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Hepatic ER  and lipid metabolism 

Abstract
Estrogens have been shown to modulate the lipoprotein profile. However, the role of the 

hepatic estrogen receptor  (ER ) in this process is unclear. In the present study, we have 

addressed the role of hepatic ER  signalling in lipid metabolism of APOE*3 Leiden 

transgenic mice fed a high fat diet. Hepatic ER  was down regulated using adenovirus-

mediated transfer of a short hairpin (sh) RNA directed against the ER  (Ad.shER ). Despite 

significant down-regulation of hepatic ER  RNA and protein levels (60%), plasma 

cholesterol, triglyceride and glucose levels were not changed. In addition, no effects on the 

VLDL-TG secretion rate and intra-hepatic lipid levels were observed. In contrast, expression 

of the Cyp7a and PPAR  genes was up regulated 2- and 2.5-fold, respectively, and the SHP 

gene was down regulated 2-fold. Apparently, the changes in the expression of these lipid 

related genes is compensated for by alternative transcriptional or post-transcriptional 

mechanisms and does not affect plasma lipid levels. In conclusion, repression of hepatic ER

gene expression does affect genes involved in lipid metabolism, but does not have an obvious 

impact on lipid parameters. 

Introduction
Epidemiological studies have shown that the menopausal transition is association with 

changes in circulating lipid levels, including elevated plasma levels of total cholesterol, low-

density lipoprotein cholesterol (LDL-C), and reduced levels of high-density lipoprotein 

cholesterol (HDL-C). Since estrogen treatment has been reported to influence these lipid 

levels in the opposite manner [1-4], estrogen has been postulated to be beneficial in

cholesterol homeostasis.  

 The estrogenic effects are predominantly mediated via activation of either of two 

estrogen receptors (ERs), ER  and ER . These ligand-dependent transcription factors 

modulate gene transcription but can also interfere with intracellular signaling pathways [5-7]. 

To date, mouse models of estrogen deficiency, such as aromatase knockout (ArKO) and ER

and ER  knockout mice have been used to gain insight into the role of estrogens in lipid 

metabolism. ArKO mice, ER  - and double ER /  knockout mice all develop 

hypercholesterolemia [8-10], whereas no lipid phenotype was described in ER  knockout 

mice [10]. These results demonstrate a role for estrogen in lipid homeostasis, and indicate that 

ER  is involved. 
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The liver plays a central regulating role in lipid metabolism. To gain insight into the 

role of hepatic ER  in lipid homeostasis, Ad vectors encoding shRNA’s directed against 

mouse ER  (Ad.shER ) [11] were administered to hyperlipidemic APOE*3-Leiden female 

mice. Hepatic ER  mRNA and protein levels were repressed by 60%, and were associated 

with changes in the expression level of genes involved in lipid metabolism. However, plasma 

lipid parameters were not affected upon Ad.shER  administration. These results indicate that 

the hepatic ER  level does not play a rate limiting role in lipid metabolism.  

Results

Basal body weight and plasma parameters 

To induce hyperlipidemia, two groups of female APOE*3-Leiden mice were fed a high fat 

cholesterol enriched diet (diet W) for eight weeks. After this period, mice in both groups had 

an average bodyweight of 21 gram, serum glucose levels of 6 mM and triglyceride (TG) level 

of 1.9 mM. In addition, both groups of mice exhibited hypercholesterolemia (13.4 and 13.8 

mM) (table 1). 

Table 1. Bodyweight and glucose levels in 4 hrs-fasted ApoE*3-Leiden female mice fed a 
high fat diet, before and after Ad-mediated gene transfer of shER

Day 0 Day 5 

Ad.Empty Ad.shER Ad.Empty Ad.shER

Bodyweight (gr) 

Glucose (mmol/l) 

Cholesterol  

20.9 ± 1.4 

  6.1 ± 1.0 

13.4 ± 4.4 

21.2 ± 1.2 

  5.8 ± 1.1 

13.8 ± 3.3 

20.1 ± 1.2 

  6.5 ± 0.7 

  8.6 ± 0.9 

20.2 ± 1.3 

  6.6 ± 0.8 

  8.6 ± 1.4 

  1.9 ± 0.9   1.9 ± 0.5  3.2 ± 0.5Triglycerides  3.1 ± 0.6 

Hepatic ER  levels in ApoE*3-Leiden mice after Ad.shER  treatment 

To down-regulate the hepatic ER , the hyperlipidemic female APOE*3-Leiden mice were 

injected either with Ad.Empty or with Ad.shER . Five days after Ad.shER  treatment 

(1.5.109 pfu), the hepatic ER  RNA and protein levels were repressed by 60% as compared to 

Ad.Empty treated mice (P<0.05, P<0.001, respectively; Figure 1A and 1B).
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Figure 1. Hepatic ER  levels after Ad mediated transfer of shER in vivo 
Female APOE*3-Leiden mice were injected with 1,5.109 pfu Ad.Empty or Ad.shER
(n=5). Livers were harvested five days after Ad. administration and subjected to taqman 
(A) and western (B) analysis. Respectively, HPRT and p38 were used as internal 
standard. Data represent as mean ± SD 

Body weight and plasma parameters in Ad.shER  treated mice

At day five after Ad administration, cholesterol and TG levels were modulated to the same 

extent in both Ad.Empty and Ad.shER  treated mice (Table 2). Thus, down-regulation of 

hepatic ER  did not affect serum lipid nor glucose levels.  

Hepatic VLDL-TG production

After down regulation of hepatic ER  in APOE*3-Leiden mice, the VLDL-TG production 

rate was determined by injection of Triton WR1339. Triton WR1339 blocks VLDL-TG 

lipolysis and VLDL remnant clearance and the increase in plasma TG is a measure for VLDL-

TG production. Reduced hepatic ER  levels did not affect the VLDL-TG production rate 

(Figure 2).
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Hepatic Lipid content 

In addition, hepatic TG and Chol content were analyzed. As depicted in Figure 3, the hepatic 

lipid content of the Ad.shER  treated APOE*3-Leiden mice did not differ from the 

Ad.Empty treated group (Chol; 14.4 ± 1.7 versus 13.8 ± 2.9, for TG; 104.5 ± 38.7 versus 93.1 

± 31.9, for Chol esters; 33.8 ± 7.6 versus 29.9 ± 6.2 mM, respectively).  

Figure 2. Hepatic VLDL-TG 
production after Ad mediated 
transfer of shER in vivo 
Female APOE*3-Leiden mice were 
injected with 1,5.109 pfu Ad.Empty or 
Ad.shER  (n=4). VLDL-TG 
production was measured 5 days post-
injection. Fasted serum TG level was 
determined between 0 and 120 min 
after Triton WR 1339 injection. 
Values are represented as mean ± SD. 

Figure 3. Hepatic lipid content 
after Ad mediated transfer of 
shER in vivo
Hepatic TG and cholesterol 
content was analyzed in APOE*3-
Leiden female mice five days 
after Ad.Empty and Ad.shER
administration. Values represent 
the mean±SD of 11 mice. 

Hepatic mRNA expression levels  

To further investigate the effect of short-term repression of ER  in liver, hepatic expression 

of genes involved in lipogenesis were assessed by real-time PCR. Short-term repression of 

hepatic ER  led to a significant enhancement of peroxisome proliferator-activated receptor 
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(PPAR)  and Cyp7  and a significant repression of short heterodimer partner SHP (Fig 4). 

Transcription levels of apolipoprotein E (ApoE) and ApoAV were unchanged (Fig 4). 

Figure 4. Hepatic gene expression after Ad mediated transfer of shER in vivo
Gene expression was analyzed by real time PCR in APOE*3-Leiden female mice five days after 
Ad.Empty and Ad.shER  administration. The HPRT gene was used as internal standard. Values represent 
the mean±SD (n=5) relative to the percentage of expression in Ad.Empty treated mice. *, statistically 
significant difference of P<0.05 compared with Ad.Empty treated mice. 

Discussion
The present study evaluates the direct role of hepatic ER  in lipid homeostasis. To this 

end, hepatic ER  was down-regulated in hyperlipidemic APOE*3-Leiden female mice using 

Ad mediated transfer of a shRNA construct targeted against the ER . This resulted in a 60% 

reduction in hepatic ER  RNA and protein levels and significant changes in PPAR , Cyp7

and SHP gene transcription. However, hepatic lipid levels and serum lipid and glucose levels 

were not affected by ER  down-regulation. Apparently, the hepatic ER  is involved in 

regulating hepatic gene transcription, but ER  level does not play a rate limiting role in 

determining serum lipid or glucose levels in hyperlipidemic APOE*3Leiden mice. 

The application of vector-based systems expressing small hairpin RNA (shRNA) to 

dissect gene function is now well established in mammalian cells in vitro. In vivo application 

requires highly efficient delivery of the shRNA expression construct and for this, in the 

current paper Ad vectors are used. These have been shown to efficiently knock-down ER  in 
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liver in vivo, resulting in highly efficient reduction of ER  transcriptional activity [11]. Ad 

vectors predominantly transduce hepatic parenchymal cells, which also most abundantly 

express ER  (data not shown) [12,13]. We were able to repress hepatic ER  RNA and 

protein levels to an extent of 60% with a moderate viral dose (1,5.109 pfu/mice). At higher 

viral dosages, the reduction in gene expression was not further increased and hepatotoxicity 

did occur (data not shown). 

We previously demonstrated that the shER  construct used here is specific for the 

murine ER  [11]. Since the ER  is expressed at very low levels in parenchymal cells, and our 

shRNA construct harbours nine mismatches with the murine ER , it seems unlikely that off 

target effects explain the effect of shERa expression on hepatic gene expression. However, we 

cannot exclude that some of the effects on gene expression are mediated by the so called a-

specific interferon response to double stranded RNA. However, it is likely that the Ad 

transduction per se induces a much more dramatic cellular stress response as compared to the 

dsRNA. This ad specific effect was controlled for in the comparison with the ad empty treated 

groups.

The reduction in ER  level is associated with significant changes in the expression of 

genes involved in lipid metabolism. The Cyp7  gene encodes the enzyme controlling the first 

and rate-limiting step in cholesterol degradation to bile acids. Upregulation of the Cyp7  gene 

is in line with the observed down regulation of SHP, as SHP negatively regulates expression 

of Cyp7 . Interestingly, SHP appears to be induced by estrogen in liver of wt mice [14,15], 

and a decrease of estrogen signaling would thus be in line  with SHP downregulation. 

Agonists of the transcription factor PPAR  prevent lipid accumulation in liver by stimulating 

fatty acid -oxidation in liver [16,17] a process which is also found to be induced by 

estrogens [18]. The upregulation of PPARa in response to a reduction in Era could therefore 

be a compensatory effect. Since we did not find a lipid phenotype associated with these gene 

expression changes, it seems likely that the gene expression changes them selves or post-

transcriptional regulatory events counterbalance each other. Apparently, the liver can 

compensate for changes in estrogen signaling in such a manner as to maintain normal plasma 

and liver lipid levels. 

The role of ER  in lipid metabolism has been addressed using whole-body knockout 

mouse models lacking ER . These ER  knockout mouse models as well as the aromatase 

knock out mouse model, which lacks the final step in estrogen synthesis, display a lipid 

phenotype that is apparent upon aging [10,19,20]. The phenotype associated with any 
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knockout mouse model needs to be considered with the provision that compensatory changes 

that counteract some of the knockout effects may have occurred. The delayed lipid phenotype 

of the ER  knockout and ARKO mouse models could be explained by a failure of this 

compensation in time. By reducing the hepatic ER  mediated signalling cascade during 

adulthood and assessing the parameters relatively soon thereafter, our data indicate that the 

lack of a lipid phenotype of ER  knock outs is not due to compensatory changes. In stead, we 

conclude that hepatic ER  level is not rate-limiting in its role to maintain whole body lipid 

metabolism. 

If the liver is not directly mediating the effects of estrogen on lipid metabolism, what 

could be the cause of the lipid changes seen after prolonged absence of the ER  or estrogen? 

Although we have not addressed this, it seems likely that secondary effects of estrogen 

signaling on other tissues that are involved in regulating lipid metabolism, such as brain, 

muscle and adipose tissue, play an important role in the development towards a change in 

lipid profile upon aging. In this respect, changes in for example adipose tissue distribution and 

size, as have been attributed to estrogen, would only have an effect on lipid metabolism 

beyond a certain level of change and thus time.  

In conclusion, we find that short-term repression of hepatic ER  gene and protein 

expression does not have an overt impact on plasma and liver lipid levels. Apparently, the 

changes induced via the hepatic ER  are effectively compensated for or play a relatively 

minor role in maintaining cholesterol and triglyceride homeostasis.  

Methods
Plasmids and Adenoviral vectors 

The p.Empty, p.shER  plasmids and the Ad.Empty, Ad.ERE-Luc and Ad.shER  vectors 

have been generated as previously described [11]. 

Animals and Ad Injection 

All animal work was approved by the Animal Ethic Committee from the Leiden University 

Medical Center and TNO-Prevention and Health, Leiden, the Netherlands and the 

experimental protocols complied with the national guidelines for use of experimental animals. 

APOE*3-Leiden female mice were housed under standard conditions in conventional cages 

with free access to water and food. The study was performed in 17-19 weeks old APOE*3-

Leiden mice (n=11) that were fed a Western type diet  (Hope Farms, Woerden, The 
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Netherlands) starting 8 weeks prior to the experiment. For Ad-mediated gene transfer 

experiments, mice were transferred to filter-top cages, placed in a designated room, and

allowed to adapt for at least five days. For in vivo adenoviral transductions, 2x109 plaque 

forming units Ad.shER  or Ad.Empty in total volume of 200 l (phosphate-buffered saline) 

were injected into the tail vein of mice. Within five days post-infusion, mice were sacrificed; 

liver pieces were removed and immediately deep-frozen in liquid nitrogen and stored at -

80°C.

Plasma parameters 

At day –6 and day 5 of Ad. injections, APOE*3-Leiden  female mice were fasted for 4 h.

Blood samples were taken via tail bleeding in paraoxon-coated capillaries, to prevent lipolysis 

[21]. Plasma was collected by centrifugation at 4°C. Plasma levels of total Chol and TG were 

determined enzymatically using commercially available kits and standards (Sigma 

Diagnostics, St. Louis, MO; Roche Molecular Biochemicals GmbH, Mannheim, Germany; 

and Wako Chemicals GmbH, Neuss, Germany). Blood glucose levels were measured by a 

Freestyle hand glucose analyzer (Disetronic, Vianen, The Netherlands). All plasma 

parameters were determined according to the manufacturers’ instructions. 

Hepatic VLDL-TG production 

At day 5 after 1.5.109 pfu Ad.Empty or Ad.shER  administration, APOE*3-Leiden  female 

mice were fasted for 4 h and then intravenously injected with 500 mg/kg Triton WR 1339

(Sigma) as described [22]. Blood samples of Ad.Empty and Ad.shER  treated mice were 

collected 1, 30, 60, 90 and 120 min after Triton injection (n=4 and n=5 respectively). Serum

TG concentrations were measured enzymatically, as described above. The hepatic VLDL-TG 

production rate was measured as the accumulation of serum TG after Triton injection and 

expressed as mg/dl/min.

Hepatic Lipid levels 

Liver and muscle samples were homogenized in H2O (~10% wet wt/vol). Lipids were 

extracted according to Blight and Dyer’s method [23]. In short, a solution was made of each 

sample of 200 g protein in 800 l H2O. 3 ml methanol/chloroform (2:1) was added and 

mixed thoroughly, after which 500 l chloroform, 100 l internal standard and 1 ml demi-

water were added. After centrifugation the chloroform layer was collected and dried. The 
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remaining pellet was dissolved in 50 l chloroform and put on a HPTLC plate. With HPTLC 

analysis, triglycerides, cholesterol and cholesterol esters were separated and the amount was 

quantified by scanning the plates with a Hewlett Packard Scanjet 4c and by integation of the 

density using Tina version 2.09 software (Raytest, Staubenhardt, Germany) 

Real time quantitative PCR analysis  

Total RNA was extracted from liver using TRIzol reagent (Life technologies). Purified RNA 

was treated with RQ1 RNase-free DNase (Promega, 1 units/ 2 g of total RNA) and reverse 

transcribed with SuperScript II Reverse Transcriptase (Invitrogen) according to the 

manufacturer’s protocol. Quantitative gene expression analysis was performed on an ABI 

prism7700 Sequence Detection System (Applied Biosystems) using SYBR Green as described 

earlier [24]. PCR primer sets (table 2) were designed via Primer Express 1.7 software with the 

manufacturer's default settings (Applied Biosystems) and were validated for amplification 

efficiency. The absence of genomic DNA contamination in the RNA preparations was

confirmed in a separate PCR reaction on total RNA samples that were not reverse transcribed. 

HPRT was used as the standard housekeeping gene. The significance of differences in relative 

gene expression numbers Ct (Ct(HPRT)–Ct(target gene))  measured by real time quantitative PCR 

was calculated using a Mann-Whitney U test. Probability values less than 0.05 were 

considered significant. 

Gene Forward primer Reverse primer 

Western blot analysis 

Immunoblotting procedures were performed as described previously [25]. Livers of both 

Ad.Empty and Ad.shER  treated mice (n= 5) were lysed and homogenized in 200 l of RIPA 

HPRT

mER

ApoE 

IL-6 

ApoAV 

SHP

Cyp7A 

PPAR

5’-TTGCTCGAGATGTCATGAAGGA 

5’-CTAGCAGATAGGGAGCTGGTTCA 

5’-AGCAGGTCAGCAAAGAACTTATAG 

5’-GGAGATTCAAGTCCCCAAAGC

5’-AGCCAATAGTGGAAGACATGCA 5’-GCAGGACAGGAGAAGGATACTCAT 

5’-AAGAATTTCTAAAAGTCACTTTGAGATCTA 

5’-GAGCAAAGGCGTGATGGG 

5’-CACAGTGAGGAATGTCCACAAAC 

5’-TGCTCGAAGCTGCCTTTCA 

5’-CTATTCTGTATGCACTTCTGAGCCC 5’-GGCAGTGGCTGTGAGATGC 

5’-CTGTCATACCACAAAGTCTTATGTCA 5’-ATGCTTCTGTGTCCAAATGCC 

5’-CCTCAGGGTACCACTACGGAGT 5’-GCCGAATAGTTCGCCGAAA 

Table 2. Primer sequences of genes used for mRNA quantification
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buffer (1% NP40, 0.5% DOC, 0.1% SDS, 50mM Tris pH 8.0, 150mM NaCl, 2,5mM EDTA) 

containing protease inhibitor (40ul/ml, Roche). Extracts were cleared by centrifugation (4°C, 

14 000 g, 5 min), and protein content was determined using the BCA kit (Pierce). Protein 

samples were denaturated (5 min, 90 C) and separated on SDS/PAGE by use of 8% gradient 

gels and were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, 

Germany). Blots were stained with Ponceau S before blocking to verify equal loading and 

appropriate protein transfer. Membranes were blocked for 90 min in PBS, pH 7.4, containing 

0.05% Tween 20 and 10% milk powder. Thereafter, membranes were incubated for 16 h at 

4°C with ab MC20, 1:1000 (mER  rabbit polyclonal antibody, Santa Cruz Biotechnology, 

CA). After extensive washing with blocking buffer without milk powder or BSA, membranes 

were incubated for 2 h with horseradish peroxidase-conjugated goat anti-rabbit IgG, 1:5000 

(Promega). Membranes were again extensively washed and bound peroxidase conjugates were 

visualized by enhanced chemiluminescence (ECL, Amersham) on a LumiImager workstation. 

Additionally, filters were stripped by an 30 min incubation in 100 mM -mercaptoethanol, 

2% SDS, 62.5 mM Tris–HCl pH 6.8 at 50°C, to proceed with the whole procedure as 

described above. However, now membranes were incubated for 16 h at 4°C with p-38 ab, 

1:1000 (N-20, cs-728, rabbit polyclonal antibody, Santa Cruz Biotechnology, CA). 

Immunoblots were quantified using Lumianalyst software on a LumiImager (Boehringer-

Mannheim). 

Statistical analysis 

Results are presented as mean  SD values for the number of animals indicated. Differences 

between the experimental groups were determined by Mann-Whitney U test. The level of 

statistical significance of the difference was set at P < 0.05. 

References
 1.  Gorbach SL, Schaefer EJ, Woods M, Longcope C, Dwyer JT, Goldin BR, Morrill-LaBrode A, 

Dallal G: Plasma lipoprotein cholesterol and endogenous sex hormones in healthy young 
women. Metabolism 1989, 38: 1077-1081. 

 2.  Schaefer EJ, Foster DM, Zech LA, Lindgren FT, Brewer HB, Jr., Levy RI: The effects of 
estrogen administration on plasma lipoprotein metabolism in premenopausal females. J
Clin Endocrinol Metab 1983, 57: 262-267. 

 3.  Tikkanen MJ, Nikkila EA: Regulation of hepatic lipase and serum lipoproteins by sex 
steroids. Am Heart J 1987, 113: 562-567. 

74



Hepatic ER  and lipid metabolism 

 4.  Wahl PW, Walden CE, Knopp RH, Warnick GR, Hoover JJ, Hazzard WR, Albers JJ: Lipid 
and lipoprotein triglyceride and cholesterol interrelationships: effects of sex, hormone 
use, and hyperlipidemia. Metabolism 1984, 33: 502-508. 

 5.  Haynes MP, Li L, Sinha D, Russell KS, Hisamoto K, Baron R, Collinge M, Sessa WC, Bender 
JR: Src kinase mediates phosphatidylinositol 3-kinase/Akt-dependent rapid endothelial 
nitric-oxide synthase activation by estrogen. J Biol Chem 2003, 278: 2118-2123. 

 6.  Improta-Brears T, Whorton AR, Codazzi F, York JD, Meyer T, McDonnell DP: Estrogen-
induced activation of mitogen-activated protein kinase requires mobilization of 
intracellular calcium. Proc Natl Acad Sci U S A 1999, 96: 4686-4691. 

 7.  Valverde MA, Rojas P, Amigo J, Cosmelli D, Orio P, Bahamonde MI, Mann GE, Vergara C, 
Latorre R: Acute activation of Maxi-K channels (hSlo) by estradiol binding to the beta 
subunit. Science 1999, 285: 1929-1931. 

 8.  Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS: Increased adipose tissue in 
male and female estrogen receptor-alpha knockout mice. Proc Natl Acad Sci U S A 2000, 
97: 12729-12734. 

 9.  Jones ME, Thorburn AW, Britt KL, Hewitt KN, Misso ML, Wreford NG, Proietto J, Oz OK, 
Leury BJ, Robertson KM, Yao S, Simpson ER: Aromatase-deficient (ArKO) mice 
accumulate excess adipose tissue. J Steroid Biochem Mol Biol 2001, 79: 3-9. 

 10.  Ohlsson C, Hellberg N, Parini P, Vidal O, Bohlooly M, Rudling M, Lindberg MK, Warner M, 
Angelin B, Gustafsson JA: Obesity and disturbed lipoprotein profile in estrogen receptor-
alpha-deficient male mice. Biochem Biophys Res Commun 2000, 278: 640-645. 

 11.  Krom YD, Fallaux FJ, Que I, Lowik C, van Dijk KW: Efficient in vivo knock-down of 
estrogen receptor alpha: application of recombinant adenovirus vectors for delivery of 
short hairpin RNA. BMC Biotechnol 2006, 6: 11. 

 12.  Guo ZS, Wang LH, Eisensmith RC, Woo SL: Evaluation of promoter strength for hepatic 
gene expression in vivo following adenovirus-mediated gene transfer. Gene Ther 1996, 3:
802-810. 

 13.  Li Q, Kay MA, Finegold M, Stratford-Perricaudet LD, Woo SL: Assessment of recombinant 
adenoviral vectors for hepatic gene therapy. Hum Gene Ther 1993, 4: 403-409. 

 14.  Evans MJ, Lai K, Shaw LJ, Harnish DC, Chadwick CC: Estrogen receptor alpha inhibits 
IL-1beta induction of gene expression in the mouse liver. Endocrinology 2002, 143: 2559-
2570. 

 15.  Lai K, Harnish DC, Evans MJ: Estrogen receptor alpha regulates expression of the orphan 
receptor small heterodimer partner. J Biol Chem 2003, 278: 36418-36429. 

 16.  Motojima K, Passilly P, Peters JM, Gonzalez FJ, Latruffe N: Expression of putative fatty 
acid transporter genes are regulated by peroxisome proliferator-activated receptor 
alpha and gamma activators in a tissue- and inducer-specific manner. J Biol Chem 1998, 
273: 16710-16714. 

 17.  Schoonjans K, Watanabe M, Suzuki H, Mahfoudi A, Krey G, Wahli W, Grimaldi P, Staels B, 
Yamamoto T, Auwerx J: Induction of the acyl-coenzyme A synthetase gene by fibrates 
and fatty acids is mediated by a peroxisome proliferator response element in the C 
promoter. J Biol Chem 1995, 270: 19269-19276. 

75



Chapter 3 

 18.  Nemoto Y, Toda K, Ono M, Fujikawa-Adachi K, Saibara T, Onishi S, Enzan H, Okada T, 
Shizuta Y: Altered expression of fatty acid-metabolizing enzymes in aromatase-deficient 
mice. J Clin Invest 2000, 105: 1819-1825. 

 19.  Hewitt KN, Boon WC, Murata Y, Jones ME, Simpson ER: The aromatase knockout mouse 
presents with a sexually dimorphic disruption to cholesterol homeostasis. Endocrinology
2003, 144: 3895-3903. 

 20.  Hodgin JB, Krege JH, Reddick RL, Korach KS, Smithies O, Maeda N: Estrogen receptor 
alpha is a major mediator of 17beta-estradiol's atheroprotective effects on lesion size in 
Apoe-/- mice. J Clin Invest 2001, 107: 333-340. 

 21.  Zambon A, Hashimoto SI, Brunzell JD: Analysis of techniques to obtain plasma for 
measurement of levels of free fatty acids. J Lipid Res 1993, 34: 1021-1028. 

 22.  Teusink B, Mensenkamp AR, van der BH, Kuipers F, van Dijk KW, Havekes LM: 
Stimulation of the in vivo production of very low density lipoproteins by apolipoprotein 
E is independent of the presence of the low density lipoprotein receptor. J Biol Chem
2001, 276: 40693-40697. 

 23.  Bligh EG, Dyer WJ: A rapid method of total lipid extraction and purification. Can J 
Biochem Physiol 1959, 37: 911-917. 

 24.  Hoekstra M, Kruijt JK, Van Eck M, van Berkel TJ: Specific gene expression of ATP-
binding cassette transporters and nuclear hormone receptors in rat liver parenchymal, 
endothelial, and Kupffer cells. J Biol Chem 2003, 278: 25448-25453. 

 25.  Ouwens DM, van der Zon GC, Pronk GJ, Bos JL, Moller W, Cheatham B, Kahn CR, Maassen 
JA: A mutant insulin receptor induces formation of a Shc-growth factor receptor bound 
protein 2 (Grb2) complex and p21ras-GTP without detectable interaction of insulin 
receptor substrate 1 (IRS1) with Grb2. Evidence for IRS1-independent p21ras-GTP 
formation. J Biol Chem 1994, 269: 33116-33122.

76


