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Effects of Nonpurified and Choline Supplemented
or Nonsupplemented Purified Diets on Hepatic Steatosis

and Methionine Metabolism in C3H Mice

Raisa Syed,1 Noreene M. Shibata,1 Kusum K. Kharbanda, PhD,2 Ruijun J. Su, MD,3

Kristin Olson, MD,3 Amy Yokoyama,4 John C. Rutledge, MD,4 Kenneth J. Chmiel,1 Kyoungmi Kim, PhD,5

Charles H. Halsted, MD,1 and Valentina Medici, MD1

Abstract

Background: Previous studies indicated that nonpurified and purified commercially available control murine
diets have different metabolic effects with potential consequences on hepatic methionine metabolism and liver
histology.
Methods: We compared the metabolic and histological effects of commercial nonpurified (13% calories from
fat; 57% calories from carbohydrates with 38 grams/kg of sucrose) and purified control diets (12% calories from
fat; 69% calories from carbohydrates with *500 grams/kg of sucrose) with or without choline supplementation
administered to C3H mice with normal lipid and methionine metabolism. Diets were started 2 weeks before
mating, continued through pregnancy and lactation, and continued in offspring until 24 weeks of age when we
collected plasma and liver tissue to study methionine and lipid metabolism.
Results: Compared to mice fed nonpurified diets, the liver/body weight ratio was significantly higher in mice
fed either purified diet, which was associated with hepatic steatosis and inflammation. Plasma alanine ami-
notransferase levels were higher in mice receiving the purified diets. The hepatic S-adenosylmethionine (SAM)/
S-adenosylhomocysteine (SAH) ratio was higher in female mice fed purified compared to nonpurified diet
(4.6 – 2 vs. 2.8 – 1.9; P < 0.05). Choline supplementation was associated with improvement of some parameters
of lipid and methionine metabolism in mice fed purified diets.
Conclusions: Standard nonpurified and purified diets have significantly different effects on development of
steatosis in control mice. These findings can help in development of animal models of fatty liver and in
choosing appropriate laboratory control diets for control animals.

Introduction

Commercial murine purified and nonpurified diets are
two common types of laboratory research diets, which

have the potential to influence gene expression and alter
hepatic metabolism. Previous studies in laboratory animals
have demonstrated that purified and nonpurified diets vari-
ably impact cell physiology and metabolic processes, in-
cluding lipid metabolism.1–6 A recent study showed that the

composition of animal diets, including the use of natural
versus purified components, markedly affected hepatic gene
expression.1

The effects of purified and nonpurified diets on the physi-
ology and pathophysiology of hepatic methionine metabolism
in mice have not been studied. DNA methylation plays a crucial
role in the control of gene expression and nuclear DNA ar-
chitecture,7–9 including cell differentiation and embryonic
development.10 The importance of epigenetic regulation
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through DNA methylation has been further noted for variably
altering the onset and progression of many human diseases.11–14

Methionine metabolism is regulated by the principal methyl
donor S-adenosylmethionine (SAM) to supply the methyl
groups needed for all methylation reactions,7 including DNA
methylation. SAM is generated from methionine, which is an
essential amino acid acquired and maintained through dietary
ingestion. Methionine can also be regenerated from the re-
methylation of homocysteine through methionine synthase
(MS) or alternatively through betaine–homocysteine methyl-
transferase (BHMT). SAM allows for methylation reactions to
occur, consequently forming S-adenosylhomocysteine (SAH),
the principal inhibitor for the same methylation reactions.7,15,16

With SAM as the main methyl donor and SAH as the main
inhibitor of methylation reactions, the balance between SAM
and SAH is crucial in maintaining normal cell physi-
ology.15,17,18 Disruption of hepatic methyl balance in mice and
humans may change the levels of SAM and SAH, negatively
affecting transmethylation reactions. Such phenomena have
been shown to lead to the development of liver injury, including
hepatic steatosis.7,15–17 Choline serves as a precursor to the
methyl donor betaine, which is the substrate for the trans-
methylation reaction of homocysteine to methionine. Increas-
ing choline increases the amount of methionine that can be
converted to SAM, thus elevating the levels of SAM and
consequently the SAM to SAH ratio.15

Choline deficiency has been associated with fatty liver in
adult life.19

The methyl group content of maternal diets can affect
DNA methylation with consequences on gene expression
and eventual disease presentation in the offspring.12,20 The
aim of the present analysis was to examine the effects of
maternal purified and nonpurified diets on male and female
progeny methionine and lipid metabolism.12,16 We com-
pared the effects of two standard control diets (nonpurified
and purified) and one supplemented purified diet charac-
terized by different sucrose and choline content on wild-type
mice with normal lipid and methionine metabolism. Diets

were provided preconception through lactation and through
24 weeks of age in subsequent progeny.

Materials and Methods

Animal model and experimental protocols

We used the control C3HeB/FeJ (C3H) mouse model
originally purchased from The Jackson Laboratory (www
.jax.org) and maintained at our UC Davis in-house colony.
C3H mice were maintained according to guidelines set by the
American Association of Accreditation of Laboratory Animal
Care. All feeding and animal care protocols were further
reviewed and approved annually by the UC Davis IACUC
(Institutional Animal Care and Use Committee, UC Davis,
Davis, CA). The animal room was maintained at 20�C–23�C
and 45%–65% relative humidity with a 14-hr light/10-hr dark
light cycle.

Virgin female breeders were placed on their respective
diets 2 weeks before mating and remained on their diets
through mating, gestation, and lactation. Progeny were
weaned at 3 weeks of age onto the same diet as their dam
and remained on the diet until tissues were harvested. Pro-
geny were anesthetized at 24 weeks of age with isoflurane,
exsanguinated through retro-orbital bleed, and euthanized
with isoflurane followed by cervical dislocation. Livers were
dissected and weighed, flash-frozen in liquid nitrogen, and
stored at -80�C until further analysis.

The study design does not include a nonpurified choline-
supplemented diet since the present results derive from a
secondary analysis of existing data.

Diet composition of nonpurified, nonsupplemented
purified, and choline-supplemented purified diets

Effects of three diets were examined: nonpurified (LabDiet
5001; Purina), nonsupplemented purified (AIN-76A, #110098;
Dyets, Inc.), and choline-supplemented purified (modified AIN-
76A, #110184; Dyets, Inc.). Table 1 describes the composition of

Table 1. Diet Composition

Nonpurified Nonsupplemented purified Choline-supplemented purified

Protein (grams/kg) 304.7 203 203
% Calories 30 19 19
Methionine (grams/kg) 5.9 3 3
Carbohydrates (grams/kg) 580.8 660.9 657
% Calories 57 69 69
Starch (grams/kg) 210 150 150
Sucrose (grams/kg) 38.3 510.9 507
Glucose (grams/kg) 1.9 — —
Fructose (grams/kg) 2.7 — —
Lactose (grams/kg) 20.1 — —
Fat (grams/kg) 60.9 50 50
% Calories 13 12 12
Cholesterol (mg/kg) 209 — —
Linoleic acid (%) 1.05 60 60
Linolenic acid (%) 0.09 0.6 0.6
Total saturated fatty acids (%) 1.48 13 13
Minerals (grams/kg) 70 35* 35a

Choline chloride (grams/kg) 2.25 1.10 5.00
Fiber (grams/kg) 53 50 50

aMinerals in purified diets derived from same components as nonpurified with exception of fluorine and cobalt.
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each diet, the main difference occurring in the concentration of
dietary choline: nonpurified (choline chloride 2250 ppm), non-
supplemented purified (choline chloride 1100 ppm), and choline-
supplemented purified (choline chloride 5000 ppm). Sucrose was
about 14 times higher in the purified diets than in the nonpurified
diet. Although there were no differences in the caloric intake (%)
of fat, the nonpurified diet contained a variety of fat products,
including animal sources, whereas the fat source of the purified
diets was solely corn oil.

Additional methods are described in the Supplementary
Materials and Methods section (Supplementary Data are
available online at www.liebertpub.com/met). Primer se-
quences used are listed in Table 2.

Results

Body weights, liver/body weight ratio, plasma
alanine aminotransferase, and hepatic iron

Twenty-four-week-old mice fed nonsupplemented purified
and choline-supplemented purified diets had higher body

weights and liver/body weight ratios compared to mice fed
nonpurified diet (Table 3). Within each sex, plasma alanine
aminotransferase (ALT) levels were two to three times higher
in mice fed nonsupplemented purified diets compared to mice
fed nonpurified diets, and females fed choline-supplemented
purified diet had decreased ALT levels by 50% compared to
nonsupplemented purified females (P < 0.001). For the non-
purified diet groups, males presented with ALT levels 1.5-
fold higher than females on the same diet. Mean hepatic iron
concentrations in female mice fed the nonpurified diet were
significantly 1.5 times higher compared to their male coun-
terparts on the same diet. Male mice on purified diets had
higher hepatic iron than males on nonpurified diets.

Liver histology

Liver histology scores demonstrated increased lipid depo-
sition in mice fed both nonsupplemented and choline-
supplemented purified diets compared to mice fed nonpurified
diet where there was no hepatic steatosis. The steatosis score
was mildly improved after choline supplementation in mice

Table 2. Quantitative Real-Time PCR Primer Sequences of Selected Genes

Gene Primer Sequence 5¢–3¢

Acc1 Acetyl-coenzyme A carboxylase alpha F CGAAACTCCCAGAACTGCTCTTAA
R GAGTTGGGATACCTGCAGTTTGA

Dnmt1 DNA methyltransferase 1 F CCAGCTGCCAAACGGAGA
R CCTCGGGAGTCTCTGGAGCTA

Dnmt3a DNA methyltransferase 3a F CACTGGAGTAGGCGCTGAGAC
R CAGCAAAGGGCCTTCCATAG

Dnmt3b DNA methyltransferase 3b F CCGTTCGACTTGGTGATTGG
R GGGCAGGATTGACGTTAGAGAG

Fasn Fatty acid synthase F AGCAGGCACACACAATGGAC
R AGTGTTCGTTCCTCGGAGTGA

Gpat Glycerol-3-phosphate acyltransferase, mitochondrial F GAACTGAACTGGAGAAGTGACGAG
R AGCAGAGCTGTAGGCTTCTAGCA

Grp78 Glucose-regulating protein 78 F GTGGAGATCATAGCCAACG
R CACATACGACGGCGTGATGC

Pemt Phosphatidylethanolamine N-methyltransferase F TACTTCCTGGGCCTTGCATTC
R ACGCTGAAGGGAAATGTGGTC

Ppara Peroxisome proliferator-activated receptor alpha F CGATGCTGTCCTTGATGA
R GAAGTCAAACTTGGGTTCCATGAT

Sahh S-adenosylhomocysteine hydrolase F ATCCTTGGCCGGCACTTT
R TTCTTTAGCCAGTAGCGGTCCA

Scd1 Stearoyl-coenzyme A desaturase 1 F TCATTCTCATGGTCCTGCTGC
R CAGAGCGCTGGTCATGTAGTAGA

Srebf1 Sterol regulatory element-binding transcription factor 1 F CTGGCTTGGTGATGCTATGTTG
R GACCATCAAGGCCCCTCAA

Table 3. Effects of Diets on Body and Liver Weight, ALT, Hepatic Iron, and Liver Histology

Nonpurified Nonsupplemented purified Choline-supplemented purified

Females (12) Males (10) Females (16) Males (17) Females (5) Males (5)

Body weight (grams) 31.2 – 1.0a 36.9 – 3.5*a 40.2 – 3.2b 40.2 – 2.1b 38.6 – 3.2b 40.3 – 2.4ab

Liver/body weight 0.05 – 0.0025a 0.05 – 0.0013*a 0.07 – 0.01b 0.07 – 0.01b 0.06 – 0.01a 0.07 – 0.01b

ALT (U/L) 20.7 – 4.4a 31.2 – 11.5*a 66.8 – 26.8b 58.3 – 24.6b 29.3 – 21.4a 42.9 – 14.5ab

Iron (mg/g liver) 32.9 – 3.2a 17.5 – 1.6*a 25.6 – 4.9b 23.7 – 3.03b 33.4 – 6.8a 25.2 – 6.9b

Steatosis score 0a 0a 3.63 – 0.8b 3.35 – 1.1b 3.00 – 1.0b 3.20 – 0.8b

In parentheses is the number of mice in each dietary group. Data values are expressed as mean – SD. Values with * are significantly different
between sexes within dietary group. Values with different letters are significantly different between diets within the same sex (all P < 0.05).

ALT, alanine aminotransferase; SD, standard deviation.
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fed purified diets, but the difference was not significant
(Fig. 1). There was a positive correlation between ALT and
steatosis (r = 0.69, P < 0.0001).

Plasma and liver cholesterol and triglycerides

Overall, both sexes receiving nonpurified diet had sig-
nificantly lower plasma and liver cholesterol levels com-
pared to those on purified diets (Fig. 2A, B) (P < 0.0001).
Liver and plasma cholesterol levels in mice fed the purified
diets were not affected by choline supplementation. Males
presented higher plasma cholesterol levels, whereas females
presented higher liver cholesterol levels compared to their
counterparts in every dietary group. Plasma triglyceride
levels were higher in males and females fed the nonpurified
diet, whereas liver triglycerides presented the opposite trend
(Fig. 2C, D). Males on the nonpurified diet presented with
plasma triglyceride values 61% higher than females on the
same diet (P < 0.001). Choline supplementation was asso-
ciated with reduction of plasma triglycerides in female mice
only. There was a positive correlation between hepatic
steatosis and plasma cholesterol (r = 0.27), liver cholesterol
(r = 0.78), and liver triglyceride (r = 0.86). Plasma triglyc-
eride was negatively correlated with steatosis when com-
bining data from all groups (P < 0.001).

Hepatic SAM and SAH levels, SAH hydrolase
and DNA methyltransferase transcript levels,
and global DNA methylation

As shown in Table 4, SAM and SAH were both significantly
higher in nonpurified diet male and female mice compared to
nonsupplemented purified diet. SAH levels were lower in the

nonsupplemented purified diet group than in the nonpurified or
choline-supplemented group. Within the purified diet groups,
choline supplementation restored SAM to the nonpurified diet
group level and increased SAH in both sexes.

Hepatic transcript levels of SAH hydrolase (Sahh), the
bidirectional enzyme responsible for converting SAH to
homocysteine or vice versa, were two to three times
downregulated in nonsupplemented purified diet compared
to nonpurified diet (P < 0.001) (Table 4). Sahh transcript
levels were negatively correlated with moderate (grade 3)
steatosis (r = -0.56, P < 0.0001). Choline supplementation
was associated with increased Sahh transcript levels,
reaching nonpurified diet levels. Females on non-
supplemented purified diet presented with lower transcript
levels of Sahh than their male counterparts (P < 0.05),
whereas mice of each sex in the nonsupplemented purified
diet group had lower Sahh transcript levels than in the
nonpurified and choline-supplemented purified diet groups
(P < 0.05). DNA methyltransferase 1 (Dnmt1) transcript
levels were lower in male mice on nonsupplemented puri-
fied diet compared to females but no other differences were
detected. Among females, Dnmt3a transcript levels were
lower in the nonsupplemented purified diet group. Dnmt3b
transcript levels were lower in both females and males fed a
nonsupplemented purified diet but increased after choline
supplementation especially in males (Table 4).

Dot blot analysis for hepatic global DNA methylation re-
vealed overall decreased DNA methylation levels associated
with choline-supplemented purified diet in both sexes (Fig. 3)
(P < 0.001). Males fed nonpurified diet demonstrated 12%
higher levels of global DNA methylation than the females in
that same diet group.

FIG. 1. Increased lipid deposition in livers from mice fed purified diets. Hepatic steatosis scores were measured in mice
fed with nonpurified (female: n = 12; male: n = 10), nonsupplemented purified (female: n = 16; male: n = 17), and choline-
supplemented purified diets (female: n = 5; male: n = 5). Steatosis scores were increased in mice fed with nonsupplemented
(P < 0.05 for both female and male) or choline-supplemented purified diet (P < 0.05 for both female and male) compared to
those seen in mice fed with nonpurified diet. However, there appeared to be no difference between mice fed non-
supplemented and choline-supplemented purified diets. Data shown are presented as mean – standard deviation (SD).
Representative images of liver histology from each group of mice have been shown. Color images available online at
www.liebertpub.com/met
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Hepatic transcript levels of selected genes
related to lipogenesis, fatty acid synthesis,
and fatty acid oxidation

Transcript levels of genes associated with increased fatty
acid synthesis and lipogenesis, including Acc1 (acetyl-
coenzyme A [CoA] carboxylases 1), Fasn (fatty acid synthase),
Gpat (glycerol-3-phosphate acyltransferase, mitochondrial),

and Scd1 (stearoyl-CoA desaturase 1), were significantly up-
regulated in the nonsupplemented purified diet group com-
pared to nonpurified diet, whereas transcript levels of Ppara
(peroxisome proliferator-activated receptor alpha), related to
fatty acid oxidation, were downregulated (Table 5). Scd1 was
greater in each purified diet than in the nonpurified diet. Of
note, Ppara transcript levels were increased by choline sup-
plementation reaching nonpurified diet levels in both sexes.

FIG. 2. Plasma and liver cholesterol and triglycerides. Cholesterol levels in plasma (A) and liver (B) as well as tri-
glyceride levels in plasma (C) and liver (D) were measured in mice fed nonpurified (female: n = 12; male: n = 10),
nonsupplemented purified (female: n = 16; male: n = 17), and choline-supplemented purified diets (female: n = 5; male: n = 5)
by enzymatic colorimetric assays. Data shown are presented as mean – SD. *P < 0.05; **P < 0.01.

Table 4. Hepatic Levels of SAM and SAH, Transcript Levels of SAH Hydrolase

and DNA Methyltransferases

Nonpurified Nonsupplemented purified Choline-supplemented purified

Females (12) Males (10) Females (16) Males (17) Females (5) Males (5)

SAM (nmol/gram) 79.5 – 14.3a 74.2 – 13.7a 55.9 – 16.6b 48.1 – 14.1b 95.9 – 21a 74.5 – 18.6a

SAH (nmol/gram) 35.6 – 13.5a 44.5 – 16.1a 18.1 – 5.7b 19.7 – 8.9b 23.0 – 7.1ab 27.6 – 6.5ab

SAM/SAH 2.8 – 1.9 1.9 – 0.96 3.4 – 1.4 2.8 – 1.1 4.6 – 2 2.9 – 1.5
Sahh 1.06 – 0.13a 0.94 – 0.11*a 0.36 – 0.06b 0.49 – 0.09*b 0.99 – 0.11a 0.90 – 0.11a

Dnmt1 1.05 – 0.10 0.96 – 0.13 1.08 – 0.12a 0.83 – 0.18b 0.98 – 0.13 0.93 – 0.13
Dnmt3a 0.98 – 0.18 1.06 – 0.20 0.81 – 0.14a 0.78 – 0.19 1.15 – 0.18b 0.98 – 0.20
Dnmt3b 1.35 – 0.65a 0.92 – 0.43a 0.32 – 0.07b 0.27 – 0.05b 0.44 – 0.07b 0.57 – 0.23a

In parentheses is the number of mice in each dietary group. Data values are expressed as mean – SD. Values with * are significantly different
between sexes within dietary group. Values with different letters are significantly different between diets within the same sex (all P < 0.05).

SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.
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Choline supplementation was associated with downregulation
of Acc1 in female mice. Expression of Acc1 and Scd1 was
highest among females on nonsupplemented purified diet
compared to nonpurified (P < 0.001) and choline-supple-
mented purified diet (P < 0.05). There were positive correla-
tions between the steatosis grade and transcript levels of Acc1
(r = 0.73), Fasn (r = 0.57), Gpat (r = 0.68), and Scd1 (r = 0.60)
(all P < 0. 0001).

Transcript levels of Srebf1 (sterol regulatory element-
binding transcription factor 1), associated with lipogenesis,
were higher in mice fed choline-supplemented diet than
nonsupplemented purified diet. Transcript levels of Grp78
(glucose-regulated protein 78), representing endoplasmic
reticulum stress, were also increased with choline supple-
mentation in males and females.

Pemt (phosphatidylethanolamine N-methyltransferase),
which catalyzes the synthesis of phosphatidylcholine and
whose reduced levels are linked to hepatic steatosis21 pri-
marily due to reduced lipid export from the liver, was sig-
nificantly upregulated in mice fed a nonpurified diet
compared to the other diets and in females fed nonpurified

diet compared to their male counterparts (P < 0.001).
Pemt transcript levels were negatively correlated with
steatosis grade (r = -0.76, P < 0.0001), plasma cholesterol
(r = -0.86), liver cholesterol (r = -0.46), and liver triglycer-
ides (r = -0.73) (all P < 0.0001).

Discussion

The present study provided several original findings. First,
the composition of standard control purified diet (non-
supplemented) differs significantly from the nonpurified diet
in one critical component, a 14-fold greater amount of su-
crose, which is well-known to alter lipid metabolism.22,23

Second, mice fed purified diets presented with markedly
greater hepatic steatosis compared to mice fed nonpurified
diets, which was associated with an overall upregulation of
gene transcripts relating to fatty acid synthesis and lipogen-
esis and an overall downregulation of gene transcripts relating
to fatty acid oxidation. Third, choline supplementation of
purified diets that was started in the prenatal phase offered
significant improvement of parameters relating to methionine
and lipid metabolism, suggesting that dietary choline exerts
beneficial effects through its ability to restore methionine
metabolism parameters to control levels. Fourth, relevant
differences between males and females observed within each
of the three diets suggested that, in addition to diet compo-
sition, sex plays an essential role in lipid deposition and de-
velopment of hepatic steatosis, and males and females
respond differently to methyl donor supplementation.

The primary carbohydrate in each purified diet was sucrose,
which in high levels has been seen to alter lipid parameters as
well as induce hepatic steatosis. The amount of sucrose found in
both our purified diets (*53% of total caloric value or *500
grams/kg diet) is comparable to these studies, whose high-
sucrose diets induced elevated hepatic triglycerides (*580
grams/kg sucrose),24 dyslipidemia and steatohepatitis (68%
calories from sucrose),25,26 and hepatic steatosis among wild-
type rats (30% sucrose calories from carbohydrate).27 A high-
fat diet caused more steatosis, inflammation, and fibrosis only
when associated with high sucrose (30%).28

Of note, purified diets also had a higher content of satu-
rated fatty acids, which can potentially contribute to fatty
liver.29 However, the total percentage of calories from fat
was much lower compared to previously described high-fat
diets30 and the concomitant presence of polyunsaturated
fatty acids probably limits the contribution of dietary fat to
hepatic steatosis in this model.

FIG. 3. Decreased global hepatic DNA methylation level
in mice fed choline-supplemented purified diets. Global DNA
methylation level was measured in mice fed nonpurified
(female: n = 12; male: n = 10), nonsupplemented purified
(female: n = 16; male: n = 17), and choline-supplemented
purified diets (female: n = 5; male: n = 5) by dot-blot analyses.
Data shown are presented as mean – SD. *P < 0.05;
**P < 0.01.

Table 5. Hepatic Transcript Levels of Selected Genes Related to Lipid Metabolism

Nonpurified Nonsupplemented purified Choline-supplemented purified

Females (12) Males (10) Females (16) Males (17) Females (5) Males (5)

Acc1 1.33 – 0.36a 0.76 – 0.17*a 6.75 – 1.97b 3.8 – 0.79*b 4.43 – 1.49c 3.77 – 0.65b

Fasn 1.82 – 1.25a 0.84 – 0.5*a 4.18 – 2.73b 3.03 – 1.45b 3.63 – 2.04ab 3.37 – 2.05b

Gpat 1.06 – 0.39a 1.08 – 0.39a 3.34 – 1.23b 3.01 – 0.68b 3.16 – 0.91b 3.24 – 0.54b

Ppara 1.06 – 0.34a 1.02 – 0.24a 0.63 – 0.25b 0.75 – 0.23b 1.33 – 0.29a 1.00 – 0.2a

Scd1 1.37 – 0.69a 0.87 – 0.39a 2.85 – 0.44b 2.67 – 0.53b 2.16 – 0.95ab 2.31 – 0.21b

Pemt 1.07 – 0.23a 0.96 – 0.19*a 0.66 – 0.09b 0.48 – 0.11*b 0.74 – 0.14b 0.45 – 0.15b

Srebf1 1.12 – 0.2a 0.9 – 0.18*a 0.83 – 0.16a 0.88 – 0.25a 1.6 – 0.4b 1.24 – 0.19b

Grp78 1.00 – 0.37a 1.09 – 0.23a 0.41 – 0.04b 0.41 – 0.06b 0.64 – 0.08ab 0.73 – 0.17c

In parentheses is the number of mice in each dietary group. Data values are expressed as mean – SD. Values with * are significantly different
between sexes within dietary group. Values with different letters are significantly different between diets within the same sex (all P < 0.05).
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Purified diets caused macrovesicular steatosis consistent
with previous dietary studies.22 Compared to nonpurified
mice, plasma and liver cholesterol levels were significantly
increased in purified diets, whereas plasma triglycerides
were lower in purified diets. Liver triglycerides were still
higher in both purified diets compared to nonpurified diets,
and gene transcript levels indicating steatosis in the non-
supplemented purified diet were due to mechanisms of in-
creased lipid synthesis (increased Acc1, Fasn, and Gpat),
reduced oxidation (decreased Ppara), and reduced excretion
from the liver (reduced Pemt). Downregulation of hepatic
Ppara expression has been observed in patients with stea-
tosis from nonalcoholic fatty liver disease.23,24 The absence
of steatosis in the nonpurified diet group may have been
partly due to the significantly greater level of Pemt, essential
to maintain lipid export. Knockouts of Pemt and other
choline-related gene deletions have been noted to lead to the
development of fatty liver in several mouse models.31,32

Methionine metabolism parameters were significantly im-
proved with choline supplementation by elevating Sahh
transcript levels and restoring SAM to nonpurified control
levels. Choline supplementation was associated with im-
provement of some parameters of lipid metabolism but the
response was not consistent in all tested genes and in the two
sexes. In particular, Acc1 and Ppara transcript levels im-
proved in female mice after choline supplementation. Choline
produced changes in plasma triglycerides only in females, but
no significant changes in the steatosis score. Similarly, im-
provement of plasma ALT levels was more evident in fe-
males. This incomplete effect may be related to (1) the
duration of treatment as longer treatment may have produced
significant effects; (2) the opposite effect caused by changes
in transcript levels of Ppara (when increased after choline
supplementation, should improve steatosis) and Srebf1 (may
worsen steatosis); or (3) the studied genes are regulated at
different levels other than DNA or histone methylation.

A previous study by Zhu et al.24 demonstrated choline re-
versal of methylation status of various genes, including
Ppara, whose increased transcript levels (relevant to fatty
acid oxidation) in our present study were negatively corre-
lated with the reduction in DNA methylation. Furthermore,
the improvement in ALT levels, signaling a decrease in liver
injury, was correlated with the degree of steatosis. The re-
duced global DNA methylation following methyl-group
supplementation is an apparent discrepancy as previously
described.33 Cordero et al.34 assessed global DNA methyla-
tion by [3H]dCTP extension assay for rats fed standard control
and high-fat sucrose diet before and after supplementing with
a methyl-donor cocktail. Rats assigned to control diet were
found to have decreased liver global DNA methylation after
methyl-donor supplementation. The authors attributed it to
potential compensatory mechanisms that affect inter-
connecting transmethylation metabolic pathways.35

Finally, we found that sex was an important factor in
determining the dietary influence on hepatic methionine
metabolism and steatosis development. Female mice on the
nonsupplemented purified diet developed more steatosis
than male counterparts, which was consistent with highest
levels of ALT, increased gene transcript level of Acc1 and
increased liver triglyceride. Females also demonstrated the
most improvement after choline supplementation in the
expression of selected gene transcripts and markers of he-
patic methionine metabolism with increases in Sahh, Dnmt1,

and Ppara, which ultimately lessened the development of
steatosis. A previous study also demonstrated strikingly
different effects of maternal high-fat diet on the tran-
scriptome and on genes related to epigenetic mechanisms of
gene expression regulation.36

While the study design was not originally intended for a
comparative diet study, this does not invalidate the findings.
Additional groups would be needed to determine if these
effects are solely due to maternal diet influence in utero, diet
influence during growth and/or adulthood, or a combination
of both. The limitations of our study include the lack of a
group of mice fed a nonpurified diet supplemented with
choline as this would ultimately clarify the effect of choline
in the absence of high sucrose concentration. We did not
conduct pair-fed experiments and results could be further
extended by studies of mitochondrial complex activities.

In conclusion, our study provides novel insight into the po-
tentially detrimental effects on lipid and methionine metabo-
lism caused by the difference in composition of standard
nonpurified and purified diets with further differences relevant
to sex. Almost all findings can be related to elevated sucrose in
the purified diets even though choline did have predicted effects
on methionine metabolism. Although we did not directly focus
on how sucrose connects to these specific physiological chan-
ges, we believe that the consequential effects of purified diet
may have been due to the higher composition of sucrose
compared to the nonpurified diet. These findings will aid in the
selection of appropriate control diets for control animals as well
as the development and evaluation of potential fatty liver ani-
mal models utilizing nonpurified and purified diets, and will
address the importance of methyl-group provision in modify-
ing the risk of developing fatty liver.
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