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Abstract Dietary fat and vitamin A provide important

precursors for potent bioactive ligands of nuclear hormone

receptors, which regulate various enzymes involved in lipid

homeostasis, metabolism and inflammation. We deter-

mined the effects of dietary fat and dietary vitamin A on

hepatic expression of two fatty acid metabolizing enzymes,

elongase 6 (ELOVL6) and stearoyl-coenzyme A desaturase

1 (SCD1) and the concentration of saturated fatty acids

(SAFA) and monounsaturated fatty acid (MUFA) of

phospholipids in serum and liver. Mice (n = 6) were fed

4 weeks with diets containing 2, 5 and 25 % of fat or

vitamin A (0, 2,500 and 326,500 RE/kg as retinyl palmi-

tate). MUFAs and SAFAs were measured using GC and

ESI–MS/MS. Hepatic expression of metabolizing enzymes

was determined using QRT-PCR. ELOVL6 was signifi-

cantly down-regulated in response to a high-fat diet

(p \ 0.001) and significantly up-regulated in response to

low-fat diet (p \ 0.05). SCD1 expression was significantly

lower in high- versus low-fat diet (p \ 0.05). The vitamin

A content in the diet did not influence the hepatic expres-

sion of both enzymes. In plasma, the amounts of MUFAs

bound to phospholipids significantly decreased in response

to a high-fat diet and increased after a low-fat diet. This

tendency was also observed in the liver for various phos-

pholipids sub-classes. In summary, this study shows that fat

content in the diet has a stronger impact than the content of

vitamin A on hepatic gene expression of SCD1 and

ELOVL6 and thereby on MUFA and SAFA concentrations

in liver and plasma.

Keywords Vitamin A � Poly-unsaturated fatty acids �
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Abbreviations

SCD1 Stearoyl-coenzyme A desaturase 1

ELOVL6 Elongase 6

MUFA Monounsaturated fatty acid

SAFA Saturated fatty acid

RETPAL Retinyl palmitate

RE Retinol equivalence

RXR Retinoid X receptor

RAR Retinoic acid receptor

PC Phosphatidylcholine

PE Phosphatidylethanolamine

LPC Lysophosphatidylcholine

Introduction

Vitamin A is a fat-soluble vitamin, which is able to regu-

late gene expression via activation of nuclear hormone

receptors (Mangelsdorf and Evans 1995). The vitamin A
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metabolites, all-trans retinoic acid (ATRA) and 9-cis reti-

noic acid (9CRA) act as a ligands to activate retinoid X

receptor (RXR)- and retinoic acid receptor (Samuel et al.)-

mediated pathways (Mangelsdorf and Evans 1995). Addi-

tionally, other lipid-derived substances such as mono-

hydroxylated fatty acids, leukotrienes and prostaglandins

are active metabolites of the nuclear hormone receptors, in

particular the RXR (Szanto et al. 2004) and the PPARs

(Krey et al. 1997; Lampen et al. 2001). This phenomenon

is relevant in the case of the RXR as it influences various

metabolic pathways via hetero-dimerization with other

nuclear hormone receptors (Cordain et al. 2005; Shulman

and Mangelsdorf 2005),which in turn activate other path-

ways regulating the hepatic expression of the two fatty acid

metabolizing enzymes SCD1 and ELOVL6 (Weiss et al.

2011). Lipid metabolism in the inflammation process,

hormone signaling and energy homeostasis are major tar-

gets of the RXR- and RAR-mediated pathways (Cordain

et al. 2005; Shulman and Mangelsdorf 2005).

SCD1 and ELOVL6 are crucial enzymes for the syn-

thesis of specific monounsaturated fatty acids (Matsuzaka

et al. 2007; Ntambi and Miyazaki 2004). SCD1 desaturates

16:0 and 18:0 to 16:1n-7 and 18:1n-9, respectively, while

ELOVL6 elongates 16:0, 16:1n-7 and 18:1n-9 to 18:0,

18:1n-7 and 20:1n-9 (Matsuzaka et al. 2007; Wang et al.

2006; Ntambi and Miyazaki 2004), respectively. The

hepatic expression of these enzymes has been shown to be

induced via synthetic ligand activation of the RXR (Weiss

et al. 2011; Singh Ahuja et al. 2001). We have shown that

the regulation of hepatic SCD1 and ELOVL6 expression

correlates closely with serum and hepatic contributions of

MUFA and SAFA bound to phospholipids (Weiss et al.

2011). Phospholipids of mammals are constituents of

intracellular and extracellular cell membranes and various

lipoproteins (Quinn 1981). The most abundant

phospholipids are phosphatidylethanolamine (PE) and

phosphatidylcholine (PC), which contain each two bound

fatty acids, mainly combinations of 16:0, 18:0 or 18:1

(McMurchie 1988; Flowers and Ntambi 2009). Besides, PE

and PC also lysophosphatidylcholine (LPC) derived from

PC are present in membrane structures (Quinn 1981).

Vitamin A derived from retinoic acid has been reported

to induce the gene expression of SCD1 (Mauvoisin and

Mounier 2011), while the induction of ELOVL6 gene

expression was shown via RXR-activation by specific

synthetic ligands (Weiss et al. 2011). Due to the key

relation between MUFA and SAFA in phospholipids and

the role of vitamin A and dietary fat on the activation of

regulation gene expression of fatty acid metabolizing

enzymes, it is important to elucidate which ingredient of

diets plays the decisive role in the regulation of these

enzymes. Therefore, the aim of this study was to investi-

gate how the content of vitamin A and dietary fat in the diet

may influence the hepatic expression of ELOVL6 and

SCD1, and whether these alterations have an effect on

serum and hepatic SAFA and MUFA concentrations.

Materials and Methods

Animal experiments were performed at the Laboratory

Animal Core Facility of the University of Debrecen

(Debrecen, Hungary) in accordance with the ethical

guidelines of Hungary.

Animal Study

Six-to-eight-week-old female C57BL6 mice, purchased

from Charles River (Budapest, Hungary), were fed for

2 weeks with regular chow (VRF1, Altromin GmbH, Lage,

Table 1 Diet and feeding scheme of different dietary combinations of fat (sunflower oil) and of vitamin A

Ingredients (g/kg diet) Diet groups

Low Fat (LF, 2 %)

VA normal

Normal Fat (NF, 5 %)

VA deficient

Normal Fat (NF, 5 %)

VA normal

Normal Fat (NF, 5 %)

VA high

High Fat (HF, 25 %)

VA normal

Starch 430 415 415 415 325

Sucrose 295 280 280 280 170

Sunflower oil 20 50 50 50 250

Casein 180 180 180 180 180

Mineral mix 45 45 45 45 45

Vitamin Mixa 10 10 10 10 10

Total VA content

(RE/kg diet)

2,500 0 2,500 326,500 2,500

a Vitamin mix in the normal-fat diet group provided different concentrations of vitamin A: vitamin mix without vitamin A (VA deficient diet),

vitamin mix with vitamin A containing 2,500 RE/kg retinyl palmitate (RETPAL) (VA normal diet), vitamin mix with high vitamin A containing

in total 326,500 RE/kg (VA high diet). Sunflower oil was added as dietary fat, which contained either 2 % (low-fat diet), 5 % (normal-fat diet) or

25 % (high-fat diet)
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Germany). After the acclimatization period, the animals

received for 10 weeks a vitamin A deficient (0 RE/kg diet)

diet containing 5 % sunflower oil as dietary lipid, which

represented a diet with a normal fat content (Table 1,

(Bonilla et al. 2000)). Animals were divided into different

feeding groups (n = 6 per group) and were fed during

4 weeks with specific diets containing different amounts of

dietary fat and equal amounts of vitamin A (2,500 RE/kg

diet, normal vitamin A). Additionally, the normal fat/nor-

mal vitamin A diet group was augmented by two other

normal-fat diet groups receiving different amounts of

vitamin A, 0 RE/kg diet (vitamin A deficient) and

326,500 RE/kg diet (vitamin A high) (Table 1). Mice had

free access to water and food over the duration of the whole

experiment. They were kept at 22 �C room temperature

with a 12 h day/night cycle. All animals were killed by

anesthesia with halothane. Blood collection was carried out

by cardiac puncture. The blood was centrifuged for 10 min,

and plasma was stored at -80 �C. The mice were dis-

sected, and liver samples were immediately frozen in liquid

nitrogen and later stored at -80 �C.

Diets

Experimental diets were prepared with wheat starch (We-

izenstärke FOODSTAR) provided by Kröner-Stärke

(Ibbenbüren, Germany), sucrose (purchased from a local

supermarket), casein from bovine milk purchased from

Sigma-Aldrich (Budapest, Hungary), cellulose VIVAPUR

provided by JRS Pharma GmbH & Co. KG (Rosenberg,

Germany), sunflower oil provided by Henry Lamotte

(Bremen, Germany) and mineral mixture (Mineral-Spur-

enelemente-Vormischung C1000) purchased from Altro-

min GmbH (Lage, Germany). Sunflower oil contained

67.9 % of linoleic acid. For vitamin content, diets were

added vitamin mix (Vitamin-Vormischung C1000) pur-

chased from Altromin GmbH (Lage, Germany) containing

either 2,500 RE (retinol equivalents)/kg diet or no vitamin

A (deficient diet). The final vitamin A concentration in

normal diets was 2,500 and 326,500 RE/kg diet for high

vitamin A diet. The high vitamin A concentration was

achieved by adding 324,000 RE of retinyl palmitate sup-

plement purchased from Sigma-Aldrich (Budapest, Hun-

gary) per kg diet. The macronutrient content of the diets

was not based on an isocaloric distribution, because the

aim of the study was to provide high, normal and low fat

content, and thus, the total amount of fat was equalized by

increased or reduced amounts of carbohydrates (Table 1).

RNA isolation from liver and QRT-PCR

Total RNA was isolated from liver and quantified by QRT-

PCR (quantitative real-time PCR). Samples of liver tissue

(50 mg) were homogenized in Trizol (10 mg tissue/100 ll

Trizol, Sigma-Aldrich, Budapest, Hungary) and extracted

with chloroform (20/100 ll Trizol). The aqueous phase

was mixed with 700 ll of ethanol (70 % v/v) and loaded

on the RNA isolation column (GenElute Mammalian Total

RNA Miniprep Kit, Sigma-Aldrich, Budapest, Hungary).

RNA was isolated from tissue according to the given

protocol of Sigma-Aldrich and eluted in nuclease-free

water. Concentration and purity were measured by Nano-

drop (Thermo, Budapest, Hungary). cDNA was obtained

by reverse transcription (10 min 25 �C, 120 min 42 �C,

5 min 72 �C) and amplified via QRT-PCR (40 cycles: 12 s

94 �C, 45 s 60 �C, 60 s 94 �C). Primer and probe for

expression analysis (Taq-Man-Gene Expression Assay) as

well as quantitative real-time PCR detection system (ABI-

PRISM, 7900HT Sequence Detection System) were pur-

chased from Applied Biosystems (Budapest, Hungary).

The expression of genes was normalized to cyclophilin A

(house-keeping gene): primer 77‘‘?’’ 50-CGATGACG

AGCCCTTGG-30, primer 142‘‘-’’ 50-TCTGCTGTCTTT

GGAACTTTGTC-30, probe (69?, 96?): FAM-CGCGT

CTCCTTCGAGCTGTTTGCA, quencher tetramethyl-

rhodamine (TAMRA). The amplification signal was

detected and analyzed by the SDS2.1 program from

Applied Biosystems, Budapest, Hungary.

Fatty acid analysis by gas chromatography (GC)

For the analysis of plasma fatty acids, frozen plasma

samples were thawed and the pentadecanoylpho-

sphatidylcholine (Phosphatidylcholine Dipentadecanoyl,

Sigma-Aldrich, Budapest, Hungary) internal standard was

added. Lipids were extracted by the addition of 3 ml

chloroform and 1 ml methanol according to the method of

Folch (Folch et al. 1957). The mixture was vortexed at

3,000 rpm for 15 min. The lower layer was then aspirated

into vials and evaporated under an N2 stream. Lipid

extracts were reconstituted in 70 ll chloroform, and lipid

classes were separated by thin layer chromatography

(TLC). The solvent mix for TLC of plasma lipids was as

follows: hexane/diethyl ether/ chloroform/ acetic acid

(21:6:3:1, v/v). The bands were stained with dichlorofluo-

rescein, removed by scraping and transesterified in 1 ml of

3 N-HCl-methanol solution (Methanolic HCl, § N, Supe-

lco, Budapest, Hungary) at 84 �C for 45 min (Decsi et al.

2007). Fatty acids were analyzed by high-resolution cap-

illary GC using a Finnigan 9001 gas chromatograph

(Finnigan/Tremetrics Inc., Austin, TX, USA) with split

injection (ratio 1:25), automatic sampler (A200SE; CTC

Analytic, Zwingen, CH, USA) and flame ionization

detector with a DB-23 cyanopropyl column of 40 m length

(J&W Scientific, Folsom, CA, USA). The temperature

program was set to the following parameters: temperature
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of injector at 80 �C/min up to 280 �C, temperature of

detector at 280 �C, temperature of column area at 60 �C for

0.2 min, temperature increase by 40 �C/min up to 180 �C,

5 min isothermal period, temperature increase by 1.5 �C/

min up to 200 �C, 8.5 min isothermal period, temperature

increase by 40 �C/min up to 240 �C and 13 min isothermal

period. The constant linear velocity was 0.3 m/s (referred

to 100 �C). Peak identification was confirmed by compar-

ison with authentic mixtures of weighed fatty acid (FA)

methyl esters (GLC-463: Nu-Chek Prep, Elysian, MN,

USA; and Supelco 37 FAME Mix: Supelco, Bellefonte,

PA, USA). Individual FA response factors determined from

these weighed standards were used to calculate the per-

centage by weight for individual FA between 12 and 24

carbon atoms from the percentage of area under the curve.

Lipid species analysis in plasma and liver by ESI–MS/

MS

Liver homogenate and plasma were extracted according to

the procedure described by Bligh and Dyer et al. (Bligh and

Dyer 1959) in the presence of non-naturally occurring lipid

species as internal standards. Lipids were quantified by

electrospray ionization tandem mass spectrometry (ESI–

MS/MS) in positive ion mode as described previously by

Brugger et al. (1997), Liebisch et al. (2006, 2004). Samples

were quantified by direct flow injection analysis using the

analytical protocol described by Liebisch et al. (2006,

2004). A precursor ion scan of m/z 184 specific for phos-

phocholine containing lipids was used for phosphatidyl-

choline (PC), sphingomyelin (McClintick et al.) (Liebisch

et al. 2004) and lysophosphatidylcholine (LPC) (Liebisch

et al. 2006). Neutral loss scans of 141 and 185 were used

for phosphatidylethanolamine (PE) and phosphatidylserine

(PS), respectively (Liebisch et al. 2004). Ceramide was

analyzed similarly to a previously described methodology

(Liebisch et al. 1999) using N-heptadecanoyl sphingosine

as the internal standard. Quantification was achieved by

standard addition calibration to liver homogenates or

plasma using a number of naturally occurring lipid species

for each lipid class. The following non-naturally occurring

lipid species were used as internal standards: PC 28:0,

44:0, LPC 13:0, 19:0 PE 28:0, 40:0, PS 28:0, 40:0.

Quantification was performed by standard addition cali-

bration to plasma and liver homogenates using several

naturally occurring lipid species for each lipid class (PC

34:1, 36:2, 38:4, 40:0; SM d18:1/16:0, d18:1/18:1, d18:1/

18:0; LPC 16:0, 18:1, 18:0; PE 34:1, 36:2, 38:4, 40:6 and

PE 16:0/20:4; PS 34:1, 36:2, 38:4, 40:6). All standards

were purchased from Avanti Polar Lipids (Alabaster, AL,

USA). Isotopic overlap corrections of lipid species as well

as data analysis by self-programmed Excel macros were

performed for all lipid classes according to the principles

described previously (Liebisch et al. 2004). Lipid species

were annotated according to the recently published pro-

posal for shorthand notation of lipid structures that are

derived from mass spectrometry (Liebisch G, Vizcaı́no JA,

Köfeler H, Trötzmüller M, Griffiths WJ, Schmitz G, Spener

F, Wakelam MJ. Shorthand notation for lipid structures

derived from mass spectrometry. J Lipid Res. 2013 Jun;

54(6):1523–30.). Glycerophospholipid annotation is based

on the assumption of even-numbered carbon chains only.

The amounts of incorporated fatty acids were calculated as

percentages. The normal fat, normal vitamin A diet (NF

VA norm) was set as a referent (100 %), and the other diets

were calculated as a difference from normal fat, normal

vitamin A diet.
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Fig. 1 Hepatic expression of SCD1 and ELOVL6 determined by

QRT-PCR after diets low and high in dietary fat or higher in vitamin

A. LF low-fat diet, NF normal-fat diet, HF high-fat diet, VA vitamin

A, def. deficient, norm. normal. Statistical analysis was displayed as

*p \ 0.05; **p \ 0.001
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Statistical analysis

Results are shown as mean and standard error. The effect of

diet was analyzed using ANOVA followed by Bonferroni

post hoc test. All statistical analysis were done using SPSS

(15.0) software (SPSS Inc., Chicago, USA). Statistically

significance was accepted at p \ 0.05.

Results

Influence of dietary fat on lipid composition

and hepatic enzyme expression

Hepatic expression of SCD1 and ELOVL6

The highest hepatic gene expression of SCD1 and

ELOVL6 was observed in mice fed a low-fat (LF) com-

pared to mice fed a high-fat (HF) diet (Fig. 1). The hepatic

gene expression of ELOVL6 was significantly higher in

mice fed LF diet compared to the other diets. The alteration

of gene expression of these two enzymes in liver displayed

a tendency to decrease with an increasing amount of die-

tary fat.

Lipid composition in plasma by GC

The fatty acid composition in plasma phospholipids of

animals fed diets with different amounts of fat was ana-

lyzed by GC to determine various SAFAs and MUFAs

(Table 2). Dietary fat did not affect the total contribution of

SAFAs. However, the content of the fatty acid 16:0 (pal-

mitic acid) bound in phospholipids decreased after a HF

diet compared to a LF diet. In contrast, mice fed a HF diet

showed higher plasma values of the fatty acid 18:0 (stearic

acid) bound in phospholipids compared to NF and LF diet.

The contribution of total MUFAs bound to phospho-

lipids was higher in the LF diet versus the HF diet. The

contributions of 18:1n-9 and 18:1n-7 were the highest in

the LF diet. Significant lower values of the sum of all

MUFAs as well as of 18:1n-9, 18:1n-7 and 20:1n-9

incorporated into phospholipids were observed in plasma

of mice fed NF diet compared to the HF diet. Mice fed a LF

diet showed significantly lower concentrations of 16:1n-7,

18:1n-9 and 18:1n-7 than those of mice fed a HF diet.

Ratios of selected SAFAs and MUFAs are shown in

Table 2. The ratio of total SAFAs divided by total MUFAs

as well as the ratios of 18:0/16:0, 18:1n-7/16:1n-7 and

20:1n-9/18:1n-9 significantly increased after a HF diet

Table 2 Analysis of fatty acid composition by GC of plasma phospholipids in mice fed a diet containing different amounts of fat (sunflower oil)

and vitamin A (VA)

Effect of vitamin A Effect of dietary fat

NF

VA deficient (n=6)

NF

VA high (n=6)

LF

VA normal (n=6)

NF

VA normal (n=6)

HF

VA normal (n=6)

Mean ± s.e.m. Mean ± s.e.m. Mean ± s.e.m. Mean ± s.e.m. Mean ± s.e.m.

sum SAFA 48.760 ± 1.282 47.770 ± 0.600 51.422 ± 0.907 47.377 ± 1.335 49.843 ± 2.013

16:0 30.202 ± 0.485* 20.602 ± 0.368*§ 28.413 ± 0.704 26.355 ± 0.694 21.571 ± 0.831#*

18:0 17.343 ± 1.015 25.776 ± 0.591*§ 21.381 ± 0.852 20.017 ± 1.095 26.819 ± 1.500#*

sum MUFA 12.387 ± 0.489 10.401 ± 0.261 14.267 ± 1.155* 10.619 ± 0.523 5.719 ± 0.322#*

16:1n-7 0.520 ± 0.031 0.345 ± 0.029 0.875 ± 0.202 0.530 ± 0.052 0.182 ± 0.032#

18:1n-9 8.887 ± 0.433* 7.034 ± 0.165 10.342 ± 0.456* 7.294 ± 0.441 4.007 ± 0.172#*

18:1n-7 1.853 ± 0.112 1.408 ± 0.067 1.842 ± 0.293 1.753 ± 0.094 0.801 ± 0.106#*

20:1n-9 0.215 ± 0.023 0.252 ± 0.014 0.274 ± 0.076 0.234 ± 0.026 0.216 ± 0.009*

sum SAFA / sum MUFA 3.265 ± 0.107 4.128 ± 0.606 3.366 ± 0.291 5.185 ± 0.332 10.107 ± 1.275#*

18:0/16:0 0.575 ± 0.034 1.255 ± 0.045*§ 0.753 ± 0.029 0.763 ± 0.047 1.248 ± 0.066#*

16:1n-7/16:0 0.017 ± 0.001 0.017 ± 0.001 0.032 ± 0.008 0.020 ± 0.002 0.008 ± 0.001#

18:1n-9/18:0 0.526 ± 0.052 §0.274 ± 0.011 0.491 ± 0.040 0.374 ± 0.037 0.152 ± 0.011#*

18:1n-7/16:1n-7 3.576 ± 0.130 4.196 ± 0.277 2.233 ± 0.214* 3.378 ± 0.163 4.642 ± 0.325#*

20:1n-9/18:1n-9 0.025 ± 0.003 0.036 ± 0.002 0.025 ± 0.006 0.032 ± 0.003 0.054 ± 0.002#*

Amounts are displayed in mean in weight%

s.e.m. standard error of mean, SAFA saturated fatty acid, MUFA monounsaturated fatty acid, LF low fat, NF normal fat, HF high fat. Statistical

analysis compared to control

* p \ 0.05 different to NF VA normal
# p \ 0.05 different HF VA normal versus LF VA normal
§ p \ 0.05 different of NF VA deficient to NF VA high
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compared to a LF diet. The ratios of 16:1n-7/16:0 and

18:1n-9/18:0 significantly decreased in the HF diet com-

pared to the LF diet. Comparisons between ratios of NF

diet to HF diet showed a decrease in 18:0/16:0, 18:1n-7/

16:1n-7 and 20:1n-9/18:1n-9, while 18:1n-9/18:0

increased. The ratio of 18:1n-7/16:1n-7 significantly

decreased comparing LF diet with HF diet.

ESI–MS/MS analysis of fatty acids bound to several

types of phospholipids in plasma and liver

The fatty acid composition of the selected phospholipids

PE, PC and LPC was analyzed in liver and plasma by ESI–

MS/MS, and their presence is shown in Fig. 2. PC and PE

contained each two bound fatty acids, while in LPC only

one fatty acid was bound. Red labeled displayed an

increase in fatty acids, while green labeled displayed a

decrease. Red and green results are compared against

normal fat/normal vitamin A diet, which is depicted in

black and is used as the 100 % referent.

In liver phospholipids, mice fed LF diets showed

increased incorporation of PE 34:1, PC 32:1, 34:1, 36:1 and

LPC 16:1, 18:1, 18:0 compared to NF diet. Lower per-

centages of incorporated fatty acids were observed in PC

32:0, 36:0 and LPC 16:0. Furthermore, ratios of PE 34:1/

34:0, PC 32:1/32:0, 34:1/34:0, 36:1/36:0 and LPC 16:1/

16:0, 18:1/18:0 also decreased. HF diet compared to NF

diet displayed a decrease in PE 34:1, PC 32:1, 34:1, 36:1

and LPC 16:1, 18:1, 16:0. An increase was measured in PE

34:0 and PC 36:0.

In plasma phospholipids, mice fed LF diet had higher

incorporation of PE 34:1, PC 32:1, 34:1, 36:0, 36:1 and

LPC 16:1, 18:1 compared to NF diet, and the ratios of PC
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Fig. 2 Analysis of composition of PC, LPC and PE determined by

ESI–MS/MS in liver and plasma after diets low and high in dietary fat

or higher in vitamin A. LF low-fat diet, NF normal-fat diet, HF high-

fat diet, VA vitamin A, def. deficient, norm. normal. The amount of

each incorporated fatty acid was calculated in percent compared to

the NF–VA norm. feeding group, which represents 100 % (black).

Red colors display an increased amount of this particular fatty acid,

while green means a decrease compared to the NF–VA norm. feeding

group (color figure online)
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18:0 decreased. An increase was measured for PC 32:0,

34:0, 36:0 and LPC 18:0. Comparing HF diet with NF diet

concentrations of PE 34:1, PC 32:1, 34:1, 36:1 and LPC

16:0, 16:1, 18:1 decreased. Ratios of PC 32:1/32:0, 34:1/

34:0, 36:1/36:0 and LPC 16:1/16:0, 18:1/18:0 increased as

well.

In summary, LF diets resulted in more MUFAs than

SAFAs being incorporated in phospholipids in both liver

and plasma. In contrast, mice fed HF diets showed more

SAFAs and less MUFAs being incorporated to

phospholipids.

Influence of different amounts of dietary vitamin A

Hepatic expression of SCD1 and ELOVL6

NF diets were supplemented with different concentrations

of vitamin A to determine vitamin A effect on gene

expression and fatty acid composition. Different concen-

trations of dietary vitamin A had no effect on the hepatic

expression of SCD1 and ELOVL6 (Fig. 1).

Analysis of lipid composition in plasma and liver

The total concentration of plasma SAFAs was not influ-

enced by different amounts of vitamin A. However, when

looking at individual SAFA’s and specific phospholipids

(Fig. 2), there was a significant increase in plasma con-

centrations of LPC 18:0 in mice fed high VA diet compared

to VA deficient diet. In contrast, plasma concentrations of

LPC 16:0 were higher in animals receiving a deficient

vitamin A diet compared to animals receiving a high vita-

min A diet. This result was also observed in plasma phos-

pholipids analyzed by GC incorporating lower amounts of

16:0 and higher amounts of 18:0 after a high vitamin A diet.

The analysis via GC revealed that the total amount of

MUFA was not influenced by dietary vitamin A. However,

the ratio of 18:1n-9/18:0 decreased significantly in mice

fed VA deficient diet compared to those fed the high

vitamin A diet. Other ratios were not influenced by dietary

vitamin A.

The analysis of PE, PC and LPC species in liver and

plasma showed an increase in LPC 18:1 and LPC 16:1

concentrations in liver and plasma of mice fed VA deficient

diets compared to high vitamin A diet (Fig. 2). This

increase was also been observed in liver and plasma for PC

32:1 and 34:1 as well as for PE 34:1.

Discussion

The influence of diet on gene expression is of great interest

from the point of view of understanding how dietary

changes may affect physiological pathways linked to

important cell functions. Vitamin A and dietary fat are

strong regulators of specific target genes, which in turn are

essential to several cell functions. This study was con-

ducted to investigate to which extend dietary fat or vitamin

A can influence the hepatic gene expression of the same set

target genes and influence serum and hepatic fat content.

High amount of dietary fat rich in n6-PUFAs suppressed,

while low amount increased the hepatic expression of the

investigated target genes, SCD1 and ELOVL6. In addition,

the metabolic products (MUFAs) and ratios (SAFA/

MUFA) of these two enzymes were altered in serum and

liver. Surprisingly, the vitamin A content did not strongly

influence either the enzyme expression or the correspond-

ing serum and liver MUFA/SAFA ratios and product

values.

Linoleic acid (18:2n-6), the main fatty acid in sunflower

oil, belongs to the group of PUFAs known to inhibit the

expression of specific genes via the SREBP, a transcription

factor for genes specific to fat metabolism and inducer of

the transcription of SCD1 and ELOVL6 enzymes (Jump

et al. 2005). Nutrients such as carbohydrates, saturated

fatty acids or cholesterol have shown to induce the SREBP

(Repa et al. 2000; Miyazaki et al. 2004; Mauvoisin and

Mounier 2011) via specific nuclear hormone receptor

pathways (Repa et al. 2000), resulting in an increased

SCD1 expression (Repa et al. 2000).

It has been well established since 1,978 that linoleic acid

contained in sunflower oil decreased hepatic gene expres-

sion of SCD1 in a dose-dependent manner (Jeffcoat and

James 1978). We investigated further the effect of linoleic

acid from sunflower oil on the composition of hepatic and

plasmatic phospholipids containing the substrates and

metabolic products of this enzyme to gain further insight

into the role of linoleic acid on fatty acid metabolizing

enzymes. We used sunflower oil as the regulating fat in the

diets due to the well-described regulatory characteristics on

our target genes (Jeffcoat and James 1978) and well toler-

ability by the laboratory animals, which was discovered by

previous experiments. Our results showed that high hepatic

expression of SCD1 was accompanied by high amounts of

the metabolic product 18:1n-9, while the amount of 18:0

SCD1 substrates was low. Conversely, a low hepatic SCD1

expression was observed together with low amounts of the

metabolic products incorporated into phospholipids in liver

and plasma. We also investigated the effects of linoleic acid

on ELOVL6 expression in liver and plasma and observed

similar results to the ones of SCD1. Our observations are in

line with Wang et al. who suggested that the expression of

ELOVL6 is regulated via the SREBP pathway in a similar

fashion to SCD1 (Wang et al. 2006).

Furthermore, in this study, it was shown that also the

amounts of the enzyme substrates as well as the metabolic
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products incorporated in phospholipids are affected by this

specific dietary fat. The ratios of metabolic products to

substrates (18:0/16:0, 18:1n-7/16:1n-7, 20:1n-9/18:1n-9)

decreased after high-fat diet, which could be a result of the

reduced enzymatic activity of ELOVL6. In previous stud-

ies, using synthetic ligands to induce the hepatic expression

of ELOVL6 by specific transcription factors (nuclear hor-

mone receptors), an increase in metabolic products incor-

porated in phospholipids has been reported (Weiss et al.

2011; Matsuzaka et al. 2007).

The meaning of the observed alteration in the compo-

sition of phospholipids in membranes is difficult to eval-

uate because there are only few studies that have

investigated the effect of nutrients on the physicochemical

characteristics or on the impact on function of membranes.

The inhibition of SCD1 and ELOVL6 leads to a reduction

in MUFAs incorporated into membranes and to an increase

in SAFA’s in membrane phospholipids. Increased amounts

of SAFA’s incorporated in phospholipids might cause a

more rigid structure of cell membranes (Schachter 1984;

Hodson et al. 2008). Alteration of the membrane structure

affects not only the physical properties, such as membrane

fluidity and agglutination (Spector and Yorek 1985), but

also cellular function. Cellular transport across the mem-

brane (e.g., transport of short-chain, neutral amino acids) as

well as receptor signaling (e.g., insulin) is influenced by the

saturation status of the membrane (Spector and Yorek

1985). Additionally, membranes composed of high

amounts of PUFAs are more sensitive to oxidative stress,

which effect can lead to cellular damage and consequent

reduction in the general health and lifespan of body cells

(Hulbert 2010).

Metabolites of vitamin A are known to induce expres-

sion of enzymes involved in fat metabolism. Genes of

SCD1 and ELOVL6 are targets of RXR in liver (Weiss

et al. 2011; Samuel et al. 2001; Singh Ahuja et al. 2001),

which is activated by the natural ligands derived from

dietary vitamin A (Samuel et al. 2001; McClintick et al.

2006) and by synthetic ligands (Weiss et al. 2011; Samuel

et al. 2001). It has also been suggested that vitamin A

induces the hepatic gene expression of SCD1 (Mauvoisin

and Mounier 2011). However, we have previously shown

that the induction of SCD1 via dietary vitamin A-depen-

dent pathways is not straightforward (Weiss et al. 2011).

RXR induces the expression, while RAR tends to suppress

the expression of SCD1 in liver, which leads to an alter-

ation of the phospholipid composition in plasma and liver

(Weiss et al. 2011).

On the one hand, the hepatic expression of SCD1 can

be induced via the RXR-dependent pathway as shown via

activation using natural dietary vitamin A ligands (Samuel

et al. 2001) and synthetic ligands for RXR (Weiss et al.

2011). Both receptors are induced by different forms of

vitamin A (9-cis retinoic acid and all-trans retinoic acid).

On the other hand, ELOVL6 is induced via the RXR

pathway, but not via the RAR receptor pathway (Weiss

et al. 2011). In the present study, different amounts of

dietary vitamin A were supplied in combination with

dietary fat rich in linoleic acid. Neither the hepatic

expression of ELOVL6 nor of SCD1 was affected by high

or deficient levels of VA. This surprising result might be

explained by the different impact of n6-fatty acids and

vitamin A on gene expression. N6-fatty acids are part of

the PUFA family, which are known to suppress the

expression of SCD1 in liver (Jeffcoat and James 1978;

Jump et al. 2005), while vitamin A is suggested to induce

it (McClintick et al. 2006). Our results suggest that die-

tary fat has a stronger impact on the gene expression of

SCD1 than vitamin A.

Even though VA supplementation had no effect on the

hepatic expression of fatty acid metabolizing enzymes, an

alteration in fatty acid composition in plasma was

observed. High VA diet resulted in decreased concentra-

tions of SAFA 16:0 and increased SAFA 18:0. An expla-

nation might be the existence of a different fatty acid

metabolizing enzyme, which converts 16:0 to 18:0 and is

regulated by dietary vitamin A (McClintick et al. 2006).

Another possibility could be the suppression of the de novo

synthesis of fatty acids via suppressing the expression of

acetyl-CoA-carboxylase (Vega et al. 2009; Oliveros et al.

2007), which in turn leads to a reduction in the main

product 16:0 and therefore to an relative increase of 18:0.

Conclusion

Dietary fat was the main factor affecting the hepatic

expression of SCD1 and ELOVL6 in mice with concomi-

tant alterations of their metabolic products such as serum

and hepatic MUFAs and SAFA/MUFA ratios. Both

enzymes were modulated by dietary fat with high expres-

sion after low fat and low expression after high-fat diets.

VA supplementation had no effect on hepatic enzyme

expression nor serum and hepatic SAFA and MUFA

concentrations.
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