids significantly
different across diet groups and present at >1 % of total fatty acids
are shown. Means in a row with different superscripts are significantly
different (p < 0.05)

RBC, skeletal muscle, and adipose tissues, supplementation
of the AMF diet with MFGM results in several differences in
the fatty acid profile of the liver. For example, of the six fatty
acids which are significantly affected across the diets and
present at>1 %, five are significantly different in livers of the
animals fed the AMF and AMF-MFGM diets. Thus, the
increased polar lipid concentration of the AMF-MFGM diet
appears to have significant effects on liver lipid metabolism
and partitioning. The largest differences are in 18: 1n-9, which
is higher in the AMF animals, and 20:4n-6 and 22:6n-3 which
are higher in the AMF-MFGM cohort.

Plasma, Visceral Adipose, and Liver Lipid Classes

To better understand the differences in lipid partitioning as
affected by the CO, AMF, and AMF-MFGM diets, plasma
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Fig. 5 Fatty acid profile of liver tissue from rats fed CO (corn oil),
AMF (anhydrous milk fat), and AMF-MFGM (anhydrous milk fat-
milk fat globule membrane). Only fatty acids significantly different
across diet groups and present at >1 % of total fatty acids are shown.
Means in a row with different superscripts are significantly different
(p < 0.05)

adipose and liver lipid classes were analyzed and classes
with significant differences are shown in Fig. 6. Interest-
ingly, the animals consuming AMF as the fat source had
less total PL in plasma than animals fed the CO and AMF-
MFGM diets. Additionally, there was less TAG than the
animals fed the AMF-MFGM diet. In the visceral adipose,
there was more TAG in the animals fed CO than those fed
the AMF-MFGM. In the liver, there was more FFA in the
animals fed the CO diet than in those fed the AMF-MFGM
diet, and a similar trend for the AMF animals, although this
was not significant. On the other hand, the CO diet resulted
in less accumulated TAG than the AMF diet, with the
AMF-MFGM diet in between. Lastly, both the CO and the
AMF-MFGM diets resulted in lower hepatic CE than did
the AMF diet.

Tissue Gene Expression

In total, 293, 1,124, and 831 genes were found to be dif-
ferentially expressed respectively in skeletal muscle, adi-
pose, and liver at p < 0.05. To identify metabolic pathways
that were affected across the three diets all the genes that
were differentially regulated according to the ANOVA
were analyzed with the program ArrayTrack, a free soft-
ware tool developed by the National Center for Toxico-
logical Research (NCTR) and the US Food and Drug
Administration (FDA). All three diets were compared and
the data generated from this analysis are summarized in
Table 1. On a diet comparison basis, the fewest number of
pathways affected across the three tissues were between the
two milk-fat-fed animal groups (22 pathways) and the most
pathways were affected between the CO and AMF-MFGM
groups (40). In specific tissues, there were 18 pathways
differentially affected in skeletal muscle, 31 in adipose, and
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40 in the liver. In specific diet/tissue comparisons, the
fewest number of pathways were affected in skeletal
muscle between the CO and the AMF diets (2). There
were 16 pathways affected between the AMF and CO
diets in the liver and 16 pathways between the AMEF-
MFGM and CO diets in adipose. In the lower half of
Table 1 the pathways that were significantly affected
across at least two diet combinations are shown. For
example, in the muscle tissue, the circadian rhythm
pathway (KEGG rno 04710) was significantly affected
between all three diets, whereas adipocytokine signaling
(rno00020) was only affected in the diet combinations in
which AMF was compared. Similar to the fatty acid data
of the selected tissues, there were fewer pathways
affected in the muscle and adipose tissue compared to
the liver. A striking feature of the pathway analysis
shown in the bottom half of Table 1 is that only three
pathways were different in the liver between the two
milk fat diets, whereas >10 were affected when these
diets were compared to the CO diet.

Although the two milk fat diets were nearly identical
at the fatty acid level, there were several differences in
the liver and plasma lipid profiles of the rats fed the
AMF and AMF-MFGM diets. Therefore, the expression
of several genes of interest was determined using RT-
PCR and the results are shown in Table 2. The three
genes selected were chosen from the KEGG pathways
differentially affected by the milk fat diets in Table 1.
The results of the RT-PCR in Table 2 are expressed
relative to f-actin, and thus a smaller number indicates a
higher expression level. Comparing the two milk fat
groups, all three genes are more highly expressed in the
livers of the AMF-MFGM rats compared to the AMF

group.
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Liver Fat Analysis by Histology and DGAT Assay

In general, both the lipid analysis and the gene expression
profiling indicated that the diets had the greatest effect on
the liver. Although there was not a quantitative difference
in the fatty acid content of the livers, there were significant
differences in distributions across lipid classes (Fig. 6). For
example, there is more triacylglycerol in the livers of rats
fed AMF compared to the CO, yet the total fatty acid was
not different. Interestingly, expression of diacylglycerol
O-acylransferase 2 (DGAT2), was lower in the CO-fed
animals than in the other two groups. Consequently, the
livers were stained with Oil Red O and DGAT activity was
measured via enzymatic assay of the microsomal fraction,
and the results are shown in Fig. 7. There was significantly
less staining of the hepatic tissue of the CO-fed rat
(Fig. 7a), and this corresponded with lower DGAT activity
(Fig. 7b).

Discussion

The main focus of this work was to utilize tissue fatty acid
profiling and transcriptomics to determine the effects of
changing the lipid source of the AIN-76A diet on lipid
metabolism. This work was conducted on key tissues
involved in lipid metabolism, storage, and processing
(skeletal muscle, visceral adipose, and liver) as well as
plasma. The fat sources used in formulating the diets (corn
oil, anhydrous milk fat, and anhydrous milk fat supple-
mented with milk fat globule membrane) were originally
selected for an ACF study previously reported [10]. In that
study, as in most ACF studies, the CO diet was selected as
a control, whereas the AMF-MFGM diet was included to
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Table 1 Metabolic pathways significantly affected across all three diet combinations

Tissue Diets

Number of pathways affected

AMF versus CO AMF-MFGM versus CO AMF-MFGM versus AMF All
Muscle 2 11 5 18
Adipose 9 16 6 31
Liver 16 13 11 40
All 27 40 22

KEGG pathway

AMF versus CO

AMF-MFGM versus CO AMF-MFGM versus AMF

Muscle
Circadian rhythm (rno04710)
PPAR signaling (rno03320)
Adipocytokine signaling (rno04920)

<<

Adipose
Circadian rhythm (rno04710)
Endocytosis (rno04710)
Butanoate metabolism (rno00650)
Citrate cycle (TCA cycle) (rno00020)
Liver
PPAR signaling (rno03320)
C21 steroid hormone metabolism (rno00140)
Biosynthesis of unsaturated fatty acids (rno01040)
Retinol metabolism (rno00830)
Starch and sucrose metabolism (rno00500)
Pyruvate metabolism (rno00620)
Galactose metabolism (rno00052)
Insulin signaling pathway (rno04910)
Maturity onset diabetes of the young (rno04950)

Androgen and estrogen metabolism (rno00150)

L N N S N N L S R N -

Glycerophospholipid metabolism (rno00564)

S N N S S

N N S N N S .
<<

CO corn oil, AMF anhydrous milk fat, AMF-MFGM anhydrous milk fat-milk fat globule membrane

Table 2 Differentially expressed genes by ANOVA in liver from rats
fed with diet containing corn oil (control), anhydrous milk fat (AMF),
and milk fat globule membrane (AMF-MFGM) (unit: AAC(¢))

Table 3 Percentage of 20:3n-9 in highly unsaturated fatty acids
(HUFA) in RBC, skeletal muscle, adipose, and liver as a function of
diet

Genes CO AMF MFGM %20:3n-9 in HUFA Corn oil AMF AMF-MFGM
Cyp8bl —0.94 + 0.75° —0.10 &+ 0.50* —2.49 4+ 0.93¢ RBC ND 11.05 £+ 0.26  8.60 + 2.40*
Agpat2 1.93 £ 2.36% 2.82 £ 1.14* 1.14 £+ 1.03° Muscle 0.51 & 0.08° 20.01 + 0.45% 12.44 + 0.28°
Angptl4 2.90 + 2.10° 4.19 £ 0.99% 2.34 + 1.36° Adipose 7.92 + 0.41° 43.08 £ 2.37° 31.40 + 0.37°

Liver 0.53 &+ 0.05° 15.65 + 1.67* 8.64 + 1.15°

% Means in a row with different superscripts are significantly dif-
ferent (p < 0.05)

determine potential cancer protective effects of specific
lipids associated with this material, such as sphingomyelin
and plasmalogens. The AMF diet was included to control

&\ Springer ANOCS &

ND not detected

4 Means in a row with different superscripts are significantly dif-
ferent (p < 0.05)

for the potential for other lipids in milk fat to affect the
development of ACF, such as butyrate and conjugated
linoleic acid.
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Fig. 7 Hepatic Oil Red staining A Hepatic Oil Red O Staining B DGAT activity
(a) and hepatic DGAT activity 60 - b b 5.3 -
(b) in liver tissue from rats fed F 50 A 4 5.2 4 a b b
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different superscripts are i 10 4.6 -
significantly different (p < 0.05) ] 45 -
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The membrane composition of RBC reflects dietary fat
sources, and several groups have investigated the correla-
tion of RBC fatty acid profiles with disease susceptibility in
humans. For example, Harris and Von Schacky [26]
showed that the omega-3 index, the combined percentage
of EPA (20:5n-3) and DHA (22:6n-3) in RBC, correlates
with the risk of coronary heart disease (CHD) in humans
with values above 8 % being associated with the most
protection and values below 4 % with the least. A similar
metric, the percent contribution of omega-6 fatty acids to
highly unsaturated fatty acids (% n-6 HUFA), was shown
by Lands [27] to correlate with CHD mortality in several
human populations with levels below 40 % being protec-
tive. The omega-3 indices were 0.9 for the CO diet, 2.5 for
the AMF diet, and 2.0 for the AMF-MFGM diet, whereas
the % n-6 HUFA levels were 96, 79, and 83 %, respec-
tively. Although these metrics may not be applicable in
rodents, it is interesting nonetheless that all three diets
result in very low levels of n-3 long chain PUFA in RBC
which likely affect many physiological processes.

One interesting fatty acid which is present at significant
levels in the RBC, muscle, adipose, and liver of the milk-
fat-fed animals, but not those consuming CO, is 20:3n-9.
This fatty acid is an elongation product of oleic acid and
has been shown to be a sensitive marker of PUFA intake.
According to Lands [27], 20:3n-9 correlates with low
PUFA intakes and a value of approximately 10 % in the
HUFA indicates PUFA insufficiency. To our knowledge,
no studies have provided data on the percentage contribu-
tion of 20:3n-9 to tissue HUFA for RBC, muscle, adipose,
and liver which are shown in Table 3. Animals fed the
AMF diet have the highest levels of this fatty acid across
all tissues measured, whereas those consuming the AMF-
MFGM diets also had high levels. Interestingly, the HUFA
percentage of 20:3n-9 in adipose was high for the CO-fed
animals, albeit not as high as the other groups. This may be
a result of the very low concentration of HUFA in adipose,
as the lipids in this tissue are primarily less than 18 carbons
in length.

The lipid profiles of the RBC, muscle, adipose, and liver
reflect the fat sources of the three diets, and there were few
differences between those fed the AMF and AMF-MFGM.

However, there were quantitative differences across lipid
classes in both plasma and the liver. Pathway analysis of
the gene expression data indicated that the fewest pathways
were affected in skeletal muscle and the most in liver.
There were no differences in total liver fatty acids between
treatments, but there was in the distribution of fatty acid
across lipid classes (Fig. 6). One striking feature is the high
FFA and low TAG in the livers of the CO-fed rats com-
pared to those fed the AMF-MFGM diet. To further
investigate this finding we compared Oil Red O staining in
livers across the three treatments, and the results are shown
in Fig. 7a. In the rats fed the CO diets there is less Oil Red
O staining. According to O’Rourke et al. [28] Oil Red O
staining of tissues is well correlated with triglyceride
content. The inverse relationship between the hepatic TAG
and FFA suggests that the differences may be due to tri-
glyceride synthesis activity. According to the gene
expression profiling, DGAT?2, the enzyme responsible for
the final step in TAG synthesis from diacylglycerols and
FFA was 1.25-fold lower in the CO-fed rats compared to
those fed AMF and 1.46-fold lower compared to those fed
AMF-MFGM. These differences are modest, and it was not
clear if their expression would translate into physiological
differences. Thus, the triacylglycerol synthetic activity in
liver microsomal fractions was measured using a functional
assay and the results are shown in Fig. 7b. In agreement
with the Oil Red O staining, the DAG activity measure
suggests that the differences in FFA, DAG, and TAG levels
in the liver may be partially explained by the conversion of
FFA and DAG into TAG.

Although excess hepatic TAG storage has typically been
viewed as a negative physiological response, it may be
protective under some metabolic situations. For example,
in a mouse model of nonalcoholic steatohepatitis (NASH),
Yamaguchi et al. [29] evaluated the effects of hepatic
DGAT?2 expression on disease development using an
antisense nucleotide treatment. Although reducing expres-
sion of DGAT?2 did prevent hepatic steatosis, the increase
in FFA was associated with markers of lipid peroxidation/
oxidant stress and fibrosis. From this study the authors
concluded that accumulation of hepatic TAG is actually
protective against progressive liver damage in NAFLD. It
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is unclear why the CO diet resulted in lower DGAT
expression and activity in the CO-fed rats. However, one
distinguishing feature of this diet is the PUFA content
primarily in the form of linoleic acid. Interestingly,
reviewing the fatty acid composition of diets used to study
NASH, Romestaing et al. [30] drew the conclusion that
dietary PUFA with a high omega-6 to omega-3 ratio may
be a causative factor via effects on lipid peroxidation and
proinflammatory cytokine production.

There are several differences in the plasma and hepatic
lipid profiles of the animals fed the two milk fat diets which
is surprising considering the similarity of these diets at the
fatty acid level. According to the KEGG pathway analysis
conducted on the hepatic gene expression and shown in
Table 1, the two milk fat diets affected PPAR signaling
(rno03320), C21 steroid hormone metabolism (rno00140),
and glycerophospholipid metabolism (rno00564). The
affected PPAR signaling in both the liver and skeletal
muscle was mediated through PPARo receptors. The
involved genes were associated with lipogenesis, choles-
terol metabolism, and fatty acid transport in the liver and
with lipogenesis in skeletal muscle. Consequently, the
expression of three genes from these pathways was vali-
dated using RT-PCR. The genes Cyp8bl, Agpat2, and
Angptl4 were selected from the differentially expressed
genes in the pathways determined by the gene expression
profiling. They were chosen owing to their physiological
function and potential to affect tissue lipid partitioning, and
the results are shown in Table 2. The function of these
genes is discussed below including their potential roles in
affecting lipid metabolism across the two milk fat groups.
Of course these findings are only correlations and positive
confirmation of their roles will need to be tested explicitly
for confirmation.

Cyp8bl is a cytochrome P450 enzyme which is a
component of the primary bile acid biosynthesis and
PPARu signaling pathways in the liver. Cyp8bl is involved
in the synthesis of cholic acid [31]. Cyp8bl controls the
ratio of cholic acid to chenodeoxycholic acid in bile salts,
and as cholic acid is less effective in solubilizing choles-
terol it may affect its absorption [32]. The AMF-MFGM
diet was associated with a lower hepatic cholesteryl ester
content (Fig. 6). Milk polar lipids affect both the absorp-
tion and fecal excretion of cholesterol when fed both
acutely and chronically. For example, Noh and Koo [33]
found that infusion of milk sphigomyelin via a duodenal
catheter resulted in decreased cholesterol, fat, and vitamin
E absorption. In a chronic feeding study, Kamili et al. [34]
fed mice high-fat diets for 5 weeks; the diets were sup-
plemented with two different formulations of milk phos-
pholipids at 1.2 % by weight. Both milk polar lipid
preparations resulted in significant decreases in liver cho-
lesterol and triglyceride which was accompanied by an
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increase in fecal cholesterol excretion. Data from the
present study indicate that the decreased cholesterol
absorption and increased fecal excretion resulting from
luminal milk polar lipids in those previous studies may be
mediated, at least in part, by the ratio of bile acids.

Agpat2 is an enzyme responsible for the conversion of
lysophosphatidic acid to phosphatidic acid, a step in PL
synthesis, and is a component of KEGG pathway glycer-
ophospholipid metabolism. The expression of Agpat2 was
higher in the AMF-MFGM group than the AMF group
(Table 2) but there was not a significant difference in
hepatic PL. There was, on the other hand, a significant
increase in plasma PL in the AMF-MFGM group. The
increased plasma PL may result from increased hepatic
synthesis and secretion. Previous studies with milk polar
lipids have also shown the ability of these constituents to
increase both plasma PL and TAG. For example, Wat et al.
[35] fed mice both a low-fat, non-purified diet and a high-
fat diet formulated with and without a 2.5 % PL-rich milk
fat extract. In the mice fed the low-fat, non-purified diet,
the milk PL increased the plasma TAG by 20 % and the
plasma PL by 5 % compared with values in the control
mice fed the low-fat diet. However, in the mice fed the
high-fat diets, the PL-rich extract actually reduced both the
plasma TAG and PL to levels similar to the low-fat control.
The increased plasma lipid concentration in the rats fed the
AMF-MFGM diet, compared to those fed the AMF diet,
may be a result of either more lipid exported from the liver,
or from reduced clearance via peripheral tissues.

Expression of Angptl4 was also verified by RT-PCR.
Angptl4 is a component of the PPAR« signaling pathway.
It is an angiopoietin-like protein which increases plasma
TAG via suppression of lipoprotein lipase [36]. Interest-
ingly, there were significant differences in plasma TAG
between the two milk-fat-fed groups (Fig. 6). Also known
as fasting-induced adipocyte factor (Fiaf), Angptl4d is
highly expressed in the gut epithelium in germ-free mice
and prevents accumulation of fat into adipocytes, whereas
conventionalization with a microflora suppresses this effect
[37]. Although it is not clear if hepatic expression of
Angptl4 in the AMF-MFGM-fed rats contributed to the
increase in plasma TAG, this finding indicates a potential
mechanism via which this effect was mediated.

Despite the fact that it is still commonly used in ACF
studies with rodents [7], the high sucrose content of the
AIN-76A diet has been long known to cause fatty liver in
animals fed the diet for long periods of time [9]. Therefore,
when reviewing the different effects of the fat sources on
tissue lipid composition and gene expression it is necessary
to keep in mind that these changes are in the context of an
overall metabolically stressful diet. From the data pre-
sented here, a few hypotheses may be drawn that can be
tested in studies designed specifically for their evaluation.
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For example, compared to the milk fat diets, the CO diet
caused a significant increase in hepatic free fatty acids, a
potential trigger for the development of NASH from NAFLD.
Conversely, compared to the CO and AMF-MFGM diets, the
AMF diet resulted in more hepatic TAG storage which in
itself may be undesirable. Supplementing the AMF diet with
polar lipids from milk appears to reduce the accumulation of
hepatic TAG yet appears to achieve this effect via promotion
of lipid export into plasma. The long-term physiological
significance of this is unknown. In conclusion, the fat source
of the AIN-76A diet affects the tissue profile of key tissues
involved in lipid trafficking and storage as well as gene
expression networks within these tissues.
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