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1. Summary 
Single-nucleotide polymorphisms (SNP:s) within several genes have been associated with 
body mass index, fatty acid composition and/or desaturase activity in adult men, participating 
in the longitudinal epidemiologic ULSAM study, born between 1920 and 1924 and that have 
been investigated at 50, 60, 70, 77, 82, and 88 years of age 
(http://www.pubcare.uu.se/ULSAM/). Aim: This study aimed to investigate the mRNA 
expression levels of these genes in adipose tissue in three groups of rats fed with high-fat, 
high-sugar diet (HFD ad lib), calorically restricted HFD (HFD pair) and standard rodent chow 
(control). Methods: The expression levels of the genes were estimated using quantitative real 
time PCR and compared between the groups. The fatty acid composition of the relevant 
tissues was analyzed and the stearoyl-CoA desaturase indices were calculated using the ratio 
of the fatty acids 16:1/16:0 (SCD16) and 18:1/18:0 (SCD18). The first number of the fatty 
acid describes the number of carbons and the second number the number of double bonds 
(e.g. 16:1; 16 carbons and 1 double bond).  Furthermore correlations between expression 
levels of genes, body weight, hormone level, fatty acid composition and desaturase activity 
were analyzed. Results: At the end of the 5 week long study the HFD ad lib group had a 
significantly higher body weight compared to the control and the HFD pair group. The genes 
of paralemmin (PALM), ATP-binding cassette, sub-family A, member 6 (ABCA6) and 
stearoyl-CoA (SCD-1) in epididymal adipose tissue showed a difference in expression levels 
between the groups. In the HFD ad lib group the calculated stearoyl-CoA desaturase indices 
SCD16 and SCD18 of subcutaneous adipose tissue were positively correlated with 
bodyweight. The relative amounts of the fatty acids 16:0, 16:1 and 18:1 in subcutaneous 
adipose tissue also were positively correlated with body weight within that group. 
Conclusions: This study showed that PALM, ABCA6 and SCD-1 could have a role in 
obesity and that the stearoyl-CoA desaturase indices and the relative amount of some fatty 
acids are related to increased body weight. However, the causality was not investigated in this 
study and it is therefore important with further studies investigating the genes and their 
relation to body weight, fatty acid composition and desaturase indices in order to fully 
understand their role and mechanism in obesity. 
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2. Introduction 

2.1. White adipose tissue as an endocrine organ 
The white adipose tissue has previously been seen as an inactive tissue that only functions as 
lipid storage. It is now known that the adipose tissue functions as an endocrine organ involved 
in the metabolic control. The adipocytes secrete hormones and cytokines, i.e. adipokines, that 
are involved in thermogenesis, immunological responses, neuroendocrine function and control 
of food intake (Ahima 2006).  
 
One of the first discovered adipokines was leptin (Trayhurn & Bing 2006). Leptin is 
expressed in several tissues but white adipose tissue is the main source and the level of leptin 
in plasma is strongly correlated with percent body fat, body mass index (BMI) and mRNA 
expression in adipose tissue (Trayhurn & Bing 2006). One of the main functions of leptin is to 
regulate food intake via the central nervous system by stimulating pro-opiomelanocortin 
(POMC) neurons and inhibiting the neuropeptid Y (NPY)-containing neurons in the arcuate 
nucleus of hypothalamus (Nogueiras et al 2008). The anorexigenic peptide POMC is the 
precursor of the α-melanocyte stimulating hormone (MSH) and the orexigenic peptide NPY is 
coexpressed with agouti-related peptide (AGRP); a decrease in NPY caused by leptin 
therefore leads to reduced appetite (Valassi et al 2008). In addition, leptin probably has a 
regulatory role in lipid and glucose metabolism in peripheral tissue. It has been shown that 
leptin increases lipolytic action in adipose tissue and central leptin administration increases 
insulin sensitivity and increases glucose uptake in skeletal muscle and cardiac muscle in 
conscious rats (Nogueriras et al 2008). 
 
Decreasing plasma levels of the adipokine adiponectin is, in contrast to leptin, associated with 
an increased body weight. Low concentrations of adiponectin are also related to type 2 
diabetes, insulin resistance, dyslipidemia, atherosclerosis and coronary heart diseases (Bastard 
et al 2006 & Ahima 2006). Adiponectin inhibits hepatic gluconeogenesis and stimulates fatty 
acid oxidation; it also enhances the expression of molecules involved in transport of fatty 
acids in skeletal muscle (Kadowali & Yumauchi 2005). The effect on fatty acid oxidation and 
glucose uptake is assumed to depend on adiponectin-activating AMP kinase and AMP-
activated protein kinase (AMPK). AMPK inhibits acetyl CoA carboxylase resulting in 
decreased concentration of cellular malonyl CoA, leading to decreasing lipogenesis and 
increased beta-oxidation of fatty acids (Bastard et al 2006, Kadowali & Yumauchi 2005).  
 
An increase in white adipose tissue mass is associated with a higher extent of inflammation. 
During obesity there is an infiltration into adipose tissue of macrophages, which are 
responsible for the production of TNF-α and IL-6 (Greenberg & Obin 2006). Leptin is 
assumed to promote diapedesis (movement from the circulatory system to surrounding body 
tissue) of macrophages to white adipose tissue (Bastard et al 2006). Adiponectin can reduce 
the secretion of TNF-α from macrophages and it is also known that TNF-α and IL-6 decrease 
the expression of adiponectin in adipocytes (Bastard et al 2006). The concentration of TNF-α 
has been shown to correlate with insulin resistance and an increase in insulin production is 
correlated with higher expression of genes involved in inflammation by macrophages in white 
adipose tissue (Greenberg & Obin 2006). 
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2.2. Fatty acid composition and fatty acid desaturases 
To understand the relation between fatty acid composition, diet and health it is important to 
investigate how different diets affect the composition of fatty acids and whether it could be 
used as a biological marker for diet and lifestyle associated diseases. The fatty acid 
composition in serum has been related to metabolic syndrome (Warensjö et al 2005), diabetes 
(Wang et al 2003a) and cardiovascular disease (Wang et al 2003b) and it reflects not only the 
dietary intake of fat but also the synthesis of mono- and polyunsaturated fatty acids by 
desaturases (Hodson et al 2008). In adipose tissue the fatty acid composition is known to 
reflect the dietary intake of fatty acids over a longer time in individuals who are stable in 
weight, but the size of the fat depot may also affect the fatty acid composition (Hodson et al 
2008).  
 
When lipolysis is stimulated, the fatty acids from adipose tissue are selectively mobilised. 
Polyunsaturated fatty acids are mobilised the most and saturated the least. The chain length 
affects the mobilisation as well and shorter fatty acids are mobilised more than longer 
(Fernández-Quintel et al 2007). The fatty acid composition of phospholipids is highly 
regulated because it affects the biochemical and physical properties of membranes and the 
different classes of phospholipids have a characteristics composition of fatty acids (Hodson et 
al 2008). 
 
Many names of fatty acids originate from the source the fatty acid traditionally was isolated 
from, but a numerical system can also be used. The system contains of two numbers; the first 
number describes the number of carbons and the second number the number of double bonds 
of the fatty acid (e.g. 18:2; 18 carbons and 2 double bonds). The second number is always 
zero for the saturated fatty acids. The monounsaturated fatty acids have one double bond and 
polyunsaturated fatty acids have 2 to 6 double bonds. An omega (ω or n) system can be used 
to describe the position of the double bound from the methyl end of the fatty acids (e.g. 
omega 3 fatty acid; n-3).  The omega system is used to group fatty acids on the basis of their 
biosynthetic origin and biological activity. (Damodaran et al 2007) 
 
Stearoyl-CoA desaturase (SCD-1) is responsible for the conversion of palmitic acid (16:0) 
and stearic acid (18:0) to the monounsaturated fatty acids palmitoleic acid (16:1) and oleic 
acid (18:1) respectively (Flowers & Ntambi 2008). ∆6-desaurase (D6D) and ∆5-desaturase 
(D5D) are involved in long chain n-3 and n-6 polyunsaturated fatty acids synthesis according 
to figure 1. SCD-1 deficient mice have increased fatty acid oxidation, a decreased synthesis of 
fatty acids and the levels of insulin and leptin in plasma are reduced (Ntambi et al 2002). 
These mice are also resistant to diet-induced adiposity, but mice with a liver-specific knock-
out are only resistant to carbohydrate induced adiposity and not high-fat induced adiposity 
(Miyazaki et al 2007). A decrease in D5D-activity and an increased activity of SCD-1 and 
D6D are related to an increased risk of metabolic syndrome (Warensjö et al 2005) and 
mortality (Warensjö et al 2008) in men. It is also associated with systemic inflammation in 
men (Petersson et al 2007 & Petersson et al 2008) and overweight in women and men 
(Warensjö et al 2006). The expression of SCD-1 is repressed by polyunsaturated fatty acids 
and activated by saturated fatty acids and dietary carbohydrates (Flowers & Ntambi 2008). 
Glucagon, leptin and thyroid hormones repress SCD-1 expression as well (Ntambi et al 2004). 
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Figure 1. Polyunsaturated fatty acid synthesis by ∆6-desaurase (D6D) and ∆5-desaturase (D5D). 
 

2.3. New genes associated with body weight 
Single-nucleotide polymorphisms (SNP:s) within a number of genes have been associated 
with body weight, fatty acid composition and/or desaturase activity in adult men participating 
in the ULSAM study (http://www.pubcare.uu.se/ULSAM/). The ULSAM study is an 
ongoing, longitudinal, epidemiologic study of adult men born between 1920 and 1924 who 
have been investigated at 50, 60, 70, 77, 82, and 88 years of age. To fully understand the 
genes’ roles and mechanisms in obesity it is important to investigate how the mRNA 
expression of the genes is related to diet, body weight, hormone levels, fatty acid 
composition, desaturase activity and expression of other genes. The gene products are listed 
below in alphabetic order with a short description. 
 
 ABCA6  (ATP-binding cassette, sub-family A (ABC1), member 6 (ABCA6)) is a 

membrane associated protein that is involved in transport over intra- and extracellular 
membranes. ABCA6 is probably involved in the lipid homeostasis of macrophages 
(Wolfgang et al 2001).  

 
 ADAMTS5 (Metallopeptidase with thrombospondin type 1 motif, 5) is a metalloprotease 

whose physiological function is still unclear. In arthritis ADAMTS5 functions as an 
enzyme that cleaves aggrecan (aggregating proteoglycan that forms a structural 
component of cartilage together with collagen type II) (McCulloch et al 2009).  

 
 CTNNBL (Catenin (cadherin-associated protein), β-like 1) previously has been associated 

with BMI and fat mass (Liu et al 2008). The protein could be involved in the mechanism 
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(18:2 n-6) 

Gammalinolenic 
acid 

(18:3 n-6) 

Dihomogamma-
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18:4 n-3 

20:4 n-3 

Eicosapentaenoic 
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(20:5 n-3) 

∆6-desaturase

Chain elongation 

∆5-desaturase
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for development of obesity, but the function is still unclear. Jabbour et al (2003) showed 
evidence that CTNNBL1 could have a role in inducing apoptosis. 

 
 LMCD1 (Dyxin) has LIM-domains and cystein-rich domains that interact with gamma-

aminobutyric acid 6 (GABA6), an inhibitory neurotransmitter, which results in a 
decreased DNA-binding of GABA6 leading to a restricted function (Rath et al 2005).  
LMCD/Dyxin has been shown to be involved in the induction of cardiomyocyte 
hypertrophy (Derk et al 2007).  

 
 MGATs (1-3) (Monoacylglycerol acyltransferas) catalyzes triacylglycerols synthesis in 

enterocytes through the monoacylglycerol (MAG) pathway. This pathway is also active in 
adipose tissue (Shi & Cheng 2008).   

 
 NASP (Nuclear autoantigenic sperm protein) has been reported to be expressed in all 

dividing cells. It is expressed in malignant tissue and upregulated levels of NASP have 
been related to different types of cancer including breast and ovarian cancer (Alekseev et 
al 2009).  

 
 NBEA (Neurobeachin) is classified as a beige and Chediak-Higashi (BEACH) protein and 

it is essential for neuromuscular and central synapses (Su et al 2005 & Medrihan et al 
2009). Homozygote knock-out mice are not able to make any movements after birth, 
which results in death because of the inability to breathe (Su et al 2005). The heterozygote 
knock-out mice have an enhanced body weight compared to wildtype littermates, but the 
mechanisms are still unknown (Pawel Olszewski, unpublished data) 

 
 NKAIN3 (Na+/K+ transporting ATPase interacting) has been shown to interact with the 

β1 subunit of the Na, K-ATPase in mice. Although NKAIN3 is expressed in the CNS the 
functions of NKAINs are still unknown, but they probably have a role in the membrane 
bilayer and might be involved in the neuronal function. (Gorokhova et al 2007) 

 
 PALM (Paralemmin) is expressed foremost in the brain, the adrenal gland and the kidney. 

It is supposed to have a role in the dynamics of plasma membranes, development of the 
nervous system and morphogenesis of other tissues (Kutzleb et al 2006). In neuronal 
plasma membranes it is highly expressed and it has been shown to interact with the D3 
dopamine receptor and decrease the concentration of the receptor in plasma membrane. As 
a result of decreasing D3 dopamin receptors the adenylate cyclase activity decreases. 
Thus, paralemmin is supposed to be involved in modulating cAMP signalling in the brain 
(Basile et al 2005). Paralemmin knock-out mice get obese compared to wild-type litter 
mates (Pawel Olszewski, unpublished data). 

 
 PCSK2 (Proprotein convertases subtilisin/kexin type) is a member of serine proteases that 

is involved in maturation and cleavage of several precursor hormones. Substance P (SP), 
cholecystokinin (CCK), glucose-dependent insulinotropic polypeptide (GIP) and 
somatostatin (SS) are results from PCSK mediated processing (Gagnon J et al 2008). In 
congenic mice it has been shown that the enzymatic activity of PCSK2 is inversely 
correlated to bodyweight (Farber et al 2008) and in African American population the gene 
has been associated with type 2 diabetes (Leak et al 2007).  

 
 PIK3C2G (Phosphoinositide-3-kinase, class 2, gamma polypeptide) is a member of 

phosphoinositide-3-kinase family that, among other things, is involved in cell metabolism. 
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PIK3C2G has been shown to be associated with type 2 diabetes in a Japanese population 
(Daimon et al 2007).  

 
 RAB 15 (Member RAS onocogene family) is a GTPase that has a regulatory function in 

endocytic trafficking (Zuk & Elferrink 2000).  
 
 RXRA (Retinoid-X-receptor-alpha) is involved in vitamin D pathway and heterodimerizes 

with the vitamin D receptor. RXRA is also involved in the synthesis of cholesterol and 
variations in the gene have been related to Alzheimer’s disease (Kölsh et al  

 2009) and increased risk for renal cancer (Karami et al 2009). 
 
 SLC6A17 and SLCA19 (Solute carrier, family 6), are transporter proteins that are Na+-

dependent and involved in the reuptake of neurotransmittors in presynaptic cells (Zaia & 
Reimer 2009). SLC6A17 has been shown to be involved in synaptic vesicular transport of 
leucine, glycine, alanine and proline (Parra et al 2008).  

 
 SLC18A4 belongs to the vesicular monoamine/acetylcholine transporter family, and is 

located in secretory vesicle membrane in endocrine and neuronal cells where it is 
responsible for positively charged amine transport (Eiden et al 2003).  

 
 SCD-1 (Stearoyl-coenzyme A desaturase 1) catalyses the monounsaturated fatty acid 

synthesis from saturated fatty acids. SCD-1 is described more above in section 2.2. 
 
 TXNDC8 (Thioredoxin domain-containing protein 8) probably is involved in reducing 

disulfide bonds in sperms, but the function is still unclear. Another thioredoxin domain 
containing protein (TXNDC5) has been shown to be upregulated in early colorectal cancer 
development (Wang et al 2007).  

 
 UNC13B (Unc-13 homolog B) induces apoptosis of renal cells (Song et al 1999). In the 

presence of hyperglycemia, the gene is activated and upregulated in glomerular mesangial 
and renal cortical tubular cells and variations in the gene have been associated with an 
increased risk of nephropathy (Trégouet et al 2008).  

 
 USP15 (Ubiquitin specific peptidase 15) is a protease involved in processing ubiquitin 

precursors resulting in free ubiquitin (Baker et al 1999). The protein has been shown to 
regulate the E6 protein stability in human papillovirus type 16, the E6 gene is always 
expressed in human papillovirus positive cancers (Vos et al 2009). 

2.4. Quantitative real time PCR and normalization factor 
Quantitative real time PCR (qPCR) can be used in order to quantify the relative mRNA 
expression levels of a gene. qPCR is performed on a single or double-stranded DNA template. 
Two oligonucleotides primers, the four nucleotide triphosphates (dNTPs), buffer containing 
magnesium ions and a polymerase are needed for the reaction. The reaction is performed in 
amplification cycles containing three steps; denaturation, annealing and elongation. During 
denaturation the temperature is raised to approximately 95° to separate the strands of the 
double helical DNA. After that, in the annealing step, the temperature is lowered so that the 
primers can anneal to the template. Finally, the temperature is set to around 72° to let the 
polymerase extend the primers and incorporate the dNTPs (elongation).  In qPCR a dye (e.g. 
SYBR green) that binds to the product is added to the reaction. The fluorescence of the dye 
therefore is proportional to the amount of the formed product. After a number of amplification 
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cycles the sample reaches a threshold fluorescence signal level. The differences in number of 
amplification cycles (CT-value) required to reach the threshold signal level is used to quantify 
the expression level. This is done by comparing the CT-value between samples. (Kubista et al 
2006) 
 
The gene expression levels from a set of samples provided from qPCR data should be 
normalized due to the possibility of different amount of total DNA within the samples. This is 
done by using a normalization factor that is calculated with qPCR data from a number of 
house-keeping genes (genes coding for proteins involved in basal cellular function) in the 
same set of samples. Ge Norm (Vandesompele et al 2002); a visual basic application for 
Microsoft Excel, can be used to calculate a gene-stability measure of the house keeping genes 
and thereafter to calculate the normalization factor by using the most stable genes. 
(Vandelsompele et al 2002) 

2.5. Spearman rank correlation 
The Spearman rank correlation is widely used when searching for correlations between two 
measurement variables and one nominal variable (that groups the two other variables into 
pairs). The aim is to see whether the two measurement variables covary; if one variable 
increases the other one have a tendency to increase or decrease (the relationship are 
monotonic). Each variable is converted into a rank and thereafter a correlation analysis is 
done on the ranks to search for associations. The coefficient (rs) of the correlation is 
calculated and the significance of this is tested in the same way as for a regular correlation. 
Spearman rank correlation is non-parametric and is therefore not depending on the 
assumption of an underlying normal distribution. (McDonald 2009) 

2.6. Aim 
The aim of this study was to investigate the impact of high-fat, high-sugar diet (HFD) on 
adipose tissue mRNA expression of genes previously associated with body mass index, fatty 
acid composition and desaturase activity in human, using an animal model of obesity. To test 
this, rats were randomized into three groups fed with free access to HFD, calorically restricted 
HFD or standard rodent chow. The expression levels of genes were compared between the 
groups. Furthermore, correlations between expression level of genes, body weight, hormone 
level, fatty acid composition, and desaturase activity were analyzed. 
 
NBEA, one of the genes of interest, was previously associated with body weight in mice 
(Pawel Olszewski, unpublished data). In this study, as a part of trying to find out and 
understand the mechanisms of NBEA, the food intake behaviour of heterozygote NBEA 
knock-out mice were compared to wildtype littermates after receiving different palatable 
solutions. 
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3. Results 

3.1. Body weight and plasma hormone levels 
Three randomized groups of rats were fed standard rodent chow for 5 weeks (control, 
n=10), high-fat, high-sugar diet calorically restricted to match the control group (HFD pair, 
n=10) and free access to high-fat, high-sugar diet (HFD ad lib, n=24). The relative 
body weights (%) for the control, the HFD pair and the HFD ad lib group are shown in figure 2. 
At the end of the study (day 31) the animals in control and HFD-pair groups had gained 121.7 
± 7.6 and 125.1 ± 7.0 grams respectively. The HFD-group had a weight gain of 179.0 ± 6.0 
grams that was significantly (p < 0.0001) different from both the control and the HFD-pair 
groups.  
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Figure 2. The relative body weights for the control, HFD pair and HFD ad lib groups at the beginning and the end 
of the study. BWd0, body weight day 0; BW31, body weight day 31. ***p<0.005 vs control, ###p<0.005 vs HFD 
pair. 
 
The circulating hormone levels of the control, HFD pair and HFD ad lib groups at the 
beginning of the study and at day 31 are shown in table 2. The plasma levels of insulin and 
leptin were significantly different between the groups but there was no difference between 
the groups for the levels of adiponectin, corticosterone and ghrelin. 
  
Tabell 2. Plasma hormone levels in animals on different diets 
 
Animal group 

 
Adiponectin1 
(ng/ml) 

 
Corticosterone1 

(ng/ml) 

 
Ghrelin1 
(pg/ml) 

 
Insulin1 
(μg/ml) 

 
Leptin1 
(ng/ml) 

 
Control 

 
2.16 ± 0.10 
 

 
28.0 ± 5.3 

 
72.9 ± 8.0 

 
60.4 ± 4.9 

 
8.4 ± 0.9 

HFD-pair 1.81 ± 0.14 
 

76.6 ± 30.5 73.27 ± 8.5 71.3 ± 3.4 11.2 ± 1.1 

HFD ad lib 2.13 ± 0.10 
 

89.0 ± 22.3 66.3 ± 3.5 103.7 ± 8.3**, # 19.0 ± 1.2***, # # # 

1 in plasma  
 **p <0.01 vs control, ***p<0.005 vs control, #p<0.05 vs HFD pair, ##p<0.01 vs HFD pair, ###p<0.005 vs HFD 
pair. 

3.2. mRNA expression levels in epididymal and subcutaneous adipose tissue 
The relative mRNA expression levels of the genes were determined by using quantitative real 
time PCR. The mRNA expression levels (% of controls), for the investigated genes whose 
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data could be detected, in epididymal adipose tissue and subcutanous adipose tissue, are 
shown in figure 3. In epididymal adipose tissue the expression levels differed between the 
groups for ATP-binding cassette, sub-family A, member 6 (ABCA6), Paralemmin (PALM) 
and stearoyl-coenzyme A desaturase (SCD-1). The mRNA expression of adiponectin (ADIP) 
and leptin (LEP) in epididymal adipose tissue did not differ between groups but in 
subcutanous adipose tissue the mRNA expression of leptin was significantly higher in the 
HFD ad lib group compared to the control group.  
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Figure 3. mRNA expression levels in (A) epididymal and (B) subcutaneous adipose tissue. Analysis by 
quantitative real time PCR and ANOVA provided the results shown above presented as mean (% of controls) ± 
S.E.M. Six housekeeping genes were used to calculate the normalizing factor. *p <0.05 vs control, #p<0.05 vs 
HFD pair. 

3.3. Correlations of plasma hormones, mRNA expression levels and bodyweight 
The correlations between body weight (day 31) and mRNA expression or plasma levels of 
adiponectin (ADIP) are shown in figure 4. In the HFD ad lib group the plasma levels of ADIP 
were positively correlated to body weight at day 31. The mRNA expression in epididymal 
adipose tissue of ADIP in the HFD ad lib group was, in contrast, negatively correlated to body 
weight at the same point in time.  
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Figure 4. Spearman rank correlation between (A) plasma levels of adiponectin, and (B) mRNA expression levels 
(% of controls) of adiponectin in epididymal adipose tissue and body weight in the HFD ad lib group at day 31.  
 
The mRNA expression of paralemmin (PALM) in both epididymal and subcutanous adipose 
tissue in the control group was significantly correlated with bodyweight at day 31 as shown in 
figure 5. Except for ADIP and PALM there was no significant correlation between mRNA 
expression of the investigated genes in epididymal and subcutanous adipose tissue or plasma 
hormone levels and body weight. 
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Figure 5.  Spearman rank correlation between relative PALM mRNA-expression levels (% of mean value of the 
entire control group) in (A) epididymal adipose tissue and (B) subcutanous adipose tissue and body  
weight in the control group. rs, Spearman rank correlation  

3.4. Fatty acid composition and desaturase indices 
The fatty acid composition of plasma cholesteryl esters and SUB adipose tissue 
triacylglycerides in control, HFD pair and HFD ad lib group are shown in table 3. Many,
but not all, fatty acids showed a significant difference between the control and the two other  
groups due to the differences in diets between the groups. 
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Table 3. Fatty acid composition in plasma and adipose tissue 
   

Fraction of total fatty acid  

(mean ± SD) 
   

Control 
 
HFD-pair 

 
HFD ad lib 

Plasma 
cholesteryl 
esters 

 
 
14:0 (myristic) 

 
 
0.36 ± 0.06 

 
 
0.24 ± 0.05*** 

 
 
0.22 ± 0.07*** 

 16:0 (palmitic) 8.01 ± 0.95 7.13 ± 0.55 7.13 ± 0.84 
 16:1 n-7 (palmitoleic) 2.37 ± 0.89 0.74 ± 0.22*** 0.70 ± 0.13***
 18:0 (stearic) 1.02 ± 0.60 1.11 ± 0.29 0.91 ± 0.19 
 18:1 n-9 (oleic) 5.54 ± 0.69 8.39 ± 1.84*** 6.91 ± 1.02 ##

 18:2 n-6 (linoleic) 22.4 ± 2.5 18.0 ± 2.8*** 17.3 ± 1.6***
 18:3 n-6 (γ-linolenic) 0.41 ± 0.11 0.28 ± 0.06*** 0.24 ± 0.04***
 18:3 n-3 (α-linolenic) 0.25 ± 0.05 0.17 ± 0.04*** 0.13 ± 0.03*** #

 20:3 n-6 (dihomo-γ-linolenic) 0.44 ± 0.14 0.26 ± 0.04** 0.27 ± 0.14**
 20:4 n-6 (arachidonic) 56.4 ± 2.3 61.9± 4.9** 64.4 ± 2.9***
 20:5 n-3 (eicosapentaenoic) 0.63 ± 0.17 0.18 ± 0.04*** 0.14 ± 0.02***
 22:5 n-3 (docosahexaenoic) 1.28 ± 0.20 1.42 ± 0.14 1.35 ± 0.21 
Subcutanous 
adipose tissue 
triacylglycerides 

 
 
14:0 (myristic) 

 
 
2.11 ± 0.22 

 
 
1.53 ± 0.11*** 

 
 
1.63 ± 0.17*** 

 16:0 (palmitic) 28.0 ± 1.1 22.7 ±0.7*** 23.1 ± 0.9 *** 
 16:1 n-7 (palmitoleic) 5.3 ± 1.2 2.6 ± 0.4*** 2.9 ± 0.9*** 
 18:0 (stearic) 3.5 ± 0.2 6.0 ± 0.5*** 5.3 ±0.6*** ##

 18:1 n-9 (oleic) 25.9 ± 1.1 38.9 ± 0.7*** 38.8 ± 0.7*** 
 18:2 n-6 (linoleic) 31.0 ± 2.9 25.7 ± 0.8*** 25.4 ± 1.1*** 
 18:3 n-6 (γ-linolenic) 0.048 ± 0.006 0.061 ± 0.031  0.056 ± 0.017 
 18:3 n-3 (α-linolenic) 2.43 ± 0.18 1.35 ± 0.05 1.47 ± 0.09 
 20:3 n-6 (dihomo-γ-linolenic) 0.092 ± 0.022 0.086 ± 0.014 0.10 ± 0.02 
 20:4 n-6 (arachidonic) 0.033 ± 0.007 0.13 ± 0.26 0.11 ± 0.15 
 20:5 n-3 (eicosapentaenoic) 0.057 ± 0.013 0.024 ± 0.005*** 0.027 ± 0.007*** 
 22:5 n-3 (docosahexaenoic) 0.18 ± 0.03 0.061 ± 0.021*** 0.083 ± 0.022*** 
***p<0.005 vs control, #p<0.05 vs HFD pair, ##p<0.01 vs HFD pair. 

 
 
In table 4 the calculated desaturase indices for stearoyl-CoA desaturase (SCD16 (16:1/16:0), 
SCD18 (18:1/18:0)), ∆6-desaturase (D6D (18:3 /18:2)) and ∆5-desaturase (D5D (20:4/20:3), 
in liver phospholipids and triacyl glycerides, plasma phospholipids and cholesteryl esters and 
subcutanous adipose tissue triacyl glycerides, are presented and compared between the control, 
HFD pair and HFD ad lib groups. As for the fatty acid composition, in plasma cholesteryl 
esters and subcutanous adipose tissue triacyl glycerides, shown in table 3, the control group 
differed significantly from HFD pair and HFD ad lib in several desaturase indices.  
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Table 4. Desaturase indices in different tissues 
   

Calculated desaturase indices 
(mean ± SD) 

   
Control 

 
HFD pair 

 
HFD ad lib 

SCD161 Liver phospholipids 0.044 ± 0,004 0.011 ± 0,001*** 0.120 ± 0,001*** 
 Liver triacylglycerides 0.14 ± 0.05 0.040 ± 0.013*** 0.043 ± 0.015***
 Plasma phospholipids 0.027 ± 0.010 0.011 ± 0.003*** 0.011 ± 0.002***
 Plasma cholesteryl 

esters 
0.30 ± 0.12 0.10 ± 0.03*** 0.10 ± 0.02***

 Subcutanous adipose 
tissue triacylglycerides 
 

0.19 ± 0.04 0.12 ± 0.02*** 0.13 ± 0.04***

SCD182 Liver phospholipids 0.35 ± 0,06 0.16 ± 0.03*** 0.16 ± 0.02*** 
 Liver triacylglycerides 14.1 ± 2.0 12.8 ± 1.4 13.2 ± 1.1 
 Plasma phospholipids 0.32 ± 0.06 0.22 ± 0.03*** 0.20 ± 0.03***
 Plasma cholesteryl 

esters 
6.96 ± 2.54 7.80 ± 1.84 7.77 ± 1.29 

 Subcutanous adipose 
tissue triacylglycerides 
 

7.36 ± 0.66 6.53 ± 0.58* 7.34 ± 0.75 ## 

D6D3 Liver phospholipids 0.012 ± 0.002 0.012 ± 0,003 0.012 ± 0,002 
 Liver triacylglycerides 0.011 ± 0.002 0.015 ± 0.002*** 0.015 ± 0.002***
 Plasma phospholipids 4.4e-3 ± 1.2e-3 3.7e-3 ± 0.7e-3 3.3e-3± 0.6e-3*
 Plasma cholesteryl 

esters 
0.019 ± 0.006 0.016 ± 0.004 0.014 ± 0.002*

 Subcutanous adipose 
tissue triacylglycerides 
 

1.6e-3 ± 8.7e-5 2.4e-3± 1.2e-3 2.2e-3 ± 0.7e3 

D5D4 Liver phospholipids 31.5± 9.2 58.2 ± 17.2*** 59.8 ± 6.4***
 Liver triacylglycerides 6.37 ± 1.37 6.78 ± 1.22 6.81 ± 0.60 
 Plasma phospholipids 22.0 ± 6.6 39.0 ± 9.1*** 43.9 ± 5.5***
 Plasma cholesteryl 

esters 
139 ± 37 248 ± 55*** 265 ± 49*** 

 Subcutanous adipose 
tissue triacylglycerides 
 

0.38 ± 0.09 0.61 ± 0.07 1.21 ± 1.75 

1 Stearoyl-CoA desaturase (16:1/16:0) 
2 Stearoyl-CoA desaturase (18:1/18:0) 
4 ∆6-desaturse (18:3 (n-6)/18:2 (n-6)) 
5 ∆5-desaturase ((20:4 (n-6)/20:3 (n-6)).  
*p<0.05 vs control, **p <0.01 vs control, ***p<0.005 vs control, #p<0.05 vs HFD pair, ##p<0.01 vs HFD pair, 
###p<0.005 vs HFD pair. 

3.5. Correlations between fatty acids, desaturase indices and body weight 
In table 5 the correlations between desaturases (SCD-16, SCD-18, D6D and D5D) indices and 
body weight (day 31) in liver (phospholipids and triacyl glycerides), serum (phospholipids and 
cholesteryl esters) and subcutanous adipose tissue triacyl glycerides for the HFD ad lib group 
are presented. There was a significant correlation between SCD-16 and body weight in liver 
phospholipids and subcutanous adipose tissue. In subcutanous adipose tissue there was also a 
significant correlation between SCD-18 and body weight. Between the D6D indices and 
body weight there was no significant correlation in liver, serum or subcutanous adipose tissue. 
There was a negative correlation between D5D indices and body weight in liver phospholipids 
and serum phospholipids. 
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Table 5. Significant correlations between desaturase indices and bodyweight at day 31.  
   

Spearman rank correlation 
 
Tissue of HFD ad lib group 

 
Desaturase indices 

 
rs 

 
p-value 

 
Liver Phosholipids 
 

 
SCD-161 

D5D2 

 

 
0.54 
-0.54 

 
0.006 
0.006 

Serum Phospholipids D5D2

 
-0.42 0.041 

Serum cholesteryl esters D5D2 -0.36 0.083 

Subcutanous adipose tissue 
triacylglycerides 

 
SCD-161 

SCD-183 

 
0.65 
0.54 

 
0.0006 
0.006 

1 Stearoyl-CoA desaturase (16:1/16:0) 
2 Delta-5-desaturase (20:4 (n-6)/20:3 (n-6)) 
3 Stearoyl- CoA desaturase (18:1/18:0) 
 
Table 6 shows the fatty acids whose relative amounts were significantly correlated to 
body weight in the HFD ad lib group. Except for the fatty acids in table 6 there were no other 
significant correlations between fatty acid composition and body weight in the HFD ad lib 
group. 
 
Table 6. Significant correlations between the relative amount of fatty acids and body weight at day 31. 

 
 

  
Spearman rank correlation 

 
Tissue of the HFD ad lib group 

 
Fatty acid 

 
rs

 
p-value 

 
Liver phospholipids 
 

 
Dihomo-γ-linolenic (20:3) 

 
0.59 

 
0.003 

Plasma phospholipids 
 

Dihomo-γ-linolenic (20:3) 0.55 0.005 

Plasma cholesteryl esters 
 

Eicosapentaenoic (20:5) 0.62 0.005 

Subcutanous adipose tissue 
triacyl glycerides 

 
Myristoleic14:1 

 
0.56 

 
0.004 

 Palmitic (16:0) 0.55 0.005 
 Palmitoleic (16:1) 0.68 0.0003 
 Stearic (18:0) -0.47 0.019 
 Oleic (18:1) 0.46 0.023 

 

3.6. Neurobeachin knock-out mice 
The food intake behaviour of the heterozygout neurobeachin (NBEA) knock-out mice were 
investigated as a part of finding out the function and mechanism of NBEA. NBEA was one of 
the genes analysed in epididymal and subcutaneous adipose tissue in this study. Figure 6 
shows the consumption (saccharin, saline, glucose, fructose, sucralose, food and water) for 
24-48 hours of the neurobeachin heterozygote knock-out and wild type mice. The body and 
fat pad weights at the end of the study are shown as well. The NBEA knock-out mice 
consumed 53 % more of the solution with glucose and 29 % more of the solution with 
fructose compared to the wild type mice (p= 0.001 and p= 0.009 respectively).  
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Figure 6. Neurobeachin and wild type mice (A) consumption (24-48 hours) of  palatable solutions, food and 
water; (B) measured body weight and (C) fat pad weight at the end of the study. Results from ANOVA 
presented as mean ± S.E.M. Hets, heterozygote neurobeachin knock-out mice; Wilds, wild type mice. **p <0.01 
vs wild type. 
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4. Discussion 

4.1. Main results 
The main results of this study were the demonstration of higher expression levels of ATP-
binding cassette, sub-family A, member 6 (ABCA6) and paralemmin (PALM) in epididymal 
adipose tissue of the HFD ad lib group (with free access to high-fat, high-sugar diet) 
compared to the control group (standard rodent chow). The gene for stearoyl-CoA desaturase 
(SCD-1) was upregulated in epididymal adipose tissue of the HFD group compared to the 
HFD pair group (calorically restricted to match the control group). Within the HFD ad lib 
group there was a positive correlation between the stearoyl-CoA desaturase indices SCD16 
and SCD18, and body weight in subcutanous adipose tissue triacyl glycerides and there was a 
negative correlation between ∆5 desaturase indices and plasma phospholipids. The relative 
amounts of the fatty acids palmitic (16:0), palmitoleic (16:1) and  stearic (18:1) acid in 
subcutanous adipose tissue were positively correlated with body weight within the HFD ad lib 
group. 

4.2. Paralemmin 
The mRNA expression of paralemmin (PALM) in epididymal adipose tissue was significantly 
higher in the HFD ad lib group compared to the control group. In the control group there was 
also a positive correlation between mRNA expression level in epididymal adipose tissue and 
bodyweight. Together with the fact that the expression level was higher in the HFD ad lib 
group that has an increased body weight, this indicates that there is a positive correlation 
between body weight and PALM mRNA expression in epididymal adipose tissue. On the other 
hand there is a negative correlation between mRNA expression in subcutanous adipose tissue 
and body weight, indicating that lower levels of PALM in subcutanous adipose tissue could be 
a risk factor for increased body weight in rats fed standard rodent chow. PALM knock-
out mice have increased body weight (Pawel Olszewski, unpublished data), which indicates 
that PALM has a function in the regulation of body weight. This is in agreement with the 
observation that a decrease in mRNA expression of PALM in subcutanous adipose tissue is 
related to increased body weight. The role of PALM in adipose tissue is still unclear but the 
results of my study show that there is a relation between body weight and mRNA expression 
levels in adipose tissue. 

4.3. ATP-binding cassette, sub-family A, member 6 
There was a significant difference in expression of ATP-binding cassette, sub-family A, 
member 6 (ABCA6) in epididymal adipose tissue between the groups according to the 
ANOVA test. However the post hoc test failed to show statistical significantce, but showed a 
trend for upregulation of ABCA6 in the HFD ad lib group. ABCA6 is probably involved in 
lipid homeostasis of macrophages (Wolfgang et al 2001) and during obesity there is an 
infiltration of macrophages into the adipose tissue (Greenberg & Obin 2006). Because of the 
increased bodyweight in the HFD ad lib group it is possible that there is a higher amount of 
macrophages in epididymal adipose tissue responsible for the increased expression of 
ABCA6. 

4.4. Stearoyl-CoA desaturase - mRNA expression levels and desaturase indices 
The expression level of stearoyl-CoA desaturase (SCD-1) was significantly higher in the 
control and HFD ad lib groups compared to the HFD pair group. The same pattern was seen 
in the calculated stearoyl-CoA desaturase indices (SCD16 and SCD18) in subcutanous 
adipose tissue (shown in table 4). The SCD18 indices in the HFD ad lib group were 
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significantly higher than in the HFD pair group that also was significantly lower than in the 
control group. The SCD16 indices were significantly higher in the control group compared to 
the two other groups. SCD16 indices were significantly higher in plasma phospholipids, 
plasma cholesteryl esters, liver phospholipids and liver triacyl glycerides as well. Increased 
stearoyl-CoA desaturase indices have been related to increased body weight (Warensjö et al 
2004 and Warensjö et al 2005) and therefore it was expected that the HFD ad lib group would 
have higher stearoyl-CoA desaturase indices than the two other groups. Chong et al (2008) 
showed in a randomized controlled crossover study in human that a low fat diet (10 % energy 
from fat) increases stearoyl-CoA desaturase indices more than a high fat diet (40 % of energy 
from fat). The diets used in that study were similar in the percent of energy from fat as the 
diets used in this study (10 % of energy from fat in standard rodent chow and 45 % of energy 
from fat in the HFD diet). Carbohydrates are known to increase expression and indices of 
stearoyl-CoA desaturase (Flowers & Ntambi 2008) and my study confirms that a diet low in 
energy from fat and has a high proportion of energy from carbohydrates increases the indices 
more than a diet with a higher percent of energy from fat and lower from carbohydrates. It 
also shows that the relations of macronutrients in diets affect the stearoyl-CoA desaturase 
indices more than the calorie content.  
 
Above, the stearoyl-CoA indices were compared between animal groups on different diets. 
However, it is also important to search for correlations within groups of animals on the same 
diet. The HFD ad lib group received a diet similar in energy content (high in fat and sugar) to 
the “Western diet”, and the search for correlations within the HFD ad lib group aimed to find 
risk factors and genetic differences related to obesity when consuming this kind of diet. 
Previous investigations have shown that the stearoyl-CoA desaturase and ∆6-desaturase 
indices have been positively correlated with body weight and ∆5-desaturase indices has been 
negatively correlated with body weight in human in plasma cholesteryl esters and plasma 
phospholipids (Steffen et al 2008, Warensjö et al 2009). In this study there was a positive
correlation, in subcutanous adipose tissue,  between stearoyl-CoA desaturase (SCD16 
and SCD18) indices and bodyweight. However, there was no positive correlation between 
stearoyl-CoA desaturase, ∆6-desaturase indices and body weight in plasma phospholipids and 
cholesteryl esters but there was a negative correlation between ∆5-desaturase indices and 
body weight in plasma phospholipids. The lack of correlations in cholesteryl esters could be 
due to the fact that the fatty acid composition in rats is different than the composition in 
humans. In rats, the dominating fatty acid in plasma cholesteryl esters is arachidonic acid 
(20:4), approximate 55 % in the control group. The dominating fatty acid (50%) in human 
cholesteryl esters is linoleic acid (18:2), 20:4 is only responsible for 5 % of plasma cholesteryl 
esters in human and 18:2 only 20 % in rats (Hodson et al 2008). The different fatty acid 
composition could affect the calculated desaturases indices and therefore the plasma 
cholesteryl esters might not be the optimal choice for comparing results between humans and 
rats. It is possible that the subcutanous adipose tissue is a better choice for establishing the 
actual activity in rats.  
 

4.5. The correlation between fatty acids and bodyweight 
A positive correlation has been found between the relative amounts of several fatty acids 
palmitic (16:0), palmitoleic (16:1), linoleic (18:1), γ-linolenic (18:3) and di-homo-γ-linolenic 
acid (20:3) in plasma cholesteryl esters and body weight (Warensjö et al 2004), metabolic 
syndrome (Warensjö et al 2005) and cardiovascular mortality (Warensjö et al 2008). In the 
HFD ad lib group in this study there was a positive correlation between a higher percent of 
16:0, 16:1 and 18:1 in subcutanous adipose tissue and increased body weight. In both liver 
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phospholipids and plasma phospholipids there was a positive correlation between higher 
percent of the fatty acid 20:3 and increased bodyweight. As discussed earlier, the plasma 
cholesteryl esters levels in humans are difficult to compare to the levels in rat, but this study 
shows that the same fatty acids are related to body weight in rat as in human although they are 
located in different tissues. Increasing stearoyl-CoA desaturase indices have been correlated to 
increased C-reactive protein, a marker for ongoing inflammation, and a higher percent of 
the fatty acids 16:0 and 16:1 in previous studies (Petersson et al 2008a and Petersson et al 
2008b). This indicates that stearoyl-CoA desaturase is involved in the low-grade 
inflammation that is common in obesity (Bastard et al 2006). The saturated fatty acid 16:0 has 
been shown to increase mRNA expression of IL6, thus promoting inflammation (Wiegert et al 
2004). In addition, Warensjö et al (2007) showed in a controlled randomized cross-over study 
that a diet rich in saturated fat increases the stearoyl-CoA desaturase indices. These findings 
illustrate that saturated fat could be one of the reasons for the relation between increased 
stearoyl CoA indices and increased inflammation. 

4.6. Insulin and leptin 
The HFD ad lib group had a significantly higher body weight than the control group and the 
HFD pair fed group. Levels of insulin and leptin in plasma were, as expected, significantly 
increased for the HFD ad lib group compared to the other groups, since increased levels of 
these hormones are related to increased food intake, body weight  and fat mass (Trayhurn & 
Bing 2006 and Polonsky et al 1988). The white adipose tissue is the main source of leptin 
(Ahima 2006) and in my study the mRNA expression level of leptin in subcutaneous adipose 
tissue was significantly higher in the HFD ad lib group compared to the other groups. This is 
consistent with the increased plasma levels of leptin in the HFD ad lib group, as well as 
showing that subcutanous adipose tissue is one of the main sources of the hormone. 

4.7. Adiponectin 
The plasma levels of adiponectin showed no significant difference between the groups but 
there was a significant positive correlation between plasma levels and body weight in the 
HFD ad lib group. Plasma levels of adiponectin are known to decrease with increasing 
body weight (Kadowaki & Yamauchi 2005), which differs from the results of my study. 
However, the mRNA expression level of adiponectin in epididymal adipose tissue was 
negatively correlated with bodyweight supporting the notion that secretion of adiponectin  
from adipose tissue decreases with increased body weight. One possible conclusion is that 
epididymal adipose tissue is not the main source of adiponectin, which would explain the lack 
of correlation between mRNA expression levels and plasma levels in this study.  

4.8. The neurobeachin knock-out mice 
The heterozygote neurobeachin (NBEA) knock-out mice have an increased bodyweight 
compared to wild type mice (Pawel Olszewski, unpublished data) and the NBEA knock out 
mice consume more of appetizing food than the wild type mice. My study showed that NBEA 
knock-out mice consumed significantly more of the palatable solutions containing fructose 
and glucose compared to the wild type mice. There was no significance between the groups 
regarding consumption of the solutions containing saccharin, saline and sucralose that were 
free from calories. These findings show that it is not only the taste that is responsible for the 
enhanced food intake but also the calorie content. This indicates that the NBEA knock-out 
mice have a disturbed reward system and it is possible that they could have a decrease in the 
effects of satiety signals compared to the wild-type mice 
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4.9. Future work 
This spring (2010), the mRNA expression level in liver and subcutanous adipose tissue of 
stearoyl-CoA desaturas, ∆6-desaturase and ∆5-desaturase are going to be measured by 
Jonathan Cedernaes, Department of Neuroscience, Uppsala University. This will hopefully 
clarify the actual activity of the enzymes in the different tissues and make clear the 
relationship between the mRNA expression of the desaturases, fatty acid composition and 
bodyweight. The mRNA expression of adiponectin in subcutaneous adipose tissue is also 
going to be measured in order to clarify the reason for the positive correlation between plasma 
adiponectin and bodyweight. 
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5. Materials and methods 

5.1. Biological material 

5.1.1. Animals, diets and sample collection 

44 male outbred Sprague-Dawley rats (Scanbur B&K, Sollentuna, Sweden) were randomized 
into three groups. The rats were 8 weeks old and had a bodyweight of 352 ± 2 g at the start of 
the study. They were allowed one week of adaptation to the animal facility conditions before 
the beginning of the experiment. Standard macrolon cages (type IV) with wood chip bedding 
and a wooden house for enrichment were housed with one animal per cage. The temperature 
was ambient, 21-22 °C, and 40-50% of humidity. A 12 hour light cycle was used with start at 
07.00 AM. The three randomized groups were control (n=10) receiving free access to 
standard rodent chow (R36, Lactamin/Lantmännen, Linköping, Sweden, 10 percent of energy 
from fat), HFD ad lib (n=24) receiving free access to a high-fat, high-sugar diet (HFD; 
D12451, ResearchDiets, New Brunswick, NJ, USA; 45 percent of energy from fat and 17 
percent of energy from sucrose) and HFD pair (n=10) with access to HFD but calorically 
restricted (paired) to match the control group. The experiment continued for 5 weeks and the 
animals’ body weight and food intake were measured daily during the first week and 
thereafter, during the rest of the study, 3 times per week. The animals were killed by 
decapitation after 5 weeks and trunk blood was collected followed by isolation of plasma 
using centrifugation. The plasma was stored at -80°C. Prefrontal cortex, nucleus accumbens, 
caudate putamen, hypothalamus, amygdala, hippocampus, brainstem, skeletal muscle, liver, 
pancreas, adrenal gland, epididymal adipose tissue, subcutaneous adipose tissue, 
retroperitoneal adipose tissue, mesenteric adipose tissue and brown adipose tissue were 
isolated and immersed in RNAlater (Ambion, Austin, TX, USA).  

5.1.2. The Neurobeachin knock-out mice 

The Neurobeachin heterozygote knock out mice (n=11) were compared to wild type (n=11) in 
order to find differences in food intake behaviour between the groups. Standard macrolon III 
cages were used with one animal per cage. The environment was temperature-controlled with 
a 12 hour light cycle with lights on at 07.00 AM. The mice received palatable solutions 
containing saccharine, saline, glucose, fructose or sucralose. When the mice received saline 
they also had free access to water. The mice received free access of one solution in a period of 
48 h with a wash out period for three days followed by a new period with another solution. 
The bodyweight, fat pads weight and consumption of food and the palatable solutions were 
measured each day meanwhile the received the solutions.  

5.1.3. Ethical statement 

The experiments and procedures were approved by the Ethical Committee for Use of Animals 
in Uppsala. The animal care procedures followed guidelines of Swedish (Animal Welfare Act 
SFS1998:56) and EU legislation on animal experiment (Convention ETS123 and 
Directive86/609/EEC). 
 

5.2. Isolation of RNA and cDNA synthesis 

5.2.1. RNA extraction 

The epididymal and subcutaneous adipose tissue samples that were isolated from the animals 
(described in section 5.1.1) were transferred from RNAlater to 1 ml of TRIzol (Invitrogen, 
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Sweden) in eppendorf tubes. The samples were then homogenized with a Branson sonifier 
(Branson Ultrasonics) until the tissue residues no longer were visible. The samples were 
cooled on ice in case they became warm during the homogenization. The homogenate was 
centrifuged at 13 000 g for 10 min at 4° C. The aqueous phase was transferred to new 
eppendorf tubes after the upper phase with fat was removed. 500 μl of TRIzol was added to 
each of the samples and the samples were incubated for 5 min at room temperature. Then, 300 
μl chloroform (Sigma-Aldrich) was added to the samples and the tubes were turned 
vigorously by hand for 15 sec. The samples were then incubated for 2-3 minutes at room 
temperature. 
 
After the incubation, the samples were centrifuged at 13 000 g for 15 min at 4 °C  which made 
the mixture separate in a lower phenol-chloroform phase (red), an interphase and an upper 
aqueous phase. The aqueous phase was moved to new eppendorf tubes. If any part of the lipid 
phase was transferred to the tubes, the centrifugation was repeated once more. 750 μl 
isopropanol was added to the aqueous phase and the sample vortexed. To precipitate the RNA 
the samples were incubated at -20° C for 2 h or over night. 
 
The samples were centrifuged at 13 000 g for 10 minutes at 4 °C to form RNA pellets. The 
supernatant was removed and the pellets were washed two times by adding 1000 μl 75% 
EtOH followed by vortex and after that centrifugation at 13 000 g for 5 minutes at 4 °C. All of 
the supernatant was removed after each washing. The pellets were dried briefly after the 
washing, 5 min was enough if all the supernatant was removed. The pellets were dissolved in 
21.4 μl RNAse-free water and 2.6 μl 10x DNAse Buffer (Roche Diagnostics, Sweden) was 
added afterwards. The samples were incubated at 75°C for 15 min.  

5.2.2. DNase treatment  

2 μl DNase I (Roche Diagnostics, Sweden) was added to each sample and they were thereafter 
incubated for 16 h at 17 °C followed by 75 °C for 15 min to denature the DNase. 

5.2.3. Confirmation of genomic DNA removal 

The isolated RNA should be free from DNA and proteins. The RNA was therefore tested 
using PCR amplification and gelelectrofores to discover possible contamination from DNA. 
Each PCR sample contained 10 μl, of which 0.5 μl was template RNA sample and 9.5 μl 
mastermix. 9.5 μl mastermix contained 1 μl 10x Buffert (Biotools B & M labs), 0.3 μl 50 mM 
MgCl2 (Biotools B & M labs), 0.25 μl DMSO (SERVA), 0.1 μl 20 mM dNTP (Fermentas), 1 
μl primer mix (forward and reverse primer of GAPDH (table 1) with concentration of 10 
pmol/μl of each primer), 0.1 μl Taq DNA polymerase enzyme (Biotools B & M labs) and 6,75 
μl H2O. The samples were amplified by the PCR-program: 95 °C for 3 min- repeated once. 95 
°C for 30 sec, 58 °C for 30 sec and 72 °C for 45 sec - repeated 35 times. 72°C for 5 min-
repeated once. 
 
A 2% agarose gel was prepared by heating 4 g agarose (Conda) and 200 ml 1xTAE buffert 
(0.484 % Tris base (Sigma), 0.114% glacial acetic acid (Merck) and 0,037 % 
ethylenediamine tetraacetic acid (Prolabol) in distilled H2O) followed by adding 4 μl EtBr 
(0.5 mg/100 ml (Sigma)). The gel was run in 1xTAE buffer at 130 V for approximate 30 min. 
If the RNA was free from contamination (no DNA fragments observed in the agarose gel) the 
concentration of RNA was measured by using a Nanodrop ND-1000m Spectrophotometer 
(NanoDrop Technologies, USA), otherwise the DNAs treatment was repeated. 
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5.2.4. cDNA synthesis 

12 μl of template (5 μg of total RNA together with Milli-Q water) were mixed with 0.5 μl 20 
nM dNTP (Fermentas) and 0.5 μl random hexamers (1/6.25, Sigma) followed by an 
incubation for 5 min at 65°C.  After the incubation 4 μl 5x First Strand buffert (Invitrogen), 2 
μl 0,1 M dithothreitol (Invitrogen) and 1 μl reverse transcriptase (GE Healthcare, Solna, 
Sweden) were added. The samples were incubated at 25°C for 10 min followed by incubation 
at 37 °C for 1 hour. The samples were thereafter heated to 95°C for 15 min. The cDNA 
samples were diluted to100 ng/μl with Milli-Q water. 

5.3. Quantification of mRNA expression by quantitative real-time PCR 
Quantitative real-time PCR (qPCR) was used to quantify the relative mRNA expression levels 
of the genes of interest. The expression levels of six housekeeping genes, listed in table 1, 
were used to determine the most stable housekeeping genes and the normalization factor for 
them with GeNorm software (Vandesompele et al 2002). Forward and reverse primers for 
housekeeping and analyzed genes are presented in table 1 together with the annealing 
temperature for each primer. qPCR was performed using an iCycler real-timer detection 
instrument (Bio-Rad Laboratories) in a 20 μl final reaction volume containing 5 μl of cDNA 
sample, 9.52 μl H2O, 1x reaction buffert (Biotools B & M labs), 0.2 μl dNTP (Fermentas), 1.6 
μl MgCl2, 0.05 μl of each primer (forward and reverse), 1.0 μl DMSO (SERVA), 0.5 μl 
SYBR Green (1:50 000) and 0.08 μl Taq DNA polymerase (Biotools B & M labs) and the 
samples were analysed in duplicates. The data were analysed using Bio-Rad IQ5 (Bio-Rad 
laboratories, Sweden) and LineRegPCR software (Ramakers et al 2003). Analysis of variance 
(ANOVA) was used to compare the gene expression between the groups followed by Tukey’s 
post hoc test (Newman.Keuls post hoc test was used for the gene SCD-1 due to large variation 
in the control group). GraphPad Prism 5 (GraphPad software, Inc, La Jolla, CA, USA) was 
used to perform the statistical analysis. 
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Table 1. qPCR primers 

  
Transcript 

 
Accession 

 
Forward primer 

 
Reverse primer 

 
Ta1 

 
Tm2 

House 
keeping 
genes3 

      

 ACT BC063166 cactgccgcatcctcttcct aaccgctcattgccgatagtg 53 86 
 CYCLO M19533 gagcgttttgggtccaggaat aatgcccgcaagtcaaagaaa 51 84 
 GAPDH X02231 acatgccgcctggagaaacct gcccaggatgccctttagtgg 55 89 
 H3 XM_235304 attcgcaagctccctttcag tggaagcgcaggtctgttttg 51 84 
 RPL19 NM_031103 tcgccaatgccaactctcgtc agcccgggaatggacagtcac 54 86 
 TUB 

 
NM_173102 cggaaggaggcggagagc agggtgcccatgccagagc 57 92 

Analyzed 
genes4 

      

 ABCA6  caagctcggatactgccctca ttcttcctcagccccttcaca 60.1  
 ADIP BC092565 ttcacctacgaccagtatcag gcatagagtccattgttgtcc 53.1 88.2 
 ADAMTS

5 
 tccgtcattagccacagag gtgtcacaggtcctagagcag 62  

 CTNNBL  ggatgatgaggaagaagaactg gccgtccctgtcaataatc 60.5  
 LEP NM_013076 tcctgtggctttggtcctatctg cctggtgacaatggtcttgatgag 51.8 84.3 
 LMCD1  agttcgtcaagcagtacaagagcg ggtggttggggcagtggtc 60.1  
 MGAT1  accattctgccagtgtttcc caatatgccccgaacatacc 60.1  

 MGAT2  catcactggtggtggaag cgaatggtggtgtaggtc 58.2  
 MGAT3  aagatgagacgctacaag gctggatatgaggttagg 55.7  
 NASP  ccaagctgtggaggagtttc agatttgccaaactgtgctac 55.7  
 NBEA  cacattttattcaatcccgccatc actgtcccaactctgcgtatg 60.5  
 NKAIN3  tgacttcctcggcttcc gcagatgatgaacacattcc 58.2  
 PALM  cgacgaggacatgaggaag caccgaactccaggacatc 58.2  
 PCSK2  atcacagtcaacgcaaccag gaaaggccacttgtcaaagc 61.3  
 PIK3C2G  tcctggagaaatcccacaag atgttcggtccctgattgtc 61.3  
 RAB15  tgcaggctcacaggaaag ccttcagttttgccttcgtc 58.2  
 RXRA  cttctctacccaggtgaactc ccagaggagagccgagtc 62  
 SLC6A17  tggagcagca?gaagcc gcagcctctgaagatttattg 61.3  

 SLC6A19  ccactcaaccagaatcagaca acggatacacacatacagaacac 60  

 SLC18A4  ccgatatttattgccatgtgtttc gcctttgccaggatggaagac 60  

 SCD-1  cctacacgaccaccacta tcaggacggatgtcttcttc 60.1  

 TXNDC8  catgtttgctcaggtggatg tggaatgtgggcactacttg 58.2  

 UNC13B  ctaagcacggagctgaggac ccatccaggacactctgctt 60.1  

 USP15  actgacgggacacaaaaagc tatgcctggtgtcgtctttg 62  
1 Ta, annealing temperature 
2 Tm, product melting point.  
3 House-keeping genes; ACT, β-actin, CYCLO, cyclophilin; GAPDH, glyceraldehyd-3-phosphat-dehydrogenase; 
H3, histone H3; RPL19, ribosomal protein L19; TUB, β-tubulin. 
2 Analyzed genes are described in section 2.3. 

5.4. Fatty acid composition 
The fatty acid composition in liver phospholipids, liver triacyl glycerides, plasma 
phospholipids, plasma cholesteryl esters and subcutaneous adipose tissue triacyl glycerides 
were measured by Siv Tengblad at the Department of Public Health and Caring Sciences, 
Uppsala University, using gas liquid chromatography as describe previously (Broberg et al 
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1985). The stearoyl-CoA desaturase indices were established by calculating the ratio of the 
fatty acids16:1/16:0 (SCD16) and 18:1/18:0 (SCD18) and the ∆6-desaturase and ∆5-
desaturase indices were determined by calculating the ratio of 18:3/18:2 and 20:4/20:3 
respectively. The statistical analyses were performed using Graph Pad Prism 5. 
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