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Effects of Atherogenic Diet and Atorvastatin
Treatment on Gene Expression Profiles

in the C57BL/6J Mouse Liver

YULAN ZHAO,1 MEI-YEN CHAN,1 SHULI ZHOU, AND CHEW-KIAT HENG

Department of Paediatrics, Yong Loo Lin School of Medicine, National University of Singapore, Singapore

This study investigated the early and long-term effects of atherogenic diet on hepatic gene expression, and the
restorative effects of atorvastatin in treating hypercholesterolemia. Two groups of female C57BL/6J mice were
fed standard chow or atherogenic diet for 1-week early phase study and two other groups for 10 weeks. The
fifth group had daily 10 mg/kg atorvastatin injections for 3 weeks from week 8 of the atherogenic diet. Gene
expression profiling was carried out with Affymetrix GeneChips. One-week atherogenic diet elevated 38 and
inhibited 127 gene expressions, while 10-week atherogenic diet elevated 165 and inhibited 281 genes by more
than twofold. Atorvastatin could restore 78.2% and 68%, respectively, of the genes to normal levels. Genes in
the Insig (insulin-induced gene)-SREBP (sterol regulatory element binding proteins) pathway were mostly inhib-
ited by atherogenic diet at week 1 but elevated at week 10. Of these, 65.2% were restored by atorvastatin. In
conclusion, lipid homeostatic mechanism coped well with short-term atherogenic diet. However, when such a
diet was prolonged, the mechanism was no longer effective but entered into a pathological state in which
lipogenic genes, especially those in the Insig-SREBP pathway, were upregulated. Atorvastatin could restore
changes in the Insig-SREBP pathway that were induced by the atherogenic diet.
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INTRODUCTION proteolytically cleaved to liberate a fragment that en-
ters the nucleus and activates SRE-containing genes.
SREBP cleavage-activating protein (SCAP), an SREBPCoronary artery disease (CAD) is the number one

killer in developed nations and hypercholesterolemia escort protein, has a sterol-sensing domain that is
necessary for sterols to inhibit SREBP transport tohas been found to be one of its main independent risk

factors. Lipogenesis is regulated by the expression the Golgi apparatus (1). Recent coimmunoprecipita-
tion studies have led to the discovery of SCAP-inter-and activation of the sterol regulatory element bind-

ing proteins (SREBPs). SREBPs are a family of mem- acting proteins, insulin-induced gene-1 (Insig-1), and
insulin-induced gene-2 (Insig-2) (23,25). Goldsteinbrane-bound transcription factors that directly induce

the expression of about 30 genes involved in the syn- and Brown proposed then that the three molecules
normally form an Insig-SCAP-SREBP macromolecu-thesis and uptake of fatty acids, triglycerides, choles-

terol, phospholipids, and the NADPH cofactor. SREBP- lar complex in the ER. If Insig is released from the
complex because of the low cholesterol level or rela-1c and SREBP-2 are transcriptional regulators of the

fatty acid and cholesterol synthesis pathways respec- tive lack of Insig protein, SCAP might escort SREBPs
to the Golgi apparatus, leading to lipogenesis (1).tively (7,8). The SREBPs reside as inactive precursors

in the endoplasmic reticulum (ER) membrane. Upon It is widely known that atherogenic diets could in-
duce hypercholesterolemia and lipogenesis. Rabbitsvesicular transport to the Golgi apparatus, they are
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fed with diets containing 2% cholesterol had elevated solved in 1× PBS buffer to make 2 mg/ml stock solu-
tion. Daily doses of 10 mg/kg of atorvastatin wereserum cholesterol levels after 2 weeks (24). C57BL/

6J male mice had higher cholesterol, LDL/VLDL cho- administered to the mice in the ST group by IP injec-
tions for 3 weeks (20).lesterol, and triglycerides levels after only 11 days of

feeding high-fat diets (5). C57BL/6J mice are most At the end of the study period, mice were fasted
overnight (1800 h to 0900 h) and sacrificed by car-commonly used in diet-induced hypercholesterolemia

and atherosclerosis because of their high sensitivity diac puncture under the anesthetic cocktails (fentanyl
citrate 0.315 mg/ml, fluanisone 10 mg/ml, and Mida-to atherogenic (Ath) diets. However, a cholesterol

feedback mechanism is in place in which excess di- zolam 5 mg/ml) at a dosage of 0.15 ml/mouse. Blood
was collected and livers were quickly removed. Theetary cholesterol intake would lead to inhibition of

cholesterol synthesis. In the livers of C57BL/6J mice, liver was stored in RNAlater (Qiagen, 76104) or im-
mediately snap-frozen in liquid nitrogen and storedthe levels of all nuclear SREBPs and most of their

downstream enzymes were reduced upon feeding of at −80°C.
This investigation conforms with the Guide for thedietary cholesterol for 2 days, and Insig-1 transgenic

mice had more declined expression (2). Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH PublicationTo date, the turning point at which the Insig-SREBP

pathway transit from its responsive negative feedback No. 85-23, revised 1996).
state into what we termed as a ‘‘molecular pathologi-
cal state,’’ in which the gene expression of Insig-SREBP Plasma Lipid Analysis
pathway becomes upregulated instead of being down-

Fasting plasma total cholesterol (Chol), HDL cho-regulated, is unclear.
lesterol (HDL), and triglycerides (TG) were measuredIn this study, we investigated the gene expression
by enzymatic colorimetric assay kits on an autoana-profiles of the livers of C57BL/6J mice with a focus
lyzer (Cobas Mira, Roche). LDL/VLDL cholesterolon the Insig-SREBP pathway. We also investigated
(LDL/VLDL) levels were determined as the differ-the gene expression profiles after the Ath-fed mice
ence between total and HDL cholesterol levels.were treated with atorvastatin, a HMG coenzyme A

reductase (Hmgcr) inhibitor. Statins are commonly
Oligonucleotide Microarraysprescribed to treat hypercholesterolemia and it would

be interesting to examine their treatment effects on To determine liver gene transcript profiles in the
gene expression profiles. five groups, relative abundance of mRNAs in the

Ath1w, Ath10w, and ST groups were compared with
their respective controls using the Mouse Genome

MATERIALS AND METHODS 430A GeneChip (MOE430A, Affymetrix) containing
22,690 probe sets. Sample preparation, array hybrid-Animals and Experimental Protocol
ization, and scanning were carried out according to

Eight-week-old female C57BL/6J mice were pur- the manufacturer’s manual. Briefly, the individual
chased from Laboratory Animal Center (LAC), Na- liver tissues within the same group were pooled to
tional University of Singapore, and maintained in the obtain a total of 80–100 mg tissue. Total RNA was
animal facility for 2 weeks. For the 1-week early isolated, purified, and reverse transcribed to cDNA
phase study, the control group (C1w) and atherogenic and finally transcribed to biotinylated cRNA. The la-
diet group (Ath1w) consisted of three randomly as- beled cRNA was fragmented, mixed into hybridiza-
signed mice in each group. For the 10-week long- tion cocktail, injected into the GeneChip MOE430A
term study, a total of 15 mice were randomly divided cartridge, and incubated at 45°C for 16 h. The arrays
into three groups: control (C10w), atherogenic diet were washed, stained, and finally scanned using the
(Ath10w), and atorvastatin group (ST). The diet of Agilent G2500A Gene Array scanner. The quality of
control groups (C1w and C10w) was standard chow, the fragmented biotin-labeled cRNA was ascertained
containing 19% protein, 4.6% fat, and 76.4% carbo- as previously described (18) before being hybridized
hydrate. The atherogenic diet SF00-219 for the onto the MOE430A array by using Test-3 arrays.
Ath1w, Ath10w, and ST groups was purchased from
Specialty Feeds, Australia. It contained 19% protein, Real-Time PCR
21% fat, 60% carbohydrate, and 0.15% cholesterol.
The mice in the ST group had atherogenic diet for 10 Real-time reverse transcription PCR (RT-PCR)

was used to validate the microarray results of a fo-weeks but with atorvastatin treatment beginning from
the 8th week to the end of 10th week. Atorvastatin cused set of genes related to lipid metabolism. These

are fatty acid synthase (Fasn); fatty acid binding pro-calcium tablets (Lipitor, Parke-Davis), were dis-
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tein 5 (Fabp5), Hmgcr, Srebp1, SCAP, and Insig-2. and C1w groups at baseline or endpoint. There was
also no significant difference among the three long-Fasn, Hmgcr, Srebp1, SCAP, and Insig-2 are mem-

bers of the Insig-SREBP pathway. Fabp5 is the gene term groups at baseline. The mean body weights of
Ath10w (23.86 ± 1.18 g) and ST (24.11 ± 1.04 g)involved in lipid transport and had the greatest fold

change based on microarray results. The primer se- groups were significantly higher than the C10w
group (21.43 ± 1.12 g, p < 0.05) just before the STquences are listed in Table 1.

LightCycler SYBR Green I Real time-PCR kit group received their atorvastatin treatment at the 8th
week. At the conclusion of the 10-week study, only(Roche, 3064760) was used to quantify the mRNA of

the five target genes. The housekeeping gene glycer- the Ath10w group had significantly higher mean
body weight than the C10w group (25.32 ± 1.99 vs.aldehyde-3-phosphate dehydrogenase (GAPDH) was

used for normalization between chips. The Light 22.62 ± 1.24 g, p < 0.05), whereas those of the ST
mice (22.86 ± 0.89 g) were no longer significantlyCycler quantification software was used to calculate

the relative Ath1w/C1w, Ath10w/C10w, or ST/C10w higher than the controls.
ratio of each target gene. The ratios were transformed
to log base 2 ratios. Plasma Lipid Levels

Statistical Analysis For the early phase study, Ath1w mice had signifi-
Measurements were expressed as mean ± SD from cantly higher mean Chol (2.71 ± 0.29 vs. 1.86 ± 0.29

at least three independent experiments, except for mM, p < 0.05) and HDL levels (2.21 ± 0.11 vs. 1.52 ±
gene expression levels. The differences of mouse 0.22 mM, p < 0.05) than C1w mice. No significant
body weight and plasma lipid levels in the five vari- difference in LDL/VLDL and TG levels was ob-
ous groups were compared by two-tailed t-test using served (Fig. 1).
SPSS12.0. For the long-term effect study, the Ath10w group

Affymetrix Microarray Suite version 5.0 (Affyme- showed significantly higher mean Chol, HDL, LDL/
trix) was used to analyze the scanned image. Expres- VLDL, and TG levels than the C10w group, while
sion patterns were analyzed according to the follow- the ST group had no higher lipid level than the C10w
ing pair-wise comparisons: Ath1w versus C1w, Ath10w group, as shown in Figure 1. In addition, ST was
versus C10w, and ST versus C10w. In order to get found to lower the LDL/VLDL level compared to the
the robust ‘increase” expression profile, “I,” experi- Ath10w group. The data demonstrated that hypercho-
mental “absent” cells were eliminated and only the lesterolemia was induced by the atherogenic diet and
genes flagged as “I” with “Signal Log2 Ratio” of not that it could be reversed by atorvastatin.
less than 1.0 (twofold increase) were selected. Like-
wise for robust “decrease” profile, the baseline “ab- Microarray Analysis
sent” cells were eliminated and only the genes flagged
as change “D” with “Signal Log2 Ratio” of not more For the early phase study, a total of 38 genes in

the Ath1w group had robust increase in expressionthan −1.0 (twofold decrease) were selected. The se-
lected genes were classified according to their biolog- levels relative to the C1w group. These included 23

genes involved in lipid, carbohydrate, protein, andical processes using Affymetrix GO browser.
nucleic acid metabolism. Of these genes, 1 week of
atherogenic diet induced the expression of 2 genesRESULTS
related to lipid metabolism and transport (Table 2).

Mouse Body Weight Conversely, a total of 127 genes had robust decrease
in expression level in the Ath1w group, of which 55For the early phase study, we found no significant

difference in mean body weights between the Ath1w are related to metabolisms. Table 2 shows 1 week of

TABLE 1
PRIMER SEQUENCES USED FOR RT-PCR

cDNA GenBank No. Forward (5′ → 3′) Reverse (5′ → 3′)

GAPDH M32599 ggtgcaggatgcattgctgacaa tgcatccactggtgctgccaag
Fasn AF127033 tgcctccactgactcttcacaga ctagactcaatacacaggctgctg
Hmgcr NM_008255 tgtggccaggagtttggtgactga taagattcaacaactctgctgacc
Fabp5 BC002008 ccgagagcacagtgaagacgac accgtcttggaaggtgcagacc
Srebp1 NM_011480 gatggcaccctcttgctctgtag aggcccagccggatctacacta
SCAP BC07-437 ggatgtactaacaggcagccg ccaggtcctgctgaatggagta
Insig-2 NM_133748 gctcgctttgcatttctgaa cactataggaaagcatgggcac
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Figure 1. Final plasma lipid levels of the five experimental mice groups. The lipid levels of the Ath1w group were compared to those of
the C1w group; Ath10w and ST groups were compared to the C10w group. *p < 0.05 versus control; #p < 0.05 versus Ath group.

atherogenic diet could inhibit expression of 7 genes for 10 weeks compared to 1 week of the same diet.
Second, the effect of the 10-week atherogenic dietrelated to lipid synthesis, metabolism, and transport.

A total of 165 genes in the Ath10w group had ro- was not simply an intensification of the 1-week ef-
fect. For example, of the 2 genes that were elevatedbust elevated expression level relative to the C10w

group. Of these, 78 are involved in metabolism, 21 in the Ath1w group, acetyl-coenzyme A acyltransfer-
ase 1 (Acaa1) was decreased instead in the Ath10wof which are involved in lipid metabolism, such as

fatty acid and cholesterol biosynthesis, fatty acid while carnitine palmitoyltransferase 1a (Cpt1a) was
no longer elevated. On the other hand, expressionelongation, and lipid transport (Table 3). Conversely,

a total of 281 genes had robust reduced expression levels of ATP citrate lyase (Acyl) and UDP-glucose
ceramide glucosyltransferase (Ugcg) were reduced inlevel in the Ath group, including 84 genes related to

metabolism, 8 of which are related to lipid catabolism the Ath1w group but elevated in the Ath10w group.
Next, we compared the gene expression profiles ofor degradation (Table 3).

From the analysis of Tables 2 and 3, we found the ST group with the C10w group. Of the 165 genes
whose expressions were increased by the Ath diet,different patterns of alteration in lipid-related gene

expressions of the Ath1w and Ath10w groups. First, atorvastatin had effectively reduced 78.2% of the
gene transcripts to normal, using twofold change asthe number of genes with altered expression was

markedly increased from 2 to 21 in the group treated cut off. Of the 21 genes related to lipid biosynthesis

TABLE 2
COMPARISON OF GENE TRANSCRIPT PATTERNS INVOLVED IN LIPID METABOLISM/TRANSPORT:

CHANGES IN THE Ath1w GROUP WITH REFERENCE TO THE C1w GROUP

Fold Gene
Change Gene Title Symbol Function

↑ 3.2 Carnitine palmitoyltransferase 1a, liver Cpt1a Fatty acid metabolism, transport
↑ 2.1 Acetyl-coenzyme A acyltransferase 1 Acaa1 Fatty acid metabolism

↓ 4.9 ATP citrate lyase Acly Tricarboxylic acid cycle metabolism, lipid biosynthesis
↓ 3.2 Cytochrome P450, family 7, subfamily a, polypeptide 1 Cyp7a1 Electron transport, cholesterol metabolism
↓ 2.3 Isopentenyl-diphosphate delta isomerase Idi1 Cholesterol biosynthesis
↓ 2.1 Glycerol-3-phosphate acyltransferase, mitochondrial Gpam Fatty acid metabolism, phospholipid biosynthesis
↓ 2.1 Cytochrome P450, 51 Cyp51 Electron transport, cholesterol biosynthesis
↓ 2.0 ATP-binding cassette, sub-family D (ALD), member 2 Abcd2 Fatty acid metabolism, transport
↓ 2.0 UDP-glucose ceramide glucosyltransferase Ugcg Glucosylceramide biosynthesis, glycosphingolipid biosynthesis

The genes are arranged in descending order of fold change. ↑: increased expression; ↓: decreased expression.
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TABLE 3
COMPARISON OF GENE TRANSCRIPT PATTERNS INVOLVED IN LIPID METABOLISM/TRANSPORT:

CHANGES IN THE Ath10w AND ST GROUPS WITH REFERENCE TO THE C10w GROUP

Fold Change
Gene

Ath10w ST Gene Title Symbol Function

↑ 10.6 ↔ Fatty acid binding protein 5, epidermal Fabp5 Lipid transport
↑ 9.8 ↔ RAS p21 protein activator 1 Rasa1 Intracellular signaling cascade, cell growth

and/or maintenance
↑ 7.5 ↑ 18 Cytochrome P450, family 3, subfamily a, polypeptide 16 Cyp3a16 Electron transport
↑ 5.3 ↑ 8 Apolipoprotein A-IV Apoa4 Cholesterol absorption
↑ 5.3 ↑ 3.7 StAR-related lipid transfer (START) domain containing 4 Stard4 Steroid biosynthesis, lipid transport
↑ 4.3 ↔ Stearoyl-coenzyme A desaturase 1 Scd1 Fatty acid biosynthesis
↑ 4.0 ↔ ELOVL family member 6, elongation of long chain fatty acids Elovl6 Fatty acid elongation
↑ 3.5 ↔ UDP-glucose ceramide glucosyltransferase Ugcg Glucosylceramide biosynthesis, glycosphin-

golipid biosynthesis
↑ 2.8 ↔ Fatty acid synthase Fasn Fatty acid biosynthesis
↑ 2.8 ↔ Lysosomal acid lipase 1 Lip1 Lipid catabolism
↑ 2.8 ↔ ATP citrate lyase Acly Lipid biosynthesis
↑ 2.6 ↑ 2 Fatty acid binding protein 2, intestinal Fabp2 Lipid transport
↑ 2.5 ↔ Stearoyl-coenzyme A desaturase 2 Scd2 Fatty acid biosynthesis
↑ 2.5 ↑ 2.6 Farnesyl diphosphate farnesyl transferase 1 Fdft1 Cholesterol biosynthesis, isoprenoid

biosynthesis
↑ 2.3 ↑ 2 Phospholipid transfer protein Pltp Lipid transport
↑ 2.3 ↑ 4.9 Sterol-C4-methyl oxidase-like Sc4mol Fatty acid metabolism, sterol biosynthesis
↑ 2.3 ↔ Farnesyl diphosphate synthetase Fdps Isoprenoid biosynthesis
↑ 2.3 ↔ Sterol regulatory element binding protein 1 Srebp1 Regulation of transcription lipid metabolism
↑ 2.3 ↔ Fatty acid desaturase 2 Fads2 Electron transport
↑ 2.1 ↔ 3-Hydroxy-3-methylglutaryl-coenzyme A reductase Hmgcr Cholesterol biosynthesis
↑ 2 ↔ Phosphatidic acid phosphatase 2a Ppap2a Protein amino acid dephosphorylation,

diacylglycerol biosynthesis, signal
transduction

↓ 3.2 ↓ 4.3 Sterol carrier protein 2, liver Scp2 Fatty acid degradation
↓ 3.0 ↔ Granulin Grn Lipid catabolism
↓ 2.5 ↔ Glycerol kinase Gyk Fatty acid degradation
↓ 2.5 ↔ Cytosolic acyl-CoA thioesterase 1 Cte1 Long-chain fatty acid metabolism, acyl-CoA

metabolism
↓ 2.3 ↔ Cytochrome P450, family 39, subfamily a, polypeptide 1 Cyp39a1 Electron transport, bile acid biosynthesis,

cholesterol catabolism
↓ 2.1 ↔ Cellular nucleic acid binding protein Cnbp Regulation of transcription, cholesterol

biosynthesis
↓ 2.0 ↔ Cytochrome P450, 51 Cyp51 Electron transport, cholesterol biosynthesis
↓ 2.0 ↔ Acetyl-coenzyme A acyltransferase 1 Acaa1 Fatty acid metabolism

The genes are arranged in descending order of fold change. Ath: atherogenic diet; ST: atherogenic diet + treatment with atorvastatin from
weeks 8 to 10. ↑: increased expression; ↓: decreased expression; ↔: no change.

and transport, two thirds were completely restored to 30 genes involved in this pathway in the different
groups. We found 10 weeks of atherogenic diet widelycontrol levels by statin treatment. These include ste-

aroyl-coenzyme A desaturase 1(Scd1), Acyl, Fasn, increased the gene expression of the Insig-SREBP
pathway. Of the 10 genes regulated by SREBP-1c, 9Srebp1, and Fabp5. Atorvastatin also elevated 68.0%

of the gene transcripts that were inhibited by the Ath had positive signal log ratios, with 6 having robust
elevation. All 9 signal log ratios were lower in thediet to normal levels. Of the 8 genes involved in lipid

catabolism or degradation, 7 were normalized by ST group than in the Ath10w group, as shown in Fig-
ure 2a. Of the 14 SREBP-2 regulated genes that arestatin treatment. The details are listed in Table 3.
involved in cholesterol synthesis, 10 had positive sig-
nal log ratios, of which 2 were robust elevations. These

Gene Expression Profiles of Insig-SREBP Pathway
are 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr)
and farnesyl diphosphate synthetase (Fdps). Five ofWe next focused on the Insig-SCAP-SREBP path-

way by analyzing the transcript levels of more than the 10 were lowered by atorvastatin treatment (Fig. 2b).
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Figure 2. The transcription levels of genes related to the Insig-SREBP pathway. Data show the signal log ratio to their respective control.
(a) The transcription level of genes regulated by SREBP-1c. (b) The transcription level of genes regulated by SREBP-2. (c) The transcription
levels of NADPH-related genes regulated by both SREBP-1c and SREBP-2. (a–c) The transcription levels of the downstream enzyme genes
of the SREBP pathway were mostly inhibited by 1 week of Ath diet, then induced by the 10-week Ath diet, and finally restored by
atorvastatin treatment. (d) The transcription level of SREBP-1 was induced by 1 week and 10 weeks of Ath diet and slightly reversed by
atorvastatin treatment, while that of Insig-2 was reduced by 1 week and 10 weeks of Ath diet but partially restored by atorvastatin treatment.
The transcription level of SCAP remained stable. Lss and SREBP2 were omitted because their cell calls were ‘absent” in all five groups. *:
robust increase in Ath10w; #: robust decrease in Ath10w; †: robust increase in ST; ∆: robust decrease in ST; ^: robust decrease in Ath1w.
Acas: acetyl-CoA synthetase; Acyl: ATP citrate lysase; Acacb: acetyl-CoA carboxylase beta; Fasn: fatty acid synthase; Elovl: elongation of
very long chain fatty acids; Scd: stearoyl-CoA desaturase; Gpam: glycerol-3-phosphate acyltransferase, mitochondrial; Mvd: mevalonate
(diphospho) decarboxylase; Hmgcr: 3-hydroxy-3-methylgltaryl-CoA reductase; Hmgcs: 3-hydroxy-3-methylgltaryl-CoA synthase; Dhcr7: 7-
dehydrocholesterol reductase; Cyp51: cytochrome P450, 51; Idi1: isopentenyl-diphosphate delta isomerase; Aacs: acetoacetyl-CoA synthe-
tase; Pmvk: phosphomevalonate kinase; Fdps: farnesyl diphosphate synthase; Ggps: geranylgeranyl diphosphate synthase; Sqle: squalene
epoxidase; Lss: lanosterol synthase; Sc5d: sterol-C5-desaturase; Ldlr: low-density-lipoprotein cholesterol receptor; Mod: malic enzyme;
G6pd2: glucose-6-phosphate dehydrogenase 2; Pgd: phosphogluconate dehydrogenase; Srebp: sterol regulatory element binding protein;
Scap: Sreb cleavage-activating protein; Insig: insulin induced gene.
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All the 3 NADPH related-genes regulated by both The expression of SREBP-1c is mainly in liver and
other animal tissues, while SREBP-1a is constitu-SREBP-1c and SREBP-2 had positive signal log ra-

tios after 10 weeks of Ath diet, of which glucose-6- tively expressed at low basal levels in liver tissues
(17). In the past decade, the downstream genes ofphosphate dehydrogenase 2 (G6pd2) had robust in-

crease. They were all reduced by atorvastatin (Fig. SREBPs had been well studied (8). SREBP-1c regu-
lates genes involved in fatty acid, triglyceride, and2c). SREBP-1 itself was also upregulated by athero-

genic diet and downregulated by atorvastatin. Insig-2 phospholipid biosynthesis, such as Acyl, acetyl-CoA
carboxylase beta (Acacb), Fasn, fatty acid elongasewas significantly inhibited by 10 weeks of atherogenic

diet and restored partially by atorvastatin (Fig. 2d). complex, Scd and glycerol-3-phosphate acyltransfer-
ase, mitochondrial (Gpam). SREBP-2 exerts its ef-Hence, the 10-week atherogenic diet elevated 82.1%

of both downstream and upstream gene expressions fects on genes related to cholesterol synthesis, such
as 3-hydroxy-3-methylgltaryl-CoA synthase (Hmgcs),of this pathway, while atorvastatin restored 65.2% of

the genes of the Insig-SREBP pathway. Hmgcr, Fdps, and squalene epoxidase (Sqle). Both
SREBP-1c and SREBP-2 activate malic enzyme (Mod),On the other hand, 1 week of atherogenic diet had

different effects on the gene expression of the Insig- G6pd2, and 6-phosphogluconate dehydrogenase (Pgd),
which are required to generate NADPH. Recently, theSREBP pathway. Figure 2 shows the signal log ratios

of 64.3% of the total Insig-SREBP pathway genes regulation of SREBPs expression was widely studied.
The SREBPs transcription could be regulated by diet,were negative after 1 week of atherogenic diet. For

the SREBP2 regulated genes, 92.3% were negative. liver X-activated receptors (LXRs), insulin, and glu-
cagon. A high-fat diet significantly induced the SREBP-Figure 2d shows the direction of change of SREBP-

1 and Insig-2 was the same in the Ath1w and Ath10w 1 expression in ICAM-1-deficient mouse livers at day
1 and day 11, while polyunsaturated fatty acids re-groups. The transcription level of SCAP did not fluc-

tuate significantly. duced SREBP-1c mRNA transcription and lipogen-
esis rate (5,22). Glucose could induce lipogenesis in
rat muscle satellite cells via a SREBP-1c-dependent Jak/Real-Time PCR
STAT pathway (6). Ceramide synthesis positively cor-

As shown in Figure 3, RT-PCR showed no signifi-
related with elevated active SREBP and its down-

cant changes of 6 genes in the Ath1w group. In the
stream gene transcription, while inhibition of cera-

Ath10w group, Hmgcr, Fasn, Fabp5, and Srebp1
mide synthesis decreased their transcriptional levels

mRNA levels were significant increased. Atorvastatin
(21). The LXR agonist, T1317, induced transcrip-

could reverse these mRNA levels to normal (signal
tional levels of SREBP-1 and SREBP-1c-regulated

log ratio between 1 and −1). The expression of SCAP
genes, Fasn, and the S14 protein in primary rat hepa-

was constant in both Ath10w and ST groups, while
tocytes (14). In this study, we found that a long-term,

the Insig-2 level was significantly downregulated in
10-week atherogenic diet could significantly induce

both groups. All of the RT-PCR data were consistent
the expression of the SREBP pathway, including

with those of microarray.
Srebp1, Fasn, Scd1, Scd2, Acly, and Hmgcr, while
the Insig-2 gene was significantly inhibited by 10-
week atherogenic diet.

DISCUSSION
We also noted the significant change of Insig gene

expression in both Ath and ST groups with referenceThe focus of this study is on the effect of Ath diet
on gene expression profiles in the mouse liver and to to the control group. In 1991, the Insig gene was first

identified in liver tissue that was treated by insulinevaluate the efficacy of statin in reversing the re-
sponses to the Ath diet. We found 36% of the genes (13), and its essential role in carbohydrates and lipid

homeostasis was identified in 2002 (25). Insig is athat had altered expression in Ath10w group are in-
volved in metabolism. Of the 78 metabolic genes that membrane protein in ER that binds the sterol-sensing

domain of SCAP and facilitates retention of thehad increased expression in Ath10w group, 27% are
associated with lipid metabolism, including fatty acid SCAP/SREBP complex. A second ER protein, Insig-

2, was found to block the movement of SREBP fromor cholesterol biosynthesis, fatty acid elongation, and
lipid transport. ER to Golgi apparatus and therefore ultimately block

cholesterol synthesis, like Insig-1 (23). In culturedFrom our results, it is observed that the SREBP
pathway was activated by the 10-week Ath diet. liver cells Insig-1 and Insig-2 inhibited proteolytic

processing of SREBPs (1,23,25). In mouse or rat liv-Members of the SREBP family regulate lipid haemo-
stasis. SREBP-1a and -1c are derived from a single ers, overexpression of Insig-1 or -2 inhibited SREBP

processing and reduced lipogenesis (2,19). The Insig-gene through the use of different transcription initia-
tion sites. SREBP-2 is derived from a second gene. 1 promoter is in turn regulated by active SREBPs
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Figure 3. RT-PCR results for selected genes, using “Log2 Ratio ±1” as significant “increase” and “decrease” cut off, respectively. One week
of Ath diet did not cause significant changes comparing to 1 week of standard chow. Ten weeks of Ath diet induced the transcription levels
of Hmgcr, Fasn, Fabp5, and Srebp-1, and atorvastatin restored their levels. The expression of SCAP was kept stable in all groups, while the
Insig-2 level was significantly inhibited in both groups. The data were consistent with the results of microarray. *: significant increase or
decrease comparing to control. Fasn: fatty acid synthase; Fabp5: fatty acid binding protein 5; Hmgcr: 3-hydroxy-3-methylgltaryl-CoA
reductase; Srebp1: sterol regulatory element binding protein 1; SCAP: Sreb cleavage activating protein; Insig-2: insulin induced gene 2.

and sterols. Rosiglitazone, an agonist of peroxisome region (4). Hence, Insig may regulate lipogenesis in
different stages. In this study, Insig-2 transcriptionproliferator-activated receptor-gamma (PPARγ), could

induce Insig-1 and regulate SREBP processing (10). was inhibited by the 10-week atherogenic diet. Unfor-
tunately, no Insig-1 probe set is available in the Affy-A new line of mutant Chinese hamster ovary cells

deficient in both Insig-1 and Insig-2 proved the inter- metrix MOE430A Genechip. The lower level of Insig-
2 might cause higher expression of genes of SREBPaction between sterols and Insigs. Sterols neither in-

hibit SREBP processing nor promote Hmgcr ubiquiti- pathway or directly maintained the activity of Hmgcr,
and finally lead to higher plasma lipid levels.nation in these cells, while sterol-resistance was fully

restored when they are transfected with either Insig-1 The results of long-term atherogenic diet effects
are interesting because they deviate from what weor Insig-2 (11). Insigs double knock-out mice further

confirmed the interaction. A recent study showed 2.5 would expect from a negative cholesterol feedback
regulation system. Our data suggest that an athero-days of cholesterol feeding reduced nuclear SREBPs

and lipogenic mRNAs in C57BL mice; this feedback genic diet could finally upregulate the gene expres-
sion of the Insig-SREBP pathway into what we de-response was severely blunted by Insigs double knock-

ing-outs (3). However, the Insigs’ antilipogenic mecha- fine as a “pathological state at the transcriptome
level.” In this pathological state, instead of downreg-nism remains unclear. To date, only two target pro-

teins of Insig were found and both have similar YIYF ulating cholesterol and fatty acids synthesis, more of
them are produced after the feedback balance is de-sequences in the membrane domain. One is SCAP,

binding to which leads to ER retention of the complexes stroyed. Engelking et al. demonstrated that most of
the SREBPs pathway genes had lower levels of ex-between SCAP and SREBPs, thereby regulating the

whole SREBP pathways (25). Another is Hmgcr, pression after 2 days of atherogenic diet with 0.05%,
0.15%, or 0.5% cholesterol, including Acacb, Fasn,binding to which leads to its ubiquitination and deg-

radation (16). A recent study showed the yeast Insig Hmgcs, Hmgcr, Fdps, LDL receptor, and SREBP-2
(2). Their data from the 2-day atherogenic diet fit thehomologs NSG1 and NSG2 inhibit degradation of

Hmgcr homolog Hmg2p by directly interacting with cholesterol-feedback mechanism well. Maxwell et al.
found 11 of SREBP target genes were downregulatedthe sterol-sensing domain-containing transmembrane
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after feeding 1 week of a diet with 0.5% cholesterol lowering. Firstly, Insigs can directly interact with
both Hmgcr and statins (16). Secondly, another hypo-(12). These include Sqle, Fdps, Hmgcr, Acyl, and

Mod. To date, no study has investigated the turning cholesterolemic agent, LY295427, which can activate
LDL receptor to reduce plasma LDL level, was re-point of the Insig-SREBP pathway from the func-

tional feedback control mode to pathological state. ported to increase expression of Insig-1 and restore
the SREBP processing (9). Actually, our microarrayAs part of our ongoing studies to investigate the time

course effects of atherogenic diet, we raised twp ad- data showed that atorvastatin could moderately re-
store the Insig-2 transcription level that had been sig-ditional groups, C1w and Ath1w. In our study, the

Insig-SREBP pathway was clearly in a pathological nificantly inhibited by the atherogenic diet. We will
be focusing on the possible association between stat-state after feeding 10 weeks of the atherogenic diet.

We also found the expression of downstream enzyme ins and Insigs in our future studies.
In summary, our study has provided a moleculargenes was feedback inhibited by atherogenic diet at

the 1-week point. Although we have not determined window into the interplay between the key molecules
of the Insig-SCAP-SREBPs molecular complex in thethe accurate turning points of the pathways, we have

demonstrated that the turning points of most of the livers of mice fed with an atherogenic diet and later
treated with atorvastatin. We concluded from thispathways were after 1 week and that those for the up-

stream genes appear earlier than those of downstream study that 1) the lipid homeostatic mechanism in the
mice was able to cope with the short-term 1-weekgenes.

Atorvastatin, a Hmgcr inhibitor, is widely adminis- atherogenic diet but when such feeding was pro-
longed to 10 weeks, the genes responsible for lipidtered to hypercholesterolemic patients to lower their

plasma cholesterol level. Recently it was reported homeostasis were no longer effective but entered a
pathological state in which lipogenic genes, espe-that other than Hmgcr, statins also have effects on

other genes, such as those in the SREBP pathway. cially those in the Insig-SREBP pathway, were
upregulated instead of being downregulated, and 2)One study showed that 3 days of high doses (0.1%

w/w) of atorvastatin and simvastatin enhanced the atorvastatin could restore the changes in the Insig-
SREBP pathway that were brought about by the ath-expression of the SREBPs pathway genes, such as

SREBP-2, Hmgcr, Fasn, and Acacb, in normolipi- erogenic diet.
demic rats (15). Their study also showed 3 days of
mevalonate feeding inhibited SREBP-2 and Hmgcr
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