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11 Introduction 

 

Obesity is a metabolic condition, which left as untreated can lead to the severe diseases, 
like type 2 diabetes, atherosclerosis, certain types of cancer and heart diseases. Energy 
restricted diet or exercising are efficient ways to manage weight but for seriously obese 
people extra means are often necessary. In addition, people prefer easy ways of losing 
weight and thus, dietary supplements supporting weight control are popular. 

Conjugated linoleic acid (CLA) is one of the supplements marketed as a weight-loss 
agent. CLA refers to a group of isomers of linoleic acid having double bonds in conjugated 
position, i. e. are separated by a single carbon (Figure 1). The cis-9,trans-11 and trans-
10,cis-12 isomers are the most abundant isomers in in the dairy based food products, but 
minor amounts of other isomers 
have also been detected (Fritsche et al., 1999). The antiobesity property has been 
connected to one of the isomers: t10,c12 CLA (Park et al., 1999). 

 

 

Figure 1. Conjugated linoleic acids differ from linoleic acid by having two double bonds 
in conjugated position. The cis-9,trans-11 and trans-10,cis-12 CLA have proven to induce 
health-beneficial effects in mammals. 

 

The origin of CLA in nature is rumen metabolism and it is a result of incomplete 
biohydrogenation of linoleic acid to stearic acid (Kepler et al., 1971). Ruminal CLA consists 
mainly of the c9,t11 isomer and only minor amounts of the antilipogenic t10,c12 isomer 
exist in nature (Parodi, 2003). For dietary supplements, CLA is produced chemically by 
alkali isomerization of linoleic acid (Nichols et al., 1951, Ma et al., 1999, Sæbø, 2001). The 
process results in roughly equal amounts of c9,t11 and t10,c12 CLA isomers comprising 
around 65-90 % of fatty acids (FA) and also minor amounts of other CLA isomers, such as 



2 
 

t8,c10, c11,t13 CLA, can be present (Sehat et al., 1998; Sæbø, 2001). The c9,t11 CLA 
isomer does not contribute to weight loss but it has been suggested that many health 
benefiting properties, such as antidiabetogenic, anticancer and anti-inflammatory 
properties, are the results of combined actions of these two isomers (Park et al., 2009; Park 
et al., 2015; Yang et al., 2015). The ability of the t10,c12 isomer to inhibit fat accumulation 
in mammals has been evidenced by countless studies, but the exact mechanism could not 
have been fully clarified. Due to the possible severe health risks associated to the t10,c12 
CLA isomer further studies are needed to explain the functionality of the isomer. 

Yeast Saccharomyces cerevisiae has been successfully utilized as a model organism to 
study mammalian metabolism. Especially noteworthy have been the advances in the 
studies of lipid metabolism by using yeast cell as a model, because lipid metabolism is well 
conserved among eukaryotes. S. cerevisiae is a eukaryotic organism with the best known 
genome, lipidome and proteome. The effects of intrinsic and extrinsic factors, e. g. genetic 
modification, environmental stress or external supplements, on lipid uptake, synthesis, 
trafficking, and degradation can be easily studied in yeast by using different techniques. 
Thus, S. cerevisiae is a potentially feasible tool to clarify also the antiobesity mechanism 
of the t10,c12 isomer. Cultivation of the yeast in the presence of the t10,c12 CLA isomer 
could reveal facts about how the isomer affects lipid distribution in yeast cells and how 
genetic and enzymatic factors affect its function. In this study the effects of the c9,t11 and 
t10,c12 CLA isomers on yeast lipid metabolic pathways were examined. If the lipid 
reducing effect of CLA is clear in yeast, the searching of the antilipogenic mechanism in 
mammals could concentrate on the processes which are homologous between mammals 
and yeast. 

 

11.1 Mammalian lipid metabolism in brief 
 

Fat has often a negative connotation in the context of human health. However, fat 
consisting of different lipids has vital roles in metabolism as signaling molecules, 
membrane components, water barrier of the skin, insulation layer and energy reservoir 
(Elias, 1983; Nunez, 1997; Gesta et al., 2007; Alexander et al., 2015).  

The attributes of lipids are highly dependent on their FA composition. FA as free acids 
are rarely present in natural systems but rather the fatty acyl groups are often bound to 
different carriers (e.g. Coenzyme-A (CoA), proteins) or structures (e.g. glycerol, 
sphingosine, cholesterol). When bound to CoA (Figure 2A), FA are in the activated form 
and they can react to form different structures or they can be degraded, desaturated or 
elongated. Esterification of acyl groups to all three hydroxyls of glycerol forms a 
triacylglycerol (TAG), which stores FA in the neutral form (Figure 2B). Glycerol is the 
backbone also in membrane glycerophospholipids, e. g. phosphatidylcholine (Figure 2C).  
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FFigure 2. Fatty acids can be bound to CoA-carrier (A) or esterified to glycerol (B, C) 
forming neutral lipids or glycerophospholipids. 

 

 

1.1.1 Membrane lipids 
 

Cellular membranes are composed of phospholipids, which is a divergent group of 
diacylglycerols (DAG) supplemented with an alcohol moiety (serine, ethanolamine, choline 
or inositol) attached to a phosphate group in the alcohol group of glycerol sn-3 position 
(Hussein et al., 2013). Phosphatidic acid (PA) is a precursor of glycerophospholipids but 
the core molecule can be also sphingosine instead of glycerol. Glycerophospholipid 
synthesis is regulated by the action of phosphatidate phosphatase-1 (PAP; LIPIN1), which 
determines whether PA is directed to the TAG or phospholipid synthesis pathway 
(Carman and Han, 2006). Phospholipids associate to form layers, where the hydrophilic 
side of alcohol moieties is pointed towards the aqueous environments and the lipophilic 
FA moieties towards the hydrophobic systems (Hussein et al., 2013). Cellular membranes 
are often bilayers where the FA moieties form the interior of the membrane. However, the 
membranes surrounding structures having hydrophobic lipid core, such as lipoproteins or 
lipid droplets (LD), monolayer of phospholipids around the core is formed.  

A proper ratio of unsaturated FA (UFA) to saturated FA (SFA) is essential to ensure 
correct fluidity of the membrane. Membrane FA interact mainly through van der Waals 
forces and therefore the distance between FA is important factor determining membrane 
rigidity and melting point (Cook, 1991). Cis-double bonds in the FA chain increase the 
distance between the acyl chains and lower the melting temperature. Defects to control 
membrane lipid homeostasis has been reported to expose to several diseases such as 
cardiovascular diseases, obesity, neuronal dysfunction and cancer (Enser, 1975; MacGee, 
1981; Khoo et al., 1991; Li et al., 1994; Pan et al., 1994; Jones et al., 1996). The key enzyme 
controlling the degree of unsaturation in membrane lipids is stearoyl-CoA desaturase 
(SCD1), which is the rate-limiting enzyme in the formation of monounsaturated FA 
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(MUFA), and it is found in all type of organisms (Klempova et al., 2013). Monounsaturated 
oleic and palmitoleic acids are the major FA in the membrane structures and they are 
synthesized de novo by SCD1 or ingested from the diet. Membrane fluidity and 
functionality is modulated positively also by -3 and -6 polyunsaturated FA (PUFA), 
which have a double bond beginning from the 3rd or 6th carbon counting from the methyl 
end (  –carbon) of the fatty acyl chain and thus nominated as -fatty acids (Hussein et al., 
2014). These PUFA cannot be synthesized in mammals and thus they need to be obtained 
from the diet.  

 

11.1.1.1 Membrane proteins 
 

Cellular membranes accommodate also proteins, whose content in the membrane can be 
as high as 60% (Hussein et al., 2013). Proteins are associated in the membranes in 
different mechanisms. So called integral proteins are permanently attached in the 
membrane and can span over the membrane or be anchored on the either side of the 
membrane. Peripheral proteins are adhered to the membrane lipids or integral proteins 
by weaker electrostatic or hydrophobic interactions (Figure 3). Integral proteins include 
various channels, receptors and transporters whereas the peripheral proteins are often 
enzymes involved in the cellular signaling pathway. Signal transduction proteins are often 
located in so called raft domains of the membranes, which are composed mainly of 
sphingolipids and cholesterol and enriched with SFA (Pike, 2003). Long chain PUFA have 
proven to affect positively the functionality of the raft processes (Calder and Yacoob, 2007; 
Li et al., 2007). Even if the PUFA cannot incorporate in rafts due to low affinity to 
cholesterol, they are able to modulate the raft structure and composition when located in 
the membrane domains surrounding the rafts. Head group of the phospholipids may be 
neutral (phosphatidyl ethanolamine, phosphatidylcholine) or have negative charge (PA, 
phosphatidyl glycerol, phosphatidyl serine, phosphatidylinositol) (Whited and Johs, 2015). 
Peripheral proteins can be adhered to the negatively charged membrane regions if they 
have positively charged domains. They may also interact with the membrane via 
hydrophobic interactions. These type of proteins usually contain a covalently bound lipid 
anchor, which targets the protein to the membrane. 
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FFigure 3. Integral membrane proteins (A and B) are permanently resident in the lipid 
bilayer membrane. Peripheral proteins (C) are adhered to the membrane and/or integral 
proteins through weaker interactions. 

 

Incorporation of proteins changes the ordered bilayer structure of the membrane. 
Protein conformation and function is affected by the non-specific interactions between the 
protein itself and the surrounding membrane, which has different physical properties 
depending on the FA composition: thickness, elastic moduli and monolayer curvature 
(Lundbaek et al., 2010). Function of proteins, which act as ion channels, is also dependent 
on the correct membrane potential, which is affected by membrane fluidity (Lundbaek et 
al., 1996). Planar bilayer membrane has certain hydrophobic thickness, which may be 
different from the thickness of the membrane protein. In this case the FA chains in 
phospholipids can stretch or compress to provide hydrophobic surface (Lee, 2004c). 
Alternatively, the protein can adopt conformation which supports the hydrophobic match 
(Lee, 2003). Curvature frustration occurs also when a part of the protein, e.g. alpha-helix, 
is bound to the head group region of the lipid bilayer (Attard et al., 2000; Lee, 2004c) 
(Figure 4). Fatty acids of the neighboring lipids need to fill in the empty space formed 
below the protein (Lee, 2004c). Phospholipids which have small head group and large 
chain area, such as di-C18:1-phosphatidylethanolamine, favor these type of structures. 
While the bulk lipids serve as a solvent for membrane proteins interacting non-specifically 
with the protein, there exist also specific interactions between the integral proteins and 
membrane lipids (Lee, 2003; Lee, 2004c). Lipids may act as co-factors of the proteins when 
bound to protein structures, e.g. -helices or protein subunits.  
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FFigure 4. Insertion of a protein domain in the head group region of a lipid bilayer creates 
inside the layer empty space, which need to be filled by the phospholipids, which have a 
favorable structure (red). 

 

1.1.1.2  Fatty acids as signaling molecules 
 

Long-chain FA (LCFA) (14-20 carbons) regulate several metabolic functions of the body 
and act primarily through membranes. Whether the FA affect cellular functions positively 
or negatively in terms of health is dependent on its physicochemical properties determined 
by degree of unsaturation, chain length and branching. After recognition of a stimulus, 
phospholipases hydrolyze membrane FA, which thereafter function as intra- or 
extracellular signaling molecules: free FA or DAG (Miles and Calder, 1998) (Figure 5). 
Inside the cells, the FA-based signal molecules can enter the nucleus and activate or 
inactivate genes through binding to transcription factors, which leads to regulation of the 
genes accordingly. Outside the cells the FA are converted to eicosanoids, such as various 
prostaglandins, thromboxanes and leukotrienes, which act as local hormones e.g. by 
activating inflammation, affecting nervous signals and regulating gastric secretions 
(Hussein et al., 2013). Which eicosanoids are formed depend on the FA composition of the 
membrane, because the eicosanoid forming enzymes are competing of the same substrates. 
E.g. the -3 PUFA favor anti-inflammatory eicosanoid formation whereas the -6 PUFA 
have an opposite effect (Calder, 2006). 
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FFigure 5. Free fatty acids (FFA) liberated from cellular membranes by phospholipases 
(PL) act as signaling molecules or their precursors intra- and extracellularly. 

 

In  energy metabolism the LCFA-mediated regulation occurs through the nuclear 
receptor family of transcription factors (peroxisome proliferator activated receptors, 
PPARs), which form a heterodimer with retinoid-X receptor (RXR) and the complex binds 
to peroxisome proliferator response element (PPRE) on the genes under regulation 
(Marcus et al., 1993; Juge-Aubry et al., 1997). Liver and gastrointestinal tract are the 
predominant expression sites of PPAR , which after binding to the ligands induces genes 
involved in mitochondrial -oxidation. PPAR  is expressed in skeletal muscle for 
adaptation to use LCFA during endurance exercise and fasting (Muoio et al., 2002; Wang 
et al., 2004). Differentiation of preadipocytes to mature adipocytes is regulated by a 
transcription factor PPAR , which regulates several adipogenic genes, such as lipoprotein 
lipase (LPL), perilipin, adipocyte FA binding protein (aP2), insulin-dependent glucose 
transporter (GLUT4), and targets glucokinase and 6-phospho-fructo-2-kinase (PFKFB3) 
in the adipose tissue (Tontonoz et al., 1994; Schoonjans et al., 1996; Wu et al., 1998; Guan 
et al., 2002; Arimura et al., 2004; Guo et al., 2010). LCFA bind all types of PPARs and 
activate or inactivate the target genes depending on the length and desaturation of FA. 
The -3 PUFA and eicosanoids derived of these FA have shown to favor development of 
improved blood lipid profile and glucose control and inflammatory responses through 
PPARs resulting in the lowered risk of cardiovascular disease (Calder, 2012). In addition, 

-3 PUFA are inhibitors of another transcription factor of energy metabolism: sterol 
regulatory element binding protein 1c (SREBP-1c), which induces fatty acid and 
triglyceride synthesis in liver (Xu et al., 1999; Xu et al., 2002; Teran-Garcia et al., 2007). 

Also inflammatory pathways are in many terms regulated by long chain PUFA. The 
transcription factor NF B, which upregulates inflammatory factors such as inflammatory 
cytokine, adhesion molecule, nitric oxide synthase (NOS) and cyclooxygenase-2 genes, is 
inactivated by -3 PUFA (De Caterina and Libby, 1996; Khalfoun et al., 1997; de Caterina 
et al., 1999; Zhao et a., 2004; Weldon et al., 2007). Instead, SFA, especially lauric acid, 
activated NF B (Lee et al., 2001). The resolvins and protectins, which mediate anti-
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inflammatory, inflammation resolving and immunomodulatory actions especially in 
neuronal tissue, are derived from -3 PUFA (Serhan et al., 2000; Serhan et al., 2002; 
Bazan et al., 2009). In addition, the anti-inflammatory GPR120 expressed on 
inflammatory macrophages is activated by docosahexanoic acid (DHA) and 
eicosapentanoic acid (EPA) but not by arachidonic acid (ARA), palmitic or myristic acids 
(Oh et al., 2010). 

 

11.1.2 Absorption of dietary lipids 
 

The intestine is the site of absorption of dietary components. The majority of dietary 
lipids are in the form of TAG but also phospholipids and cholesterol are present in the 
diet. Lipids are not dissolved in aqueous system as such but the bile salts secreted by gall 
bladder are associated with lipids to form micelles, which have hydrophilic surface formed 
of ester bonds of lipids (de Aguiar Vallim et al., 2013). These micelles offer action surface 
for pancreatic lipases, which hydrolyze dietary TAG and phospholipids to free FA and 2-
monoacylglycerols, which are absorbed by the epithelial cells of intestine and transported 
to mucosal cells. TAG are resynthesized and packed with lipoproteins into structures 
called chylomicrons, which transport also cholesterol and fat-soluble vitamins (Figure 6). 
Phospholipids are organized to form a membrane surrounding the lipoprotein. The protein 
components of lipoproteins, apo-B/E/C, direct the lipoproteins to their correct destinations 
and act as cofactors of the enzymes of lipid metabolism. Chylomicrons are secreted to 
lymphatic system and further to blood. Once the chylomicrons are recognized by 
endothelial cells, membrane bound LPL attached to the vessels act on chylomicron surface 
and hydrolyze TAG to free FA (FFA), which enter the cells of the recipient tissue (Frayn, 
1998). The amount of liberated FFA from lipoproteins is dependent on activity of LPL, 
which is stimulated by insulin (Karpe et al., 2011, McQuaid et al., 2011). In skeletal and 
cardiac muscle, these fatty acids are oxidized for energy, whereas in the adipose tissue 
they are re-esterified to TAG for storage. The distribution of LPL-activity between muscle 
and adipose tissue determines how lipids are utilized in the body and thereby regulates 
obesity and weight-loss (Wang and Eckel, 2009). Part of the FA released by LPL do not 
enter the cells but are bound to albumin and continue circulation as non-esterified FA 
(NEFA) until their entrapment by liver or other recipient tissue (Evans et al., 2002; 
Lambert and Parks, 2012). The remaining, cholesterol rich chylomicrons continue in the 
circulation and after they have lost their major content of TAGs, the chylomicron remnants 
are directed to the liver. Liver is also a major site of TAG and cholesterol synthesis 
(Takeuchi and Reue, 2009). The lipids which are not utilized by the liver own needs, are 
secreted as very low density lipoprotein (VLDL) to blood for redistribution of the lipids to 
the requiring tissues (Indra, 2014). 
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FFigure 6. Lipoproteins (chylomicron, chylomicron remnant and VLDL) transporting TAG 
and cholesterol from dietary sources and liver to tissues. CHOL = cholesterol, PhL = 
phospholipids, NEFA = non-esterified fatty acid, VLDL = very-low-density lipoprotein. 
Lipoproteins are surrounded by a phospholipid membrane and apoproteins (e.g. Apo-B-48, 
Apo-B-100 and Apo-E). 

 

1.1.3 FA and TAG synthesis 
 

The diet serves as an important source of lipids but mammalian cells can also synthesize 
lipids from the acetyl-CoA formed in the carbohydrate or protein metabolism. Acetyl-CoA 
carboxylase (ACC) is the rate-limiting enzyme in FA synthesis: It catalyzes the production 
of malonyl-CoA from acetyl-CoA and activated CO2 at the expense of ATP (Cronan and 
Waldrop, 2002). The enzyme is regulated hormonally by insulin, which activates the 
enzyme through dephosphorylation by a phosphatase. Glucagon and epinephrine have the 
reverse effect on the activation. Activation by dephosphorylation is enhanced by ATP, and 
also citrate in high concentrations can activate the carboxylase by polymerization of 
inactive enzyme filaments. That is, the signals of surplus energy stimulate FA synthesis. 
Instead, AMP-activated protein kinase (AMPK) phosphorylates the enzyme, when energy 
is scarce. The synthesis continues by sequential addition of acetyl-CoA moieties into the 
growing FA chain. Mammalian FA synthase (FAS) is a multienzyme complex having the 
key enzymes covalently combined, which ensures the coordinated action of the enzymes. 
The end-product of the synthesis is palmitoyl-CoA (C16:0). For the desaturation and 
elongation reactions the nascent FA can be transported to ER from the cytoplasm, which 
is the site of FA synthesis. The ER resident desaturase SCD1 plays a vital role in de novo 
lipogenesis, and it is induced by insulin (Ntambi, 1995), glucose and fructose (Miyazaki et 
al., 2004), SFA (Sampath et al., 2007) and SREBP-1c (Shimoura et al., 1998). 
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TAG synthesis begins by formation of PA from glycerol-3-phosphate by sequential 
addition of two FA chains in the sn-1 and sn-2 positions by glycerol-3-phosphate 
acyltransferases (GPAT1, GPAT3 and GPAT4) and acyl-CoA:acylglycerol-3-phosphate 
acyltransferase (AGPAT) located at mitochondrial and ER membranes (Coleman and 
Mashek, 2011). PA is a common intermediate in the formation of all glycerides and is 
dephosphorylated to DAG in the TAG formation pathway by PAP (LIPIN1, LIPIN2, 
LIPIN3). The expression, phosphorylation and subcellular localization of PAP are 
controlled by FA, sterols and metabolic signals, such as glucocorticoids, glucagon and 
cyclic AMP (cAMP) (Chen et al., 2015), which are thus the key regulators of TAG synthesis. 
DAG is acylated with cytoplasmic acyl-CoA by DAG-acyltransferases (DGAT1 and 
DGAT2), which are located at ER (Figure 7). The current view proposes that synthetized 
TAG are collected between ER membrane monolayers and simultaneously the LD are 
formed on the cytoplasmic site of the membrane (Coleman and Mashek, 2011). 

 

 

FFigure 7. TAG synthesis is carried out by enzymes located in the membranes of 
mitochondria and ER. PA = phoshatidic acid, GPAT = glycerol-3-P-acyltransferase, 
AGPAT = acyl-CoA:acylglycerol-3-phosphate acyl transferase, PAP = phosphatidate 
phosphatase, DGAT = diacylglycerol acyltransferase. 

 

1.1.4 Lipid mobilization in mammals: TAG hydrolysis and FA oxidation 
 

TAG stores from adipose or muscle tissue are hydrolyzed to release energy when 
required. TAG are degraded via serial hydrolysis steps from the glycerol backbone by 
enzymatic action: The first FA is released by adipose TAG lipase (ATGL), which is the 
rate-limiting enzyme of the lipolytic pathway (Zimmermann et al., 2004). Hormone-
sensitive lipase (HSL) has the highest activity towards DAG (Haemmerle et al., 2002), and 
monoacylglycerol lipase (MGL) and hydrolyses the remaining monoacylglycerol (MAG) 
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(Fredrikson et al., 1986). The lipolytic pathway is strictly controlled by hormones and 
nutritional status. Upon energy need the signal is mediated to -adrenergic receptor to 
activate cascade, which leads mobilization of TAG stores (Figure 8). Adenylate cyclase is 
activated by interaction with G-protein of -adrenergic receptor and stimulates conversion 
of ATP to cAMP (Lafontan and Berlan, 1993). Increased cAMP levels activate protein 
kinase A (PKA), which phosphorylates HSL and LD associated protein perilipin 1 (PLIN1) 
(Stalfors et al., 1984; Greenberg et al., 1991). Consequently, HSL is translocated to the 
surface of the LD, and PLIN1 activates ATGL through interaction with the CGI-58 
hydrolase (Egan et al., 1992; Lass et al., 2006). Insulin inhibits lipolysis through 
phosphatidylinositol 3-kinase (PI3K), which launches a cascade resulting in the hydrolysis 
of cAMP and thus inhibition of PKA. Released FFA are directed to muscle or liver for 
oxidation and glycerol is processed by gluconeogenetic pathway in liver (Lafontan and 
Langin, 2009). Intermediates of TAG hydrolysis, such as DAG, lyso-PA and PA, can act as 
signaling molecules controlling expression of certain genes (Coleman and Mashek, 2011). 

 

 

 

FFigure 8. TAG mobilization cascade is initiated by a stimulus of the -adrenergic receptor 
( -AR), which activates adenylate cyclase (AC) through interaction with G-protein. This 
leads to formation of elevated levels of cAMP (cyclic AMP) by AC. Protein kinase A (PKA) 
is activated and phosphorylates perilipin 1 (PLIN1) and hormone-sensitive lipase (HSL). 
Adipose tissue lipase (ATGL) obtains induction through CGI-58 protein, which launches 
the TAG hydrolysis. IR = insulin receptor, PI3K = Phosphatidylinositol 3-kinase 

 

FA oxidation occurs in mitochondria. Adaptation of muscle and liver to utilize FA as 
carbon source occurs during fasting and exercise. Besides hormonal control and influx of 
calcium (in muscle), transcription factors such as PPARs, liver-X reseptor (LXR), SREBP-
1c, and hepatocyte nuclear factor 4 (HNF4) regulate FA oxidation (Nakamura et al., 2014). 
PPAR  and PPAR  are specified to induction of FA -oxidation. In the liver, the main role 
of PPAR  is to induce malonyl-CoA decarboxylase (Lee et al., 2004a). This enzyme 
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catalyzes degradation of malonyl-CoA, which is a strong inhibitor of carnitine 
palmitoyltransferase (CPT1), key regulatory enzyme of -oxidation. Also other enzymes 
related to FA oxidation, such as electron-transferring flavoprotein dehydrogenase 
(ETFDH) and trifunctional protein  (HADHA), especially during fasting, are targets of 
PPAR  (Kersten et al, 1999; Lee et al., 2004b; Cheon et al., 2005). In skeletal muscle, 
PPAR  activity exceeds that of PPAR  (Nakamura et al., 2014). FA oxidation reactions 
occur in mitochondrial matrix and the enzymatic cascade degrades FA to the end product: 
acetyl-CoA. Very long chain FA (> 20 carbons) are first directed to peroxisomes, where 
they are pre-shortened before complete oxidation in mitochondria or peroxisomes (Reddy 
et al., 2001; Ploier et al., 2006). In peroxisomes also isoprenoid-derived fat soluble 
vitamins, certain leukotrienes and prostaglandins are degraded (Ploier et al., 2006). 

 

11.1.5 Summary 
 

The metabolism of an organism is largely regulated by action of lipids. Cellular 
membranes are dynamic atmospheres where the specific and non-specific interactions of 
lipids with membrane bound proteins control the metabolic processes and lipid-based 
signal molecules are formed. FA profile in the cellular membranes determines the signal 
quality and cellular response, because the signal molecule forming enzymes are competing 
of the substrates. FA are mainly obtained from the diet but cellular machinery for FA de 
novo synthesis exists. Lipoproteins are the vehicles transporting lipids to organs. 
Adipocytes in adipose tissue and muscles serve as lipid storage compartments and provide 
the FA for the cellular needs, when diet is scarce in lipids or during the long aerobic 
exercise. By fatty acid mediated signals the balance between lipid storage and oxidation 
can be modified. 

 

1.2 Antiobesity mechanisms of trans-10,cis-12 CLA in mammalian cells 
 

CLA isomers having cis- and trans-double bonds in conjugated conformation induce 
unique health beneficial effects in mammalian cells. However, also detrimental effects 
have been reported. It is still unclear how the CLA effects exactly emerge and what kinds 
of cascades the CLAs trigger. The mechanism behind the antiobesity effect and the 
efficiency of CLA supplementation in lipid reduction has been studied in several models, 
such as mice, rats, hamsters, broilers and pigs (Park et al., 1999; Azain et al., 2000; Du et 
al., 2003; Xu et al., 2003; Bissonauth et al., 2006; Jiang et al, 2010) and humans (Blankson 
et al., 2000; Whigham et al., 2007; van Wijlen, 2011; Park et al., 2015). The studies of the 
isomer-specific effects of CLA have usually used mammalian cell cultures (for example 
Evans et al., 2000; Kang et al., 2001; He et al., 2006; Yeganeh et al., 2016).  

The isomers of CLA incorporate into the cellular membrane lipids (Agatha et al., 2004; 
Burdge et al., 2004; Huot et al., 2010), preferably into phosphatidylcholine (Subbaiah et 
al., 2011). The CLA isomers have shown to be enriched in raft domains and thus they are 
potential regulators of membrane bound proteins and signal transduction processes. The 
isomers favor sn-1 position of phospholipids, which is untypical for unsaturated FA, which 
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are normally bound into sn-2 position (Subbaiah et al., 2011). Therefore, the duration of 
CLA functionality may be longer, because the occurrence of sn-2 phospholipases (PL2) 
usually exceeds that of PL1. Incorporation of the isomers lowered the UFA content in the 
membrane (Huot et al., 2010; Burdte et al., 2004; Subbaiah et al., 2011). The t10,c12 CLA 
isomer showed higher affinity to cholesterol compared to c9,t11 CLA or linoleic acid 
(Subbaiah et al., 2010) and this apparently resulted in higher incorporation of cholesterol 
in rafts in the t10,c12 CLA treated CHO (Chinese hamster ovary) cells (Subbaiah et al., 
2011). This type of changes in membrane composition and fluidity can be expected to affect 
the membrane capacity to bind proteins, which may lead to changes in protein content and 
activity. SFA content after CLA binding remained unchanged (Subbaiah et al., 2011) and 
the authors suggested that the preservation of SFA content was the rescue mechanism for 
the cells to maintain correct membrane fluidity. Thus, the membrane incorporation 
properties of the isomers differ si -3 PUFA in the 
membranes. 

For the antilipogenic mechanism has been proposed either a nuclear theory, according 
to which CLA acts as a ligand for a family of nuclear receptors, e. g. PPARs, and thus 
affects the regulation of several genes of lipid anabolism and catabolism (reviewed e.g. by 
Kennedy et al., 2010; Yang et al., 2015). Another theory supports the modulation of 
cytokine production by CLA according to which CLAs partly replace linoleic acid and 
arachidonic acid in membrane phospholipids and compete for the same enzymes in the 
formation of thromboxanes, prostaglandins and prostacyclins. Conjugated intermediates 
disturb normal eicosanoid synthesis, which leads to the reduced stimulation of 
inflammation mediated atherosclerosis and cancer proliferation. However, the results 
from in vivo and in vitro studies with mammalian subjects and cell cultures are conflicting 
especially within human studies, in which the doses of CLA feeding are lower compared 
to the animal tests, the metabolic status of the subjects vary and long time trials don’t 
exist. In the following chapters, the suggested antiobesity mechanisms in mammals are 
inspected and discussed. 

 

11.2.1 Trans-10,cis-12 CLA reduces fatty acid desaturation 
 

In mammals, inhibition of fatty acid desaturation has proposed to be one of the 
antiobesity mechanisms of the t10,c12 CLA isomer. The isomer has been shown to have 
the SCD1 enzyme activity reducing properties. The activity has appeared to be at 
transcriptional (Lee et al., 1998, Choi et al., 2000) and at enzymatic (Park et al., 2000; 
Bretillon et al., 1999) level in vivo and in vitro. Park et al. (2000) suggested that the 
structure of conjugated double bond structure having cis- and trans-double bonds in 
certain positions in t10,c12 CLA could have direct inhibitory effect on the SCD1. 

Jones et al. (1996) observed that in mice obesity was correlated with the elevated SCD1 
mRNA content in adipose tissue. Obesity-prone but not obesity-resistant mice showed 
elevated expression of also hepatic SCD1 when fed high-fat diet (Hu et al., 2004). The 
authors suggested that the SCD1-inducibility in liver might be a sensor of diet-induced 
obesity. The hepatic SCD1-knockout mice were observed to be protected from high-
carbohydrate diet induced obesity and hepatic steatosis i. e. fatty acid accumulation in 
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liver (Miyazaki et al., 2007) and total knockout of the enzyme in mice resulted in the 
resistance also for high-fat diet-induced obesity (Ntambi et al., 2002). In addition, up-
regulation of lipid oxidation genes and down-regulation of lipid synthesis genes was 
observed in the studies of Ntambi et al., 2002. Thus, by decreasing SCD1 expression the 
obesity could be possibly prevented (Popeijus et al., 2008) and t10,c12 CLA regarded as a 
potential antiobesity agent. 

However, if SCD1 activity is reduced, the decreased MUFA synthesis leads also to the 
reduced phospholipid and neutral lipid synthesis. Perturbations in membrane lipid 
composition and function can induce cell stress and invalid eicosanoid synthesis. This fact 
raises the question regarding the safety of t10,c12 CLA in human diet. In addition, human 
and mouse fat metabolism differ significantly despite the genetic homology and the theory 
of the SCD1-inhibition induced resistance to obesity is not necessarily applicable in 
humans (Popeijus et al., 2008). 

 

11.2.2 Trans-10,cis-12 CLA inhibits lipogenesis 
 

Adipocytes are the site of fat storage in mammals, and FA are stored in neutral form as 
TAG. The t10,c12 CLA has been shown to effectively reduce PPAR  expression or activity 
(Evans et al., 2001; Granlund et al., 2003; Kang et al., 2003; Martins et al., 2015), and 
thus prevents adipocyte differentiation resulting in the reduced capacity to store fat. 
However, the mechanism of inhibition is not completely understood and difficult to 
determine, because PPAR  also itself regulates its own expression, directly or indirectly 
(Kennedy et al., 2010). LIPIN1, Acetyl-CoA carboxylase (ACC), FAS and SCD1, which are 
also under regulation of PPAR , have been reported to be reduced in transcription in the 
t10,c12 CLA treated human and murine preadipocytes leading to reduced TAG 
accumulation in adipocytes (Brown et al., 2001; Granlund et al., 2003). Adipocyte 
apoptosis has been also suggested to be a mechanism by which adipose tissue is reduced 
by CLA, especially by the t10,c12 isomer (Evans et al., 2000; Tsuboyama-Kasaoka et al., 
2000; Hargrave et al., 2002; LaRosa et al., 2006). Glucose, needed as precursor of glycerol-
3-phosphate, enters the adipocyte through GLUT4, and the uptake is stimulated by 
insulin (Kennedy et al., 2010). The t10,c12 CLA has been shown to reduce  expression of 
GLUT4, at least partly through PPAR  (Kang et al., 2003; LaRosa et al., 2006; Martins et 
al., 2015), which has suggested to play role in the delipidation of adipocytes. 

 

1.2.3 Trans-10,cis-12 CLA accelerates TAG hydrolysis 
 

Alternated TAG hydrolysis and FFA accumulation has been reported to be involved in 
the fat lowering action of t10,c12 CLA in mammals (Kennedy et al., 2010). The t10,c12 
CLA isomer has previously been shown to affect the both types of lipolysis: Adipose tissue 
lipolysis and  lipoprotein lipase mediated TAG-hydrolysis. For example, the isomer 
decreased LPL activity in a dose-dependent manner in cultured 3T3-L1 preadipocytes, 
whilst intracellular TAG content decreased in the preadipocytes and glycerol release into 
the medium increased reflecting increased ATGL, HSL and MGL activity (Park et al., 
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1999). Also Chung et al. (2005), Evans et al. (2002), den Hartigh et al. (2013) and Martins 
et al., 2015 reported that t10,c12 CLA increased TAG hydrolysis in adipocytes. Martins et 
al. (2015) connected the increased lipolysis by the t10,c12 CLA isomer to the increased 
adipocyte plasma membrane glycerol permeability. However, also the c9,t11 isomer 
increased the permeability even if the lipolysis was not increased. The changes in 
membrane lipid organization due to CLA treatment might explain the membrane 
permeability changes. Kennedy et al. (2010) suggested that t10,c12 CLA can induce 
lipolysis in adipocytes by proinflammatory pathways, which stimulate FA and glycerol 
release in adipose tissue. These inflammatory signals affected negatively the transcription 
of PPAR -transcription factor, which also regulates the expression of LPL. If the energy 
consumption of the subject is not high enough to utilize the released FFA, lipodystrophy, 
a metabolic condition where FFA accumulate in the liver, may occur (Kennedy et al., 
2010).  

 

11.2.4 Trans-10,cis-12 CLA increases FA oxidation 
 

Antiobesity effect of t10,c12 CLA has been suggested to be due to enhanced FA oxidation 
(Evans et al., 2002; Zhai et al., 2011; Den Hartigh et a., 2013). CLA feeding has been shown 

-oxidation such as ACO 
(acyl-CoA oxidase) and CPT1 (Moya-Camarena et al., 1999; Martin et al., 2000; Zhai et al., 
2011). The CLA isomers have been shown to act as ligands for PPAR , which is a 
transcription factor for the genes of enzymes in the -oxidation pathway (Moya-Camarena 
et al., 1999). Den Hartigh et al. (2013) studied the CLA effects on cultured adipocytes and 
concluded that the t10,c12 isomer altered FA metabolism of adipocytes in a way that they 
were changed to cells that rather burn fat instead of storing it. In these differentially 
functioning adipocytes glucose uptake and TAG storage were reduced because of increased 
FA oxidation induced by t10,c12 CLA. Martin et al. (2000) observed additionally that the 
t10,c12 isomer itself was more easily oxidized through -oxidation compared to the c9,t11 
isomer, which instead was incorporated in rat tissue lipids more intensively. The authors 
suggested that the structure of the t10,c12 CLA isomer facilitated its oxidation because 
fewer enzymes were needed for the complete oxidation of the t10,c12 CLA compared to the 
c9,t11 isomer. 

 

1.2.5 Summary 
 

After absorption similarly as any other FA of the diet, the CLA isomers are able to 
mediate unique effects on human health. While the c9,t11 CLA has been connected 
primarily to anticancer and anti-inflammatory effects, the t10,c12 CLA has shown to 
change the balance between FA storage and oxidation, reduce FA desaturation and inhibit 
de novo TAG synthesis through the lipogenic transcription factor PPAR . The CLA 
containing cellular membranes play an important role in all of these processes, either by 
offering CLA for signaling actions or by affecting the action of the membrane bound 
enzymes. Incorporation of the conjugated double bond structures in the membranes has 
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indicated to affect membrane dynamics, but more research is needed to clarify the role of 
CLA as membrane component and as signal molecule. 

 

11.3 Corresponding lipid metabolism pathways in yeast Saccharomyces 
cerevisiae 

 

Similarly as human adipocytes, yeast can take up exogenous FA from the environment 
and utilize them as energy source or membrane components or store them. Uptake of FA 
is mediated through the transporter Fat1p and the import is coupled to the activation to 
acyl-CoAs by acyl-CoA synthetases Faa1p and Faa4p (Faergeman et al., 2001). 
Peroxisomal Faa2p is needed for the activation of FAs directed for -oxidation (Black and 
Russo, 2007). De novo FA synthesis shares homology to human FA synthesis and the rate-
limiting enzyme Acc1p is controlled by Snf1p kinase, the homologue to human AMPK 
(Woods et al., 1994). 

In yeast fatty acid desaturation is performed by a single 9-desaturase (Ole1p). The 
enzyme has a great homology to rat SCD1 (Stukey et al., 1990). By expression of OLE1 S. 
cerevisiae can regulate its fatty acid composition in order to respond to several external 
conditions, such as temperature (Nakagawa et al., 2002), carbon source (Martin et al., 
2007), nutrient FA (McDonough et al., 1992; Choi et al., 1996; Gonzalez et al., 1996) and 
oxygen levels (Jiang et al., 2001; Nakagawa et al., 2002) to maintain appropriate content 
of membranes and fatty acid composition in them. OLE1 transcription is activated by two 
homologous proteins: Spt23p and Mga2p (Zhang et al., 1999). UFA have been reported to 
inhibit cleavage of the membrane-bound protein, especially Spt23, which is required for 
the OLE1 transcription activation (Hoppe et al., 2002). The function of these transcription 
factors may be dependent on the fluidity of the membrane. Regulation through Mga2p and 
Spt23p resembles the SCREB/SCAP regulatory network controlling sterol homeostasis in 
mammals (Kohlwein, 2010). Rafts enriched in ergosterol and sphingolipids or raft-like gel 
domains, which are ergosterol-free, exist also in yeast membranes, and these domains 
have important role in signaling and regulation of membrane properties (Bagnat et al, 
2000; Aresta-Branco et al., 2011) 

Excess lipids in yeast cells are stored as TAG or sterol esters (SE) in LD. Besides 
functioning as energy reservoir TAG serve also as a molecule to neutralize FA, which 
would otherwise bring on lipotoxicity (Petschnigg et al., 2009). Free UFA accumulating in 
yeast cell would be directed to membrane synthesis in case of the defective TAG synthesis, 
which would result in the loss of plasma membrane integrity (Eisenberg and Büttner, 
2013). Also generation of reactive oxygen species and activation of unfolded protein 
response have been connected to the lipoapoptosis caused by UFA overload (Garbarino et 
al., 2009). Mutants devoid of TAG synthesis capacity are thus sensitive to unsaturated FA 
supplementation (Fakas et al., 2011) but in cells growing on glucose or other non-FA 
containing medium, LD are non-essential (Kohlwein, 2013). TAG synthesis is an 
evolutionary conserved pathway. Also in yeast, PA is the key intermediate in the 
glycerolipid synthesis. Whether PA is directed to TAG or phospholipid synthesis is 
determined by PAP (Pah1p), which is the homologue to mammalian LIPIN1. Activity and 
cellular localization of Pah1p is regulated through phosphorylation e.g. by a cyclin-
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dependent protein kinase 1, Cdc28/CDK1 (Choi et al., 2011). Final acylation in TAG 
synthesis is carried out by two different DAG acyltransferases in yeast. In the exponential 
growth phase, ER-residing Lro1p (LCAT-related open reading frame), which is the 
homologue of human lecithin:cholesterol acyltransferase (LCAT), uses sn-2 acyl group of 
glycerophospholipids as substrate in DAG acylation and is thus independent of acyl-CoA 
(Dahlqvist et al., 2000; Oelkers et al., 2000). Another acyltransferase: acyl-
CoA:diacylglycerol acyltransferase (Dga1p), mainly functioning in stationary phase, uses 
acyl-CoAs in the acylation reaction (Lehner and Kuksis, 1996; Sorger and Daum, 2002). 
Dga1p shares homology with human DGAT2 and is located in ER and LD. Also acyl-
CoA:sterol acyltransferases (Are1p and Are2p) harbor some DAG acylation capacity 
(Oelkers et al., 2002; Sandager et al., 2002). The availability of FA and glycolysis-derived 
glycerol-3-phosphate regulates TAG synthesis (Kohlwein, 2013). FA synthesis is 
controlled by Snf1p kinase and thus Snf1p indirectly regulates also TAG synthesis 
(Tehlivets et al., 2007).  

In yeast, TAG are either rapidly degraded as the cells enter vegetative growth after a 
starvation period to offer building blocks for membrane lipid synthesis or slowly broken 
down in the stationary phase to provide energy from fatty acids through beta-oxidation 
(Kohlwein, 2010). Storage lipid hydrolysis pathways found in yeast and mammals show 
certain similarities. In yeast, the hydrolysis of TAG is performed by three triglyceride 
lipases: Tgl3p, Tgl4p and Tgl5p (Athenstead and Daum, 2003; Athenstead and Daum, 
2005; Kurat et al., 2006), of which Tgl4p is a homologue of mammalian ATGL (Kurat et 
al., 2006). Tgls are localized to LD and operate independently of each other: Tgl3p and 
Tgl4p efficiently hydrolyze TAG (Ploier et al., 2013), although only Tgl3p has been 
reported to show DAG-hydrolysis activity (Kurat et al., 2006). The final stage of MAG 
hydrolysis has found to be carried out by Tgl3p and Tgl5p (Ploier et al., 2013), which 
indicates that the enzymes are involved in some kind of serial action to degrade TAG. 
Similarly as Pah1p, Tgl4p is regulated through phosphorylation by Cdc28/CDK1 (Kurat 
et al., 2009), and activation of Tgl4p is linked to the G1/S transition (bud emerge) of the 
cell cycle. This indicates that TAG synthesis and degradation are strictly coordinated 
during the cell cycle.  

Peroxisomes are the site of fatty acid oxidation in yeast in contrast to mammalian cells 
where mitochondria are the site of -oxidation (Hiltunen et al., 2003). Transcription of 
peroxisomal proteins is repressed by glucose and some other fermentable sugars (Gancedo, 
1998). Upon diauxic shift, i. e. change of metabolism from fermentation to respiratory 
metabolism, the usage of alternative carbon sources takes place (Zampar et al., 2013). At 
this point, utilization of FA is induced which leads to the cascade, in which peroxisomes 
proliferate, enlarge in size and their enzymatic machinery and structural proteins are 
transcribed (Veenhuis et al., 1987; Karpichev et al., 1997). The induction of transcription 
is initiated by binding of a heterodimeric transcription factor complex, Oaf1-Pip2, to a 
specific region in the promoter. The region termed oleate response element (ORE) consists 
of a palindrome sequence comprising of two CGG triplets separated by 15-18 nucleotides, 
minimally defined as CGGN3TN(A/R)N8-12CCG (Gurvitz and Rottensteiner, 2006). The 
current theory proposes that for efficient binding to ORE, both parts of the heterodimer 
need to be present (Karpichev et al., 2008). At non-repressive conditions, at least Oaf1p is 
phosphorylated, which enhances the binding. Upon induction by FA, the heterodimer 
undergoes a conformational change, which initiates the transcription of peroxisomal 
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proteins. Oaf1p-Pip2p mediated regulation resembles the action of nuclear peroxisome 
proliferator PPAR  in stimulation of peroxisome proliferation. These transcription factors 
bind similar ligands, such as FA (Phelps et al., 2006; Thakur et al., 2009). Also the 
reactions and enzymes of -oxidation share homology between yeast and mammals. 

As summary, the metabolism of a unicellular organism yeast is largely affected by 
environmental conditions. Most substrates from the surrounding medium diffuse freely 
inside the cell and therefore the cell is provided by the system to deal with the components, 
e.g. TAG synthesis is essential to store surplus FA, because yeast is unable to oxidize FA 
before glucose exhaustion. Properly functioning cellular membranes are vital for yeast, 
and the membrane FA composition is thus strictly regulated to maintain its capacity to 
conduct metabolic processes in changing external conditions. The environment affects also 
the cell cycle, and as the nutrients are available, the division of the cells leads to the 
storage lipid hydrolysis in order to offer building blocks for the newly forming cellular 
membranes. 

 

11.4 Potential of yeast as a model organism in the CLA functionality studies 
 

Metabolic pathways of lipid synthesis and mobilization are highly conserved from yeast 
to humans. Despite the lack of hormonal regulation in yeast, many other reaction 
networks are strikingly similar. The most supported theories for the antilipogenic 
mechanism of t10,c12 CLA are related to desaturase function, inhibition of lipogenesis, 
increased hydrolysis and oxidation of FA. Most of these pathways and enzyme activities 
share homology with yeast metabolism and thus yeast offers an ideal model to examine 
the effects of CLA isomers on these enzymatic processes. 

Ole1p is the single FA desaturase in S. cerevisiae. Its activity is stringently controlled 
by environmental conditions and availability of FA through the regulatory proteins 
(Mga2p and Spt23p), and the regulation shares common elements to the human SCREBP-
1 regulatory network. The CLA isomers have been reported to attenuate SCREBP 
expression in adipocytes resulting in delipidation (Obsen et al., 2012). Several studies have 
evidenced also reduced expression and activity of SCD1 by t10,c12 CLA. Ole1p is an 
interesting target of study in the examination of the CLA effects, because it is a key 
enzyme in controlling FA homeostasis in yeast. 

Lipid mobilization pathways have common intermediates and the enzymes share 
homologies between yeast and mammals. The t10,c12 CLA has been shown to accelerate 
ATGL-mediated and inhibit LPL-based lipolysis in humans. Yeast does not possess LPL 
but its most important TAG lipase: Tgl4p, shares high homology to mammalian ATGL. 
Tgl4p activity is regulated in a cell cycle-dependent manner by Cdc28/CDK1 similarly as 
ATGL by PKA (Kohlwein, 2010). The function of the yeast TAG lipases in the presence of 
CLA would benefit also mammalian studies in terms of offering information of the CLA 
effects on lipid hydrolysis. 

FA oxidation occurs through similar reactions in yeast and in humans. The transcription 
factors controlling -oxidation (PPAR  in humans and Oaf1p-Pip2p in yeast) have no 
homologies, but they function similarly and bind similar FA ligands. The CLA isomers act 
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as ligands for PPAR . Thus, impact of the CLA isomers on Oaf1p-Pip2p functionality 
should be examined carefully because the findings may be crucial for the understanding 
on the PPAR  functionality in the presence of CLA. 

Yeast lipogenesis differs from human storage fat accumulation in terms of hormonal 
control deprivation, variation of transcription factors and lipotoxic aspects. Yeast tends to 
accumulate UFA and PUFA in TAG to prevent their detrimental effects on the membrane 
functionality. Instead, in human metabolism the PUFA are essential membrane 
components. However, the enzymatic reactions in TAG formation are similar and share 
enzyme homology. Lipogenic transcription factors, such as PPAR , do not exist in yeast; 
however PAP mediated control of TAG formation is essentially similar. In addition, Snf1p 
in yeast controls lipid homeostasis in a similar way as AMPK in mammals. Examination 
of the function of lipogenic enzymes (e.g. Lro1p, Dga1p, Are1p and Are2p) in yeast 
cultivated with CLA would reveal, whether the isomers affect the TAG formation, directly 
or indirectly. Yeast Pah1p, a homologue to LIPIN1, which has been shown to be inhibited 
by the t10,c12 CLA through PPAR , is also a relevant experimental subject. 

Figure 9 summarizes the major lipid metabolic pathways in yeast. The most potential 
targets of CLA action in yeast: Activity and expression of the enzymes, which catalyze the 
final stage of DAG acylation (Dga1p, Lro1p, Are1p, Are2p); activity of triglyceride lipases 
Tgl3p and Tgl4p; the role of Pah1p in the TAG reduction; activity and transcriptional 
control of Ole1p; and functionality of Oaf1p-Pip2p, are highlighted in the Figure and are 
the objects of the experimental studies in this thesis. 
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FFigure 9. Major lipid metabolic networks in yeast S. cerevisiae. The enzymes are colored 
purple and transcription factors or regulatory proteins blue. The main targets of interest 
in terms of CLA action in yeast are marked with yellow stars. See text of the above 
chapters for the details in the metabolic pathways. 
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11.5 Aims of the study 
 

The objective of this study was to examine the impact of the two structurally related but 
functionally different CLA isomers on yeast lipid metabolism. The higher research 
question was whether yeast can be used as a model system to analyze the antilipogenic 
effect of CLA. This goal is approached by systematic examination how CLA affects lipid 
accumulation and degradation in yeast. In order to reach the objective the research will 
address the following points: 

• How CLA affects expression and activity of genes and proteins involved in 
TAG formation and FA desaturation 

• How activity of Pah1p affects distribution of PA between TAG and 
phospholipids in CLA treated cells 

• Is TAG hydrolysis induced or accelerated by CLA 
• Do CLA have a role in directing yeast energy metabolism towards FA 

oxidation  

In addition, toxicity aspects of the isomers will be evaluated. The scene of the CLA effects 
on yeast lipid metabolism will be examined for applicability for mammalian metabolism 
studies in terms of regulatory and mechanistic level. 

 

  



22 
 

22 Materials and Methods 

 

2.1 Yeast strain and cultivation conditions 
 

The S. cerevisiae strains used in the study are listed in Table 1. The wild type S. 
cerevisiae VTT B-72021, was used the experiments in publication I and II. When the need 
for the genetic studies emerged, the wild type strain was changed to BY4742 or BY4743 
which are the genetic basis for the selected deletion strains supplied by Euroscarf. Some 

are2 and tgl3tgl4) were generated in this study. 

 

Table 1. S. cerevisiae strains used in the study. 

Strain  Genotype  Source  

Wild type  
B-72021 

- VTT Culture 
Collection, Finland 

Wild type 
BY4742 

 Euroscarf, Germany 

Wild type 
BY4743 

 

Euroscarf, Germany 

are2 BY4742; 
 

This study 

tgl3 BY4742; 
 

Euroscarf, Germany 

tgl3tgl4 BY4742; 
 

This study 

pip2 BY4742; 
 

Euroscarf, Germany 

eci1 BY4742; 
 

Euroscarf, Germany 

sps19 BY4742; 
 

Euroscarf, Germany 

pah1 BY4743; 

YMR165c/YMR165c::kanMX4 

Euroscarf, Germany 
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All the cultivations were performed in flasks at 50 ml scale. Cultivation medium was 
YPD (yeast extract, 10 g/l; bacterial peptone, 20 g/l; glucose, 20 g/l) for the strain BY4742 
and all the deletion strains. The B-72021 was cultivated on wort broth (malt extract 15 
g/l, maltose 12.75 g/l, dextrin 2.75 g/l, peptone 0.75 g/l, ammonium chloride 1.0 g/l, and 
glycerol 3.1 g/l). The CLA isomers (t10,c12 and c9,t11 CLA, purity > 80 %) and trans-
vaccenic acid (t11-C18:1; 99 %) were supplied by Larodan (Sweden), and oleic acid (99 %) 
was supplied by Sigma-Aldrich (USA). Optimal FA concentration (0.2 g/l) in the cultivation 
medium was determined in the Publication I. However, in the longer cultivations 0.3 g/l 
FA was supplemented to guarantee the sufficiency of the FA during the whole cultivation 
period. Growth temperature was set to 30 °C, which was high enough to keep the FA 
soluble and low enough to let the yeast grow efficiently. The details of the cultivations are 
described in the Publications I-IV. 

 

22.2 Sampling and sample preparation 
 

Sample size was adjusted to get enough cells for cell dry weight (CDW) determination 
and the lipid analyses. Usually, 5 ml sample was taken (2 parallel samples per bottle) from 
two parallel cultivation bottles into the preweighed tube. Towards the end of the 
cultivation, the sample volume could be lowered up to 2.5 ml because of the higher cell 
density. Cells were collected by centrifugation (4500 g), washed once with Tween 80 (2.5 
g/l) and once with distilled water. After lyophilization, cellular dry weight was determined 
by weighing the tube and calculating the cell weight per sample volume. CDW is expressed 
as g/l. 

 

2.3 Cell breakage 
 

The lyophilized cells in the kimax-tubes were suspended in 500 l of distilled water and 
transferred to the 1.5 ml eppendorf tube, which contained 500 l of prewashed glass beads 
(0.5 mm diameter). The tubes were vortexed for 45 min and cooled on ice. The cell 
suspension was transferred back to the same kimax-tube. The suspensions were 
relyophilized and stored at -20 °C until further processing.  

 

2.4 Lipid analytics 
 

2.4.1 Lipid extraction 
 

Lipids were extracted from the lyophilized, broken cells with 2 ml of 2:1 mixture of 
dichloromethane-methanol by shaking the kimax-tubes at 21 °C for 3 hours. Equal 
amounts (500 l) of dichloromethane and 0.1 M HCl were added and the tubes were 
shaken for an additional hour. To sharpen the phase boundary, the tubes were centrifuged 
for 10 min at 4500 g. The lower (organic) phase containing the lipids was transferred to 
the clean kimax tube and dried under a nitrogen stream. 
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22.4.2 Separation of lipid classes and methylation 
 

Yeast lipids were divided to individual lipid classes: TAG, phospholipids, DAG and FFA, 
by thin layer chromatography (TLC) as described in details in the Publications I-IV. The 
lipid sample was dissolved in 200 l of dichloromethane/methanol (100:1). 10 l of a lipid 
standard mixture consisting of heptadecanoic acid (Sigma-Aldrich, USA), 
triheptadecanoin (Sigma-Aldrich) and L- -phosphatidylcholine, dipentadecanyl (Larodan, 
Sweden) containing 4 g/l of each standard was added to the TAG samples and the sample 
was applied to silica plate (Kieselgel 60; Merck, Germany). The plate was run in a chamber 
containing petroleum ether/diethylether/acetic acid (80:30:1) as solvent. Lipid containing 
spots were visualized after spraying the plate with 0.01% rhodamine 6G under UV light, 
scraped off into clean tubes and methylated as described below. SE could be separated 
from the other lipids but because the SE-standard having appropriate FA esterified was 
not available, the exact amounts of SE could not be determined. To study, if SE contained 
CLA isomers or if their amount was remarkably lower or higher compared to control, the 
approximate content of SE was determined by scraping the SE off the TLC as carefully as 
possible, supplemented with C17:0 methyl ester standard and methylated similarly as the 
other lipids. 

Fatty acid composition of the lipid classes was determined by hydrolyzing the lipids and 
converting the fatty acids to corresponding methyl esters, which could be analyzed by gas 
chromatograph (Suutari et al. 1990). For hydrolysis and saponification, 1 ml of 3.7 mol/l 
NaOH in 49% MeOH was added and the samples were placed in a boiling water bath for 
30 min. Methylation was carried out at 80 °C for 10 min after addition of 4 ml of 3.3 mol/l 
HCl in 48% MeOH. Methyl esters were extracted from the organic phase by adding 1.5 ml 
of hexane/methyl-tert-butyl ether solution (1:1) and shaking vigorously for 10 min. The 
organic phase was washed with three ml of dilute NaOH and dried with anhydrous 
Na2SO4. The phase boundary was clarified by centrifugation (1600 g) for 15 min. Agilent 
7890 gas chromatograph was equipped with FFAP column (Agilent 19091F-105) and flame 
ionization detector. H2 flow: 40 ml/min, air flow 380 ml/min, He flow 16 ml/min, split ratio 
15:1. Temperature of the column was raised from 70 to 200 °C at a rate of 25 °C/min and 
holding time was 25 min. 

 

2.4.3 Positional distribution of FA in TAG 
 

TAG composition analysis was performed at the University of Turku. The details of the 
analysis is described in the Publication II. In brief, TAG were scraped off the TLC plate, 
extracted with dichloromethane-methanol (2:1) and dissolved in hexane. The molecular 
weight distribution of TAG was determined by ammonia negative ion chemical ionization 
with a triple quadrupole tandem mass spectrometer (TSQ-700, Finnigan MAT) by 
applying the direct inlet method on a heated rhenium wire loop as described by Laakso 
and Kallio (1996). The five most abundant molecular weight fractions (acyl carbon 
number:number of double bonds; ACN:DB) were selected and analyzed for sn-
regioisomerism with MS-MS (TSQ-700, Finnigan MAT) by collision-induced dissociation 
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of the deprotonated parent ions [M- H]- as described by Kallio and Currie (1993). The 
fractions encompassed approximately 40% of the TAG FA.  

 

22.5 Generation of the deletion strains and gene expression analyses 
 

2.5.1 Expression analyses 
 

Total RNA from 5 x 107 cells was isolated using RNeasy kit (Qiagen, Germany). For RNA 
clean-up, the cell wall was digested by lyticase (50 U/107 cells). After DNase (Turbo DNase, 
Ambion®, Thermo Fischer Scientific, USA) treatment, reverse transcription was carried 
out with 2 μg of RNA by using the Maxima® First Strand cDNA Synthesis kit (Thermo 
Fischer Scientific) according to the manufacturer’s protocol. Actin (ACT1) served as a 
reference gene. Primers for qRT-PCR were the following: ARE1 forward, 5’-GGG ACA TAA 
AGC AGG AAC TC-3’; ARE1 reverse, 5’-CAC CTT CTC CAA CAC ATA CC-3’; ARE2 
forward, 5’-AAG AGA AGG CAC GGT ATA GG-3’; ARE2 reverse, 5’-GGC AGT TGG AAC 
AGT AGT TG-3’; DGA1 forward, 5’-CTC CTG CAA CTG GCG AAG TG-3’; DGA1 reverse, 
5’-GCT CCT ATG CCG TGT GGA TG-3’; LRO1 forward, 5’-GCT GGT AAC TAC TCC ACA 
TC-3’; LRO1 reverse, 5’-CAG AAC TAT CGC ACT CAT CG-3’; OLE1 forward, 5’-CTC TGG 
TAA AGT GCC TTT GC-3’; OLE1 reverse, 5’CAT TTA GCG GAC CCT TCA AC-3’; ACT1 
forward, 5’-AGG TAT CAT GGT CGG TAT GG-3’; ACT1 reverse, 5’-GGT TCA TTG GAG 
CTT CAG TC-3’. Quantitative RT-PCR was performed using Maxima® SYBR 
Green/Fluorescein qPCR Master Mix and followed the manufacturer’s (Thermo Fischer 
Scientific) protocol. The transcript abundance of the selected gene was normalized using 
ACT1 as loading control. Fold changes relative to control samples are reported on a log2-
scale. 

 

2.5.2 Generation of the deletion strains  
 

The full coding regions of TLG4 and ARE2 genes were replaced with PCR amplified 
natMX or kanMX4 cassette, respectively, using homologous recombination. For the TGL4 
deletions, the natMX cassette was amplified from plasmid pUG74 using oligonucleotides 
5’-GCG CTG TAA TAA TTA TTG AAG GGA GTA CAG GTA TAT GTA ATA AAA GTC 
TGA CAG CTG AAG CTT CGT ACG C-3’ (forward) and 5’-CAT AGA TGA AAA AGA ATA 
TCT AGA GGA TAT ATA AGC AAG CCC GTG TTT TCG CAT AGG CCA CTA GTG GAT 
CTG-3’ (reverse) and the gene was deleted in the tgl3-deletion strain. Similarly, the 
ARE2 gene was deleted from BY4742 strain by amplifying kanMX4 cassette from plasmid 
pUG74 using oligonucleotides 5’-AAG TAA ACA GAC ACA TTA CGT TAG CAA AAG CAA 
CAA TAA CAA ACA CAA CCA TGG GTA AGG AAA AGA CTC AC-3’ (forward) and 5’-
AAA ATT TAC TAT AAA GAT TTA ATA GCT CCA CAG AAC AGT TGC AGG ATG CCC 
ACT GGA TGG CGG CGT TAG-3’ (reverse). For gene expression tests, yeast was 
cultivated in YPD overnight to obtain OD(600)  2, and diluted to  
OD(600)  0.1 in fresh YPD medium. After 3 hours of cultivation, the media were 
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supplemented with 0.05, 0.1 or 0.2 g/l c9,t11 or t10,c12 CLA isomers as ethanol stocks. At 
selected time points, the cells were harvested for RNA analysis. 

 

22.6 Cultivation medium analyses 
 

Glucose consumption and ethanol accumulation during cultivations were determined by 
analyzing the components of the cultivation medium by HPLC as described in the 
Publication IV. 

Glucose and ethanol were analyzed using a Shimadzu HPLC with the refractive index 
detector RID-10A. The analytical column used was SP0810 Shodex 8.0 mm ID x 300 mm 
with a Bio-Rad deashing guard column. The eluent was deionized water delivered at a 
flow rate of 0.7 ml/min and the column oven (CTO 20A) temperature was 60 °C. Glucose 
and ethanol were identified and quantified using authentic reagents for external standard 
calibration using a Class-VP program (Shimadzu, USA). Sugars in the calibration mixture 
were glucose, galactose and mannose. Also trehalose and glycerol in the medium were 
determined with the corresponding standard compounds. 
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33 Results and Discussion 

 

3.1 Effect of the CLA isomers on lipid and fatty acid composition 
 

In this study, the lipid reducing mechanism of CLA was studied in the yeast S. 
cerevisiae. Similar lipid reducing effect emerged in yeast, when the wild type S. cerevisiae 
B-72021 was cultivated for 24 hours in the medium containing CLA. The usage of CLA 
isomer mixture containing the c9,t11 and t10,c12 isomers in equal proportions had 
relatively little effect (15 % reduction) on total lipid content in yeast. A very small 
concentration (0.05 g/l) brought on the effect and increasing the CLA mixture content up 
to 0.4 g/l did not cause further reduction. Instead, when the isomers were supplemented 
separately, the antilipogenic effect of t10,c12 CLA emerged more clearly and FA content 
was reduced by 40 % whereas the c9,t11 CLA increased lipid content by 6 %. Thus, the 
isomers more or less nullified each other’s effects when supplemented as a mixture. The 
studies with mammalian cells may have suffered from a similar effect when contradictory 
results were obtained due to administration of isomer mixture. During cultivation in the 
CLA containing medium, both CLA isomers accumulated inside the cell in a dose-
dependent manner. However, 0.2 g/l was the level of saturation for the accumulation of 
the isomers inside the cells during the growth cycle (24 hours), because increasing the 
CLA content up to 0.4 g/l did not increase the cellular CLA content further (Publication I). 

More accurate examination of yeast lipid classes affected by CLA feeding revealed that 
the t10,c12 CLA exerted its effect mainly on yeast TAG (Figure 10, Publication I). Even if 
the isomer itself was incorporated in TAG fraction to encompass 34% of TAG FA, the total 
amount of TAG remained significantly lower than in the control cells cultivated without 
CLA (70% lower). Also c9,t11 CLA accumulated in TAG fraction in high proportions, but 
on the contrary to the t10,c12 CLA, TAG content increased remarkably (40% higher than 
in the control cells). Phospholipid content in the cells of CLA supplemented cultures was 
slightly lower. Both CLA isomers were incorporated also in phospholipids amounting to 
33% (c9,t11 CLA) and 37% (t10,c12 CLA) of total phospholipids.    
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FFigure 10. Lipid composition of yeast S. cerevisiae B-72021 cultivated with t10,c12 or 
c9,t11 CLA isomers (0.2 g/l) or without FA supplementation (ctrl). Average deviations were 
 5%. PhL = Phospholipids. 

 

Also the FFA content increased in the cells of wt B-72021 strain cultivated with the CLA 
isomers. This raised a question, whether the FA were inside cells or associated on the 
outer layers of the cells. Even if the cells were washed twice (2.5 g/l Tween 80 and water), 
the traces of FA might have left adhered to the cell wall. Increased FFA content inside the 
cells could indicate the potential risk of lipotoxicity caused by the CLA isomers –to yeast 
and possibly also to vertebrates. 

Positional distribution of the CLA isomers in yeast TAG was examined to find out which 
of the sn-positions were preferred for the isomers (Publication II). In the previous study 
the proportion of t10,c12 CLA in TAG was repeatedly 30-40%. This observation led us to 
hypothesize that the t10,c12 isomer were esterified primarily in the one of the sn-positions: 
1, 2 or 3. However, the study revealed that CLA could be esterified at all of the sn-
positions. In the cells cultivated without FA supplementation (control cells), the variability 
of different TAG forms was quite narrow: 5 different TAG encompassed 42 % of the yeast 
TAG. The three most abundant TAG were consisting of C16:1 and C18:1 (Table 2). The 
supplementation of exogenous FA in the medium multiplied the possibilities for different 
combinations and e.g. supplementation of the c9,t11 isomer led to a composition where 
42% of TAG included 17 different TAG forms. The t10,c12 isomer widened the repertoire 
further and the five most abundant ACN:DB fractions (42% of TAG) were composed of 27 
different TAG forms. Thus, the proportions of each individual TAG forms were lower than 
in the control cells. In TAG of the cells cultivated with CLA isomers the uniform TAG 
containing three c9,t11 or t10,c12 CLA isomers were relatively abundant, encompassing 
4.7 and 4.1% of total TAG, respectively. However, the c9,t11 isomer was most often 
incorporated in TAG in combination with MUFA and of the analyzed TAG the most 
abundant combination was C16:1-c9,t11 CLA-C18:1 (5.3%). Instead, the most abundant 
TAG in the t10,c12 CLA supplemented cells was C16:0-C10:0-t10,c12 CLA (8.6%) and next 
most copious TAG was the combination C16:0-C12:0-t10,c12 CLA (5.1%). Even if all the 
ACN:DB fractions were not analyzed, the analysis 5 major fractions gave a comprehensive 
view of the FA composition in TAG of the yeast cells cultivated with the CLA isomers. 
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TTable 2. The three most abundant TAG-species of the yeast S. cerevisiae B-72021 cells 
cultivated for 24 hours with CLA isomers (0.3 g/l) or without FA supplementation. 

FA supplemented in 
the cultivation medium  

(0.3 g/l) 

TAG  Amount  

(% of total TAG)  

w/o FA 
supplementation 

C16:1-C18:1-C16:1 10.8 

C16:1-C18:1-C16:0 9.3 

C16:1-C16:1-C18:1 8.6 

cis-9,trans-11 CLA C16:1-c9,t11 CLA-C18:1 5.3 

c9,t11 CLA-C16:1-c9,t11 CLA 4.9 

c9,t11 CLA-c9,t11 CLA-c9,t11 CLA 4.7 

trans-10,cis-12 CLA C16:0-C10:0-t10,c12 CLA 8.6 

C16:0-C12:0-t10,c12 CLA 5.1 

t10,c12 CLA-t10,c12 CLA-t10,c12 CLA 4.1 

 

 

The proportion of C10:0, C12:0 and C16:0 in the cellular lipids of the t10,c12 CLA 
supplemented culture was elevated: 2.1, 3.1 and 23.0%, respectively, whereas the control 
cells contained these FA in proportions 0.1, 0.6 and 13.4%. The increment of these medium 
chain FA (MCFA) occurred by the expense of MUFA. Thus, it was a natural consequence 
that the MCFA were enriched also in TAG. Incorporation of two or more long chain SFA 
(C16:0 and C18:0) could have made the TAG too rigid. Positional distribution of the CLA 
isomers in TAG may affect their availability for the cellular processes. In TAG hydrolysis 
the sn-1/sn-3 positioned FA are primarily hydrolyzed. Thus, CLA isomer is expected to be 
readily available after initiation of lipolysis. 

In mammals, the CLA isomers are usually esterified in sn-1 position in membrane 
glycerophospholipids (Subbaiah et al., 2011). In this study the positional distribution of 
CLA in yeast phospholipids wasn’t analyzed. However, PA having FA esterified in the  
sn-1 and sn-2 positions is the common intermediate in the synthesis of TAG and 
phospholipids. Therefore, the distribution of FA in TAG and phospholipids could be at 
least partly similar. Based on our results, the t10,c12 isomer was found preferably in  
sn-1/sn-3 position whereas the c9,t11 isomer was enriched also in sn-2 position. The 
incorporation of t10,c12 CLA primarily in the sn-3 position in TAG, which is the target of 
acyltransferases in the conversion of DAG to TAG, Lro1p and Dga1p, would point out that 
the t10,c12 CLA was a favorable substrate for these acyltransferases. Lro1p uses the FA 
from the sn-2 position of membrane phospholipids as substrate. If these TAG are at least 
partly the products of Lro1p, this would mean that the CLA isomer has been positioned in 
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the sn-2 carbon in phospholipids. However, our analysis could not discriminate sn-1 and 
sn-3 positions and it is possible that sn-1 position was the most favored. For the exact 
conclusions on the positional distribution of the CLA isomers in TAG and PL the further 
research is needed. 

  

33.2 Antilipogenic mechanism of trans-10,cis-12 CLA in yeast 
 

Because the TAG amount was significantly lower in the cells cultivated with t10,c12 
CLA compared to control or c9,t11 CLA supplemented cell cultures, two hypothesis 
explaining the phenomenon were formulated: 

• The t10,c12 CLA isomer inhibited TAG formation 
• The t10,c12 CLA isomer induced TAG degradation 

Support for the both theories have emerged in the studies with mammalian cells. Thus, 
the subject was approached by first examining the yeast lipogenesis by measuring 
transcriptional activity of TAG forming enzymes, TAG synthesis in the presence of other 
FA and the t10,c12 CLA, and the transcriptional and post-transcriptional activity of FA 
desaturase. Lipid hydrolysis and -oxidation were studied in the deletion strains lacking 
two major TAG lipases and reduced or eliminated capability for FA degradation. In 
addition, the ability of the t10,c12 CLA isomer to reduce lipid content of yeast if 
supplemented in the later growth phases was examined.  

In these tests, the wild type yeast strain was S. cerevisiae BY4742 or BY4743 because of 
the availability of the selected deletion strains. The genomic basis of the yeast had an 
impact on how clearly and at which cultivation stage the CLA effects were the most 
noticeable. Thus, in each experiment it is essential to compare the results with the 
corresponding isogenic control strain and not with a strain of a different genotype.  

The main target of interest in this study was TAG content and composition. Also 
phospholipid fraction was interesting, but its content did not change significantly during 
cultivations and was thus neglected in the majority of the results. DAG content was low 
(0.5-3 %) and because it did not show interesting changes or compositions, it was therefore 
excluded from the results. FFA content was very low in the cells derived of BY4742 and 
BY4743 strains (<2%) and often contained solely the supplemented FA, and therefore it 
was expected that the FFA content mainly originated from the unwashed FA of the culture 
medium. FA content in SE in the studied yeast strains was low (<5%) and only C16:1 and 
C18:1 were detected. Because the CLA supplementation did not affect SE FA composition 
or content, the results are not presented here.  
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33.2.1 Impact of the CLA isomers on lipogenesis 
 

3.2.1.1 Impact of the CLA isomers on FA desaturation 
 

A theory having gained a lot of support in studies with mammalian cells is the inhibition 
of desaturase transcription or activity. In yeast, the OLE1 gene encodes the 9-desaturase 
catalyzing the desaturation of saturated FA at the 9th carbon and is responsible for the 
formation of MUFA. MUFA content is strictly controlled in yeast to maintain correct 
membrane fluidity. MUFA are also used in TAG formation and inhibition of OLE1 
expression could lead to the lowered TAG synthesis. 

MUFA were previously found to be decreased due to CLA supplementation, especially 
by t10,c12 CLA, and therefore the gene transcription was expected to be reduced. The 
transcript abundance of OLE1 in yeast BY4742 was measured using real-time PCR at 
different stages of cultivation in the cultures containing c9,t11 or t10,c12 CLA (Publication 
III). As a result, in the t10,c12 CLA supplemented culture no reduction in the transcript 
abundance of OLE1 was found at the beginning of the cultivation (2 h after CLA 
supplementation; 5 h after inoculation) nor in the stationary phase (21 h after CLA 
supplementation; 24 h after inoculation). Instead, the c9,t11 isomer inhibited significantly 
the transcription even if the MUFA content was not drastically reduced (Figure 11). The 
reason for the desaturase inhibition was suspected to be the cis-9 double bond, which has 
been reported to induce inhibition in the OLE1 transcription (McDonough et al., 1992). 
Studies of McDonough et al. (1992) also showed that translation of the enzyme and its 
mRNA amounts were inhibited by FA having 10-double bond even if the transcription of 
the enzyme was not affected. The t10,c12 CLA isomer having 10-trans-double bond may 
possibly have the similar impact.  

 

 

Figure 11. Transcript abundance of OLE1 in the S. cerevisiae BY4742 cells cultivated 
with CLA isomers or without FA supplementation (control). 
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It is demanding to determine the activity of in vitro, because desaturases 
are membrane bound enzymes and therefore their activity is dependent on physical 
properties of the membrane. To confirm the t10,c12 CLA mediated desaturase inhibition, 
we approached the subject be calculating the conversion of t11-C18:1 to c9,t11 CLA by 
yeast desaturase in the cells supplemented with t10,c12 CLA and the control cultures 
(Publication IV). Reduced c9,t11 CLA formation in the presence of the t10,c12 isomer 
would indicate reduced desaturase activity. The results showed that in the presence of 
t10,c12 CLA, the c9,t11 CLA formation was significantly inhibited. In the control cells 20.2 
mg/g c9,t11 CLA was formed from t11-C18:1. Instead, in the presence of t10,c12 CLA the 
c9,t11 CLA amount was only 8.5 mg/g (Table 3). Also synthesis of C16:1 and C18:1 was 
attenuated in the t10,c12 CLA treated cell culture. However, the MUFA reduction was not 
solely caused by the presence of CLA because also t11-C18:1 supplementation reduced 
endogenous MUFA synthesis. The reason for reduction was rather the response of yeast 
to the pressure of exogenous unsaturated FA. Accumulation of t11-C18:1 into yeast lipids 
was lower in the t10,c12 CLA-treated cells. This may result from the inhibition of the 
conversion of t11-C18:1 to the more favored form: c9,t11 CLA. 

 

TTable 3. Total lipid composition of yeast S. cerevisiae BY4742 cultivated with t11-C18:1, 
t10,c12 CLA or in combination of the both FA. The cells were collected after 24 hours (ctrl 
and t10,c12 CLA supplemented) or 36 hours (t11-C18:1 supplemented) of cultivation 
because t11-C18:1 inhibited yeast growth. Concentration of FA in the cultivation medium 
was 0.3 g/l. 

 w/o (ctrl) t11-C18:1 t10,c12 CLA  
t110,c112 CLA 
+ t11-C18:1 

SFA (mg/g) 9.3 ± 0.5 6.5 ± 0.7 8.6 ± 0.3 7.3 ± 1.2 

MUFA (mg/g) 45.8 ± 3.3 21.7 ± 1.4 9.7 ± 1.3 9.0 ± 0.5 

t11-C18:1 
(mg/g) 1.3 ± 0.1 7.9 ± 0.2 0.2 ± 0.9 5.2 ± 1.0 

c9,t11 CLA 
(mg/g) 0.0 ± 0.0 20.2 ± 0.0 0.0 ± 3.4 8.5 ± 0.8 

t10,c12 CLA 
(mg/g) 0.0 ± 0.0 0.0 ± 3.3 20.6 ± 0.0 10.1 ± 0.8 

total (mg/g) 55.1 ± 3.9 56.4 ± 5.6 39.0 ± 5.9 40.0 ± 4.4 

 

Ole1p as a membrane bound enzyme is a potential target of modulated activity by CLA 
isomers, which are incorporated in the membrane lipids. It is thus strongly suggested that 
the presence of the t10,c12 isomer in the ER membrane, where the desaturase enzyme is 
located, may produce an inhibitory or attenuating signal directly to the enzyme. Lower 
amount of MUFA in the cells induced by CLA may affect the functionality of also the other 
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membrane bound proteins, such as receptors and signaling proteins. Because of their tilted 
conformation due to the cis-9 double bond the MUFA favor formation of the non-lamellar 
membrane domains (Funari et al., 2003). The activity and localization of peripheral 
signaling proteins, which recognize and prefer non-lamellar membrane regions, are 
modulated by the presence of the non-lamellar region prone FA, such as oleic acid (Yang 
et al., 2005). Replacement of oleic and palmitic acid by CLA isomers in phosphatidylcholine 
did not essentially change the membrane thickness, but at high cholesterol content the 
membrane rigidity was clearly reduced in the CLA containing membranes when the 
simulation study with artificial membranes was conducted (Khelasvili et al., 2014). 
Increased tilting of the sterol and positioning of the sterol deeper in the membrane 
occurred in the CLA enriched membranes, which was suggested to bring on the structural 
changes. The impact of the replacement of MUFA by CLA isomers and the following 
differences in the membrane organization on the yeast membrane-bound enzyme proteins 
is an interesting question in the light of that simulation study. However, future research 
is needed to clarify the impact of the incorporation of the CLA isomers in the lipid 
structures of the natural membranes. 

 

33.2.1.2 Impact of the CLA isomers on TAG synthesis 
 

3.2.1.2.1 Trans-10,cis-12 CLA didn’t reduce transcript abundance of the enzymes catalyzing DAG 
acylation 

 

Inhibition of TAG accumulation is one of the proposed antilipogenic mechanisms of 
t10,c12 CLA in mammalian cells. To see if the enzymes responsible for TAG formation 
were inhibited at transcriptional level also in yeast, the transcript abundance of the genes 
of the enzymes catalyzing the final stage in TAG formation process: DGA1, LRO1, ARE1 
and ARE2, was analyzed in yeast BY4742 (Publication III). Lro1p and Dga1p are the most 
important acyltransferases in TAG formation whereas the main function of Are1p and 
Are2p is the acylation of sterols to form sterol esters. However, also Are1p and Are2p 
harbor DAG acylating activity (Oelkers et al., 2002; Sandager et al., 2002). The transcript 
abundance of these selected genes was measured at the different stages of cultivation, but 
no reduction in the expression of any of the enzymes was found (Figure 12). Thus, the 
transcriptional inhibition of TAG forming enzymes was not apparently the reason for 
lower content of TAG in the t10,c12 CLA supplemented cultures. 
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FFigure 12. Transcript abundance of DGA1, LRO1, ARE1 and ARE2 after 2, 4, 6 or 24 
hours after CLA (0.2 g/l) supplementation in the cells of S. cerevisiae BY4742. CLAs were 
supplemented when OD(600) was 0.24. Black, w/o FA (control); white, c9,t11 CLA; grey, 
t10,c12 CLA. 

 

Instead, the transcript abundance of ARE2 mRNA was significantly elevated if the 
t10,c12 CLA was present in the cultivation medium, and the elevation was time-dependent 
(Figure 12). The effective CLA-concentration was tested and it was found that as small as 
0.05 g/l brought on the slight elevation of ARE2 transcription. The reason for the ARE2 
induction was hypothesized that it would compensate other acyltransferases, if they were 
inhibited at translational or protein level. To verify this hypothesis, the deletion strain 
lacking ARE2 was generated. If the theory would be valid, the TAG content should be 
reduced in the t10,c12 CLA supplemented culture of the deletion strain.  

The deletion did not reduce yeast growth, and the deletion strain accumulated biomass 
even slightly better than wild type strain after 24 hours of cultivation (Figure 13). In the 
both strains, CLA supplementation increased biomass accumulation further.  
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FFigure 13. Biomass accumulation in the cultures of S. cerevisiae BY4742 wild type and 
are2-strain cultivated with the CLA isomers (0.3 g/l) or w/o FA (ctrl). 

 

As shown in the Figure 14, the are2-strain accumulated TAG slightly more than wild 
type, which may be the consequence of redirecting the FA towards TAG fraction instead 
of sterols. The c9,t11 isomer incorporated in TAG of the wild type cells in high amounts 
already in the exponential growth phase raising TAG content significantly compared to 
control cells cultivated in basal medium. After 24 hours the TAG content in the c9,t11 CLA 
treated cells was over triplicate compared to the TAG content in the control. The trend 
was similar in the knockout strain. Instead, the incorporation of the t10,c12 CLA was 
significantly lower and the MUFA content in TAG remained negligible. This resulted in 
drastically lowered TAG content in the exponential phase compared to the control. The 

are2-strain did not differ from each other. The lower TAG accumulation in 
the exponential phase could indicate, that the membrane bound t10,c12 isomer 
decelerated directly the activity of Lro1p, which is responsible for TAG synthesis in the 
exponential phase. Lro1p is homologue to mammalian LCAT and uses FA from 
phospholipid sn-2 position as substrate. After 24 hours of cultivation the t10,c12 CLA 
incorporation and SFA accumulation compensated reduced MUFA accumulation and TAG 
content exceeded the TAG content of the control cells indicating that Dga1p activity was 
not inhibited. Towards the end of the cultivation, TAG content again decreased in the CLA 
supplemented cultures. In the phospholipids the composition was similar independent of 
which CLA isomer was supplemented (Figure 15). The isomers were intensively 
incorporated in the phospholipids encompassing around 50 % of the FA after 24 hours of 
cultivation. After 48 hours of cultivation the increased biomass content (and increased 
membrane content) in the CLA treated cultures diluted the CLA concentration per cell dry 
mass and therefore the CLA content in the membranes showed lower at the end of the 
cultivation. However, the deletion of ARE2 didn’t bring on any change in lipids of are2-
strain compared to the wild type when cultivated in the presence of t10,c12 or c9,t11 CLA. 
Therefore, the role of Are2p was concluded not to be involved in the inhibition of lipid 
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accumulation by t10,c12 CLA. In yeast, the main role of Are2p is the esterification of 
sterols to generate sterol esters to prevent detrimental accumulation of sterols in 
membranes (Yu et al., 1996; Rajakumari et al., 2008). The activity of mammalian LCAT, 
the enzyme catalyzing esterification of sterols, has been reported to be increased by both 
the CLA isomers (Subbaiah et al., 2010), and increased CLA concentrations in plasma SE 
have been measured (Burdge et al., 2005). Thus, the increased ARE2 expression might 
indicate that SE is more favorable storage form for t10,c12 CLA in yeast similarly as in 
mammals, in which the higher sterol esterase activity by CLA induction has been reported. 
However, in our studies the CLA couldn’t be found in the SE fraction. It is possible that 
induction of ARE2  in the exponential phase was meant for compensation of the lowered 
Lro1p activity, but the activity of Are2p could not accomplish the normal TAG synthesis. 

 

 

 

FFigure 14. FA content and composition in TAG of S. cerevisiae BY4742 wild type and 
are2-strain cultivated with the CLA isomers (0.3 g/l) or w/o FA (ctrl). 
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FFigure 15. FA composition of phospholipids in S. cerevisiae BY4742 wild type and are2-
strain cultivated with the CLA isomers (0.3 g/l) or w/o FA (ctrl). 

 

More support for the reduced desaturation by t10,c12 CLA was obtained when the 
desaturation indexes, C16:1/C16:0 and C18:1/C18:0, were calculated for the phospholipids 

are2 strains cultivated for 24 hours in the presence of CLA 
isomers. It was noticed that especially the desaturation of C16:0 to C16:1 was remarkably 
reduced in the t10,c12 CLA treated cells (Table 4). In phospholipids, the difference 
between the CLA isomers was not that drastic and the both isomers affected almost 
similarly to the desaturation of C18:0. In TAG the t10,c12 isomer changed the proportions 
of SFA and MUFA most efficiently. There is a reason to suspect that if MUFA were scarce 
due to reduced desaturation in the presence of the t10,c12 CLA, the existing MUFA were 
primarily directed for the membrane lipid needs to maintain membrane homeostasis and 
in TAG accumulated the less important FA.  

 

Table 4. Desaturation index for C16:0 and C18:0 after CLA treatment in the wild type 
are2-deletion strain of S. cerevisiae cultivated in the presence of CLA isomers. 

Strain/  
FA treatment  

Phhospholipids TAG  
C16:1/C16:0  C18:1/C18:0  C16:1/C16:0  C18:1/C18:0  

wt /control 2.56 7.52 2.33 4.66 
are2 /control 2.74 7.78 2.92 4.95 

wt /c9,t11 CLA 0.97 2.71 1.33 3.34 
are2 /c9,t11 CLA 1.18 2.85 1,91 4.05 

Wt /t10,c12 CLA 0.70 2.29 0.20 0.88 
are2 /t10,c12 CLA 0.79 2.24 0.31 0.97 
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33.2.1.2.2 Trans-10,cis-12 CLA prevented accumulation of other fatty acids
 

The above tests did not exclude the possibility that the TAG formation catalyzing 
enzymes were inhibited at protein level, because the accumulation of t10,c12 CLA in TAG 
fraction was remarkably lower than the accumulation of c9,t11 CLA. Therefore, an 
experiment in which the other FAs were co-supplemented with t10,c12 CLA in the cultures 
was designed to test , if the t10,c12 isomer could prevent accumulation of other FA in TAG. 
Oleic acid is a FA which is known to intensively accumulate in yeast TAG to prevent its 
lipotoxic effecs (Petschnigg et al., 2009; Garbarino et al., 2009). Knowing this fact, the 
t10,c12 CLA was supplemented together with oleic acid or c9,t11 CLA in equal amounts 
(0.3 g/l) in the medium and the cells were analyzed for TAG content. Figure 16 shows that 
in the t10,c12 CLA co-supplemented culture the oleic acid incorporation was lower after 
24 hours of cultivation. However, TAG synthesis was still high due to accumulation of also 
t10,c12 CLA in TAG. The presence of the t10,c12 CLA presumably prevented the 
endogenous C18:1 synthesis resulting in the lowered C18:1 accumulation. The 
accumulation of c9,t11 CLA in the co-supplemented culture was also noticeably 
diminished. Lower incorporation of cis-9 unsaturated FA if co-supplemented with t10,c12 
CLA might be the result from the effective inhibition of endogenous MUFA synthesis by 
t10,c12 CLA, which lowered the pressure to store 9-unsaturated FA in TAG. Also reduced 
Lro1p activity may have played role in the TAG reduction in the t10,c12 CLA treated 
cultures. 

 

 

Figure 16. TAG composition of S. cerevisiae BY4742 cells cultivated for 24 hours with 
t10,c12 CLA, C18:1 or c9,t11 CLA or in combinations C18:1 + t10,c12 CLA or c9,t11 + 
t10,c12 CLA. Concentration of each FA was 0.3 g/l. 
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33.2.1.2.3 Trans-10,cis-12 CLA didn’t affect the regulation of TAG and phospholipid synthesis 
 

LIPIN1 is one of the enzymes inhibited by CLA in the studies with mammalian cells 
(Kennedy et al., 2010). Therefore, next we addressed whether the CLA 

isomers had an impact on the corresponding enzyme in yeast, Pah1p. To investigate the 
distribution of FA towards TAG or PL by Pah1p in the presence of CLA, the heterozygous 

pah1 deletion strain was cultivated with the isomers (unpublished results). Oleic acid 
was also supplemented for comparison. The deletion strain has one deleted allele of PAH1 
and it should show reduced Pah1 activity. The wild type strain in this experiment was 
BY4743 which is the genomic basis for the pah1 deletion strain provided by Euroscarf. 
The presence of the CLA isomers or oleic acid (0.3 g/l of each FA) did not bring on any 
difference on TAG content neither after 24 hours (data not shown) nor 48 hours (Figure 
17). The results were not as expected because the reduction of Pah1p phosphatase should 
result in the decreased ability to form DAG and TAG, but this was not found in this 
experiment. Instead, the pah1 deletion strain accumulated TAG even to higher levels 
than the wild type strain. Neither, phospholipid content was elevated in the deletion 
strain. Unsaturated FA should also give rise to lipotoxicity in the deletion strain due to 
the defect in TAG formation. Because of the normal TAG accumulation capacity, also 
growth of the deletion strain was comparable to the control (data not shown). Overall, this 
diploid strain incorporated less CLA isomers in TAG compared to the otherwise isogenic 
but haploid strain BY4742 or the yeast isolate B-72021 which confirms that CLA effects 
are strain dependent in yeast. 

 



40 
 

 

FFigure 17. TAG and phospholipid (PhL) content of wild type and pah1 deletion strain 
of S. cerevisiae BY4743 cultivated with t10,c12 or c9,t11 CLA isomers or oleic acid (0.3 
g/l). 

 

 

Based on these findings, the antilipogenic mechanism of t10,c12 CLA could be partly 
explained by desaturase inhibition but not by the reduced transcription of TAG forming 
enzymes. Lro1p activity may be suspected to be reduced in the t10,c12 CLA treated 
cultures. Lower TAG content induced by CLA in the later stages of cultivation couldn’t be 
explained by these experiments. Therefore, the effect of CLA on lipid degradation was 
studied further. 
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33.2.2 Impact of the CLA isomers on lipid degradation 
 

3.2.2.1 Impact of the CLA isomers on TAG hydrolysis 
 

3.2.2.1.1 Lipid reducing effect of trans-10,cis-12 CLA didn’t emerge in the mutant yeast devoid of lipase 
activity 

 

Next we addressed if the increased TAG hydrolysis was occurring in the presence of 
t10,c12 CLA. For that, the deletion strain lacking the two most significant TAG lipases: 

tgl3 tgl4 was generated and cultivated in the presence of the CLA isomers, and its 
phenotype was compared to wild type strain BY4742 (Publication III). Yeast was 
cultivated for 48 hours in the CLA supplemented medium and TAG amount was measured 
at the selected time points. The results show that antilipogenic effect of the t10,c12 CLA 
emerged only on the later stages of cultivation within the monitoring period. TAG amount 
increased in the control cells during the whole cultivation reaching 12 mg/g cdw TAG 
content (Figure 18). The cells of the both CLA supplemented cultures accumulated more 
TAG than the control cells by 24 hours of cultivation. The accumulated TAG content in 
the c9,t11 CLA supplemented culture was significantly higher (27 mg/g cdw) in the 24 h 
grown culture compared to t10,c12 CLA supplemented (13 mg/g). On the contrary to the 
control culture, the CLA treated cultures lost TAG during cultivation. The antilipogenic 
effect didn’t show with the c9,t11 isomer even if TAG hydrolysis occurred because of the 
high initial TAG content. The deletion strain cultivated with t10,c12 CLA accumulated 
TAG to comparable levels as the corresponding control cells, and with c9,t11 CLA the 
accumulation made the yeast remarkably “obese”, reaching a TAG content of 39 mg/g. 
Because the major lipase activity was blocked, TAG degradation didn’t occur during 
cultivation. However, the CLA proportion in TAG was decreasing also in the deletion 
strain during cultivation. This may be explained by the increased cellular biomass in the 
cultivations, which caused dilution of CLA in yeast lipids and part of the CLA was 
positioned in the membranes and TAG of the new cells. Yeast harbors also additional 
enzymes having TAG lipase activity, such as Tgl5p, Ayr1p and Lpx1p (Athenstead and 
Daum, 2005; Ploier et al., 2013), and those enzymes may be responsible for TAG hydrolysis 
in the deletion strain. These results indicated that increased TAG hydrolysis resulted in 
lower TAG content in the cell cultures supplemented with t10,c12 CLA.  
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FFigure 18. TAG accumulation in S. cerevisiae BY4742 cells (wt or tgl3 tgl4 knockout-
strain) in the medium containing 0.3 g/l c9,t11, t10,c12 CLA or without FA 
supplementation (control). 

 

3.2.2.1.2 Trans-10,cis-12 CLA induced TAG degradation after the diauxic shift 
 

To study more accurately the conditions, where the TAG hydrolysis was induced by CLA, 
the yeast BY4742 was cultivated in the presence of the CLA isomers and glucose and 
ethanol concentrations of the cultivation medium were measured at selected time points 
(Publication IV). It appeared that glucose was consumed the fastest in the control culture 
without FA supplementation (Figure 19). The cells cultivated with c9,t11 CLA consumed 
glucose at lower rate, which reflected decelerated growth shown also by the biomass 
measurements (Figure 20). Also the t10,c12 CLA supplemented cell culture grew slightly 
slower than the control culture and glucose consumption rate was similarly slower. The 
ethanol accumulation in the control culture was also faster and diauxic shift occurred 
earlier. The most important observation in this study was the connection between ethanol 
consumption and TAG degradation in the CLA supplemented cultures: The CLA exerted 
its antilipogenic effect after the diauxic shift when the yeast metabolism was changed to 
respiratory metabolism consuming alternative carbon sources (Figure 19). The control 
cells accumulated TAG during the whole monitoring period whereas the CLA-
supplemented cultures degraded TAG. TAG accumulation was significantly attenuated 
also in the exponential phase in the t10,c12 CLA treated cells, but after 24 hours of 
cultivation the TAG amount in these cells exceeded TAG amount of the control cells. Thus, 
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the CLA impact on TAG content was variable depending on the metabolic condition of the 
cell culture. Also the c9,t11 CLA induced TAG degradation, but because of the extensive 
TAG accumulation during growth, the TAG content remained higher when compared to 
the control. Reduced TAG synthesis in the exponential phase of the t10,c12 CLA-treated 
culture supports the notion of the attenuated action of Lro1p in these conditions as 
discussed above. However, the other acyltransferase Dga1p, which adds CoA-bound acyl 
chains into DAG and is active in the stationary phase, was apparently not affected 
negatively by the t10,c12 isomer because of the elevated TAG content in the 24 and 33 
hours grown cells. 

 

 

FFigure 19. EtOH and glucose content of the cultivation medium and intracellular TAG 
content of S. cerevisiae BY4742 cells cultivated in the presence of the CLA isomers (0.3 
g/l). 
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FFigure 20. Biomass accumulation in cultures of S. cerevisiae BY4742 supplemented with 
the CLA isomers (0.3 g/l). 

 

3.2.2.1.3 Trans-10,cis-12 CLA could induce lipid degradation in the precultivated lipid-rich cells 
 

In humans, CLA is used as a weight-loss substance to reduce fat gain. We wanted to 
examine, if the CLA-mediated lipid loss could be seen in the “obese” yeast model, which 
had before the CLA supplementation accumulated significant amounts of TAG. The 
experiment was conducted, in which the BY4742 cells were cultivated for 24 hours with or 
without oleic acid and the media of the precultivated cells were supplemented with t10,c12 
CLA to see, if the isomer was able to induce TAG degradation (Publication IV). After the 
supplementation, also the t10,c12 CLA was first incorporated into TAG (Figure 21). 
However, soon thereafter the TAG content started to decrease, which did not occur in the 
corresponding control cultures pointing out that TAG reduction was induced by CLA. 
Simultaneously, cellular biomass increased noticeably in the t10,c12 CLA supplemented 
cultures. This raised the question whether the liberated FA were used through -oxidation 
to produce energy and more biomass. As the cell amount increased, the measured TAG 
amount per g dry biomass was not actually reduced that drastically per cell but was rather 
diluted due to the more abundant cell number. However, when compared to the FA 
supplemented cultures, the TAG reduction was remarkable only in the t10,c12 
supplemented cultures but not in the culture supplemented solely by oleic acid. The cells 
could also use the supplemented FA directly from the cultivation medium for energy for 
the biomass accumulation after glucose was consumed and glucose repression did not 
prevent FA oxidation.  
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FFigure 21. TAG accumulation in S. cerevisiae cultivated with oleic acid (0.3 g/l) or 
without FA supplementation (ctrl). After 24 hours of cultivation, t10,c12 CLA (0.3 g/l) was 
supplemented. 

 

3.2.2.2 Impact of the CLA isomers on FA -oxidation 
 

Increased FA oxidation due to t10,c12 CLA administration has materialized as a result 
in several studies with mammalian cells (Evans et al., 2002; Zhai et al., 2011; Den Hartigh 
et al., 2013). The previous results with yeast supported that scene, and verification of the 
theory was under the following study (Publication IV). The listed deletion yeast strains 
having defections in FA -oxidation were cultivated in the presence of the t10,c12 CLA 
isomer:  

• eci1 lacking 3- 2-enoyl-CoA isomerase (Eci1p), which is needed for the 
degradation of unsaturated FA having a double bond in the odd-numbered position 

• sps19 lacking 2,4-dienoyl-CoA reductase (Sps19p), which is needed for the 
degradation of FA having a cis-double bond in the even-numbered position 

• pip2 lacking Pip2p part of the heterodimeric transcription factor Oaf1-Pip2 
and thus unable to induce the enzymes of the -oxidation pathway 

The wild type strain BY4742 was used as the control. The cultivations were expected to 
reveal whether TAG degradation by CLA is dependent on FA oxidation capability. The 
theory was at least partly correct, because in the deletion strains TAG content did not 
decrease similarly by the t10,c12 CLA as in the control cells (Figure 22). In the pip2
strain TAG content rather inreased. It appeared that the disruption of the Oaf1-Pip2 
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complex affected also MUFA synthesis in t10,c12 CLA supplemented culture, because 
SFA/MUFA ratio was significantly elevated in the pip2 strain treated with t10,c12 CLA. 
More biomass accumulated in all the cultures due to presence of t10,c12 CLA. This was 
contradictory, because FA oxidation was defective in the deletion strains. The explanation 
for the higher biomass accumulation in the deletion strain cultures might be the 
utilization of the supplemented FA in the cellular membrane structures without the need 
to synthesize them and thus more sugar-derived energy was available for growth. In 
addition, the eci1 deletion strain could degrade saturated FA and t10,c12 CLA, and 

sps19 deletion strain also cis-9 unsaturated FA released from TAG. 

 

 

 

FFigure 22. TAG accumulation in S. cerevisiae BY4742 wild type and the deletion strains 
unable to degrade CLA: eci1, sps19 and pip2. The yeast were cultivated for 50 hours 
with t10,c12 CLA (0.3 g/l) or without FA (ctrl). 

 

A surprising finding was that the c9,t11 CLA decelerated growth of the pip2 deletion 
strain remarkably: During the first 24 hours the yeast didn’t grow at all (Figure 23). The 
other deletion strains grew normally (data not shown). After the lag phase, the growth 
began reflecting that the cells could adapt to the conditions and change their metabolism 
to support growth. The growth inhibition occurred only on the glucose medium whereas 
galactose allowed a growth rate which was comparable to the wild type (data not shown). 
This indicated that glucose repression prevented the function of some gene essential for 
normal growth in the strain lacking Oaf1-Pip2 heterodimer. Which this gene or process is 
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could not be found in this study. After the lag phase, the cells of the c9,t11 CLA treated 
deletion strain culture accumulated lipids comparable to the wild type. T11-C18:1 
inhibited growth similarly which indicated that the trans-11 double bond was responsible 
for the inhibition whereas oleic acid (cis-9 double bond) did not bring on any inhibition. 

 

 

 

FFigure 23. Biomass accumulation in S. cerevisiae wild type and pip2-strain cultures 
containing c9,t11 CLA, oleic acid or t11-C18:1 (0.3 g/l). 

 

  



48 
 

44 Conclusions 

 

The aim of this study was to establish, if yeast S. cerevisiae could be utilized as a model 
organism to find the antilipogenic mechanism of t10,c12 CLA. Based on the results, yeast 
turned out to be an interesting tool to study the CLA function - not only the antilipogenic 
mechanism of t10,c12 CLA but also the function of c9,t11 CLA, which was completely 
different from the action of t10,c12 CLA in yeast. 

In yeast the both isomers were incorporated in the cellular membranes. Many of the 
yeast cell functions are regulated by membrane FA composition. Esterification of the CLA 
isomers in the membrane phospholipids may have affected the membrane bound enzymes, 
such as Ole1p. In fact, the regulation of Ole1p function was different between the isomers: 
the c9,t11 CLA acted through giving a signal for the gene expression system whereas the 
t10,c12 CLA appeared to act post-transcriptionally or have direct effect on the enzyme as 
evidenced by the observation, that the c9,t11 CLA formation from t11-C18:1 was 
significantly attenuated in the presence of t10,c12 CLA. The strong negative impact of 
t10,c12 CLA on MUFA accumulation appears similar in yeast and mammalian cells 
resulting in the lowered lipid accumulation. The membrane mediated signals to the 
membrane associated proteins play evidently an important role in CLA functionality and 
explains the different actions of the CLA isomers with different physicochemical 
properties also in mammals. The action of CLA through transcription factors does not 
explain all the effects of CLA on mammalian lipid metabolism, because both isomers have 
shown to bind the same ligands in lipid metabolic processes and still the cellular responses 
are different. 

TAG degradation in the later stages of cultivation was found to be the another important 
reason for the lower TAG content in yeast cultivated with t10,c12 CLA. This occurred at 
the stage when glucose of the medium was consumed and yeast changed its metabolism 
from fermentation to aerobic metabolism. Cellular biomass accumulation was found to be 
correlated with TAG degradation in the t10,c12 CLA supplemented cultures. This was 
concluded to be the result from increased -oxidation of the liberated FA, because the 
knockout strain lacking capacity for -oxidation did not show TAG degradation even if the 
t10,c12 CLA was present. In yeast, the metabolic flux of FA is controlled by the needs of 
membrane lipid synthesis when the cells grow and divide, or of TAG synthesis in the non-
replicative stationary phase (Kohlwein et al., 2013). It is possible that TAG, which were 
composed of MCFA and t10,c12 CLA, were favorable for hydrolysis to offer energy and 
thus their degradation was rapid after the diauxic shift, when the FA oxidation was the 
predominant energy source. Yeast cell division is linked to the function of Cdc28/CDK1, 
which regulates TAG hydrolysis and synthesis through Tgl4p and Pah1p. In the cells 
cultivated with the t10,c12 CLA, TAG hydrolysis was induced, but the fundamental 
question, whether the CLAs primarily induced lipid degradation or rather cell division 
and the role of the Cdc28/CDK1 in this process, remain to be uncovered in future studies.  
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Also the c9,t11 CLA isomer induced TAG degradation in yeast. Both the CLA isomers 
have reported to act as ligands for PPAR  which has functional homology to yeast Oaf1-
Pip2 and thus there is reason to suspect that the both isomers affected also function of 
Oaf1p-Pip2p. 
affected by the t10,c12 CLA isomer in mammals, 
inhibiting it. In yeast the homologous transcription factor doesn’t exist but the lipid 
content was still lowered by CLA. Even if the accumulation of TAG in the t10,c12 CLA 
supplemented culture was noticeably lower than in the other FA supplemented cultures, 
the inhibition of the enzymes of TAG formation at transcriptional level could not explain 
the lower accumulation of t10,c12 CLA in TAG. This supports the fact that besides the 
activation of transcription factors by t10,c12 CLA also non-nuclear mechanisms of action 
exist in its lipid reducing action.  

SE content and composition could not be found to be changed by the CLA isomers in this 
study despite the fact that transcription of ARE2, the sterol acylating enzyme, was 
significantly elevated by t10,c12 CLA in the exponential phase. The both CLA isomers 
have shown to stimulate sterol esterification in mammalian cells. Thus, more 
comprehensive yeast SE analysis is needed to clarify the reason for the elevated ARE2 
transcription in the presence of the t10,c12 CLA. Also interaction between ergosterol 
(sterol in the yeast membranes) and the CLA isomers would be an interesting target of 
future studies to gain understanding on the membrane modulating properties of CLA in 
yeast. 

Toxicity of the CLA isomers in yeast have not been studied previously. This study gave 
support for the theory, in which the c9,t11 CLA having cis-double bond in the 9th carbon 
was more toxic to yeast than the t10,c12 isomer because of the higher incorporation of 
c9,t11 CLA and oleic acid into TAG when compared to t10,c12 CLA. Toxicity of the c9,t11 
CLA was detected also in the experiment, where the pip2 deletion strain 
strongly inhibited by c9,t11 CLA. However, the trans-11 double bond rather than cis-9 or 
conjugated c9,t11 double bond was concluded to exert this inhibitory effect, because the 
t11-C18:1 inhibited the growth similarly but not oleic acid. The reason for the growth 
inhibition of the strain lacking Oaf1p-Pip2p transcription factor by trans-11 FA on the 
glucose repressive conditions remains to be clarified in the future studies. 

The conjugated double bond of the CLAs mediate interesting biological activities. 
However, the positioning of the conjugated bond in the FA chain affects dramatically its 
function. Yeast could be made severely “obese” by feeding with c9,t11 CLA whereas the 
t10,c12 CLA reduced its lipid content remarkably. In the development of new antiobesity 
drugs or substances the testing of different conjugated structures might lead to the 
discovery of interesting new derived molecules having weight-loss effect. In such a 
scenario, yeast could serve as an excellent model for the screening of the compounds, 
although caution needs to be exerted as the different yeast strains reacted differently 
towards CLA supplementation. Moreover, the safety of the compounds need absolutely to 
be ensured with tests in animal models, and neither the effects of CLA on the extracellular 
signal molecules and on certain transcription factors can be examined in yeast. Some other 
detrimental effects, e.g. accumulation of FFA, could be shown also in yeast cells. At the 
systemic level, whereas yeast utilized the FA liberated after CLA induction for the 
accumulation of biomass but humans should consume them otherwise, e.g. by exercising.  
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Overall, the study showed that yeast fulfills the requirements to study the effects of CLA 
on lipid metabolism. The eukaryotic lipid metabolic pathways were similarly affected by 
CLA in yeast and mammals and therefore the details of the mechanistic actions of the 
isomers can be potentially unraveled by using yeast cell as a model. Especially the 
functionality of membrane bound CLA isomers are encouraged to study further. 
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