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1. Introduction 

1.1. Fatty acid desaturation 

Lipids, which are essential for the human body, perform various tasks. They can be 

membrane constituents, signal molecules in cellular communication or transcriptional 

regulators of certain genes, they provide opportunity to store energy, and they help many 

proteins perform their proper functions, for example as chaperones, cofactors, carriers or 

anchors to membranes. There are simple lipids, in which fatty acids (FAs) form ester 

bonds with glycerol constituting fats and oils, or with long-chain alcohols creating waxes. 

Furthermore, and those are the prevalent lipids having diverse biological functions, there 

are complex lipids which contain additional building blocks beyond FAs and alcohols, 

such as phosphates, sugars, amino acids, or other functional groups. The main 

constitutional component of these lipid classes is a diverse range of FAs, which can be 

classified based on several criteria, including their length of hydrocarbon chain, degree 

of unsaturation, location and configuration of any double bonds in the chain. Besides their 

systematic and common names, each FA can be referred to by a shorthand notation 

containing these four pieces of information [1]: CN:p cis/trans tx, where CN indicates the 

carbon number (chain length); p stands for the number of double bonds, after which there 

is information about the double bond(s); t marks the terminus, which can be Δ if the 

double bond is counted from the carboxylic end or can be ω- or n- if counted from the 

methyl end; and x represents the position of this double bond, and the configuration may 

also be marked as cis or trans.  

According to chain length, there are four types of FAs [2]. Short-chain FAs 

containing less than six carbon atoms are typically produced by gut bacteria during the 

fermentation of dietary fiber in the colon, and are also to be found in dairy products, such 

as milk, cheese, and yogurt. Medium-chain FAs have six to twelve carbon atoms, and the 

main representatives, such as caproic acid (6:0), caprylic acid (8:0) and capric acid (10:0), 

appear in coconut oil and palm kernel oil. Very long-chain FAs with chain length of more 

than twenty carbon atoms exhibit a wild range of roles, for example in lipid homeostasis, 

myelin maintenance, spermatogenesis, retinal function and anti-inflammation [3]. 

Melissic acid (30:0), first found in beeswax, nervonic acid (24:1 cis n-9), a FA which is 
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an essential component of myelin sheath, and the widely studied docosahexaenoic acid 

(DHA; 22:6 n-3), which is important in the functional development of the brain, belong 

to this category. In our laboratory, the focus is on long-chain FAs with chain lengths of 

12-20 carbon atoms, more specifically C16 and C18 FAs, as these are the most abundant 

FAs in the human organism. Palmitic acid (16:0), mainly found in palm oil and coconut 

oil, in products made from animal fat, such as butter, cheese or milk, and in meats, such 

as beef, pork and chicken, is also added to many processed foods, like bakery products, 

fried foods or snacks as a preservative or flavor enhancer. Other examples of long-chain 

FAs include stearic acid (18:0), mainly found in cocoa and shea butter or oleic acid (18:1 

cis Δ9) appearing primarily in natural oils.  

The latter three parameters of FA classification – namely the number, location and 

configuration of double bonds – are related to desaturation, a biochemical process that 

introduce double bonds into fatty acid molecules. The cis double bonds cause the chain 

of unsaturated FAs to kink or bend, which affects the physical and chemical properties of 

these molecules and thus their biological functions. The human body needs not only the 

right amount, but also the optimally balanced composition of saturated and unsaturated 

FAs as it defines fundamental cellular processes (such as interactions between lipid 

assemblies and proteins, or the molecular properties of lipid bilayers), and it plays a 

crucial role in maintaining overall health and preventing various diseases. The position 

and the configuration of double bond(s) are also critical – while cis ω-6, and particularly 

cis ω-3 FAs have well-known beneficial effects, several studies highlight the differences 

in the health effects of cis and trans FAs.  

1.1.1. Saturated and unsaturated fatty acids 

According to the degree of unsaturation, indicating the number of double bonds in 

the carbon chain, FAs can be differentiated into saturated fatty acids (SFA), containing 

only single bonds between carbon atoms, making them "saturated" with hydrogen, and 

unsaturated FAs (UFA), containing one (monounsaturated FA, MUFA) or more double 

bonds (polyunsaturated FA, PUFA) in the hydrocarbon chain. The most common long-

chain FAs, their degree of desaturation, and their main dietary sources are listed in Table 

1. The presence or absence of double bonds affects the physical properties of FAs, such 
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as melting point and fluidity. The higher the degree of unsaturation, the lower the melting 

point of the FA. SFAs tend to be solid at room temperature, while UFAs are usually liquid. 

However, the length of the carbon chain also affects the melting point as longer chains 

have a greater surface area and stronger intermolecular forces, which require more energy 

to break apart and melt, i.e., with chain length, the melting point also increases. 

Table 1. The most prevalent long-chain FAs in human diet. 

Carbon 
number 

Name Saturation Cis/Trans Occurrence 

C16 

palmitate  16:0 SFA  - 
palm oil, butter, cheese, 

milk, meat, etc. 

palmitoleate 
16:1 cis 9 MUFA 

(ω-7) 
cis  

animal fats, vegetable oils, 
marine oils, macadamia oil 

C18 

stearate 18:0 SFA - cocoa butter, shea butter 

oleate 
18:1, cis 9 MUFA 

(ω-9) 
cis 

natural oils (avocado, 
peanut, olive, canola, etc.) 

elaidate 
18:1 trans 9 MUFA 

(ω-9) 
trans bovine milk, some meats 

vaccenate 18:1 trans 11 MUFA trans 
animal fats and dairy 

products 

linoleate 
18:2 cis 9, 12 PUFA 

(ω-6) 
cis 

essential FA; sunflower, 
corn oil, soybean oil, 

sesame, almonds 

C20 
arachidonic 

acid 

20:4 all-cis 5, 8, 

11, 14 PUFA 

(ω-6) 

cis 
conditionally essential FA; 
red meat, fish, eggs, dairy 

products 

1.1.1.1. Structural features 

FAs are carboxylic acids with aliphatic hydrocarbon chains and have a general 

chemical formula: RCOOH. In their favorable, extended conformation, SFAs have a 

linear, rod-like shape, while UFAs usually have a bent or kinked shape due to the presence 

of the double bond(s). However, in the case of UFAs, the orientation of the hydrogen 

atoms around the double bond also affects the structure. The kink is only present in cis 

configuration when hydrogen atoms around the double bond are on the same side of the 

molecule. In contrast, in trans configuration, the hydrogen atoms around the double bond 

are on opposite sides of the molecule, resulting in a more linear structure, similar to that 

of an SFA. The cis configuration is far more abundant in the human body, since there is 

no de novo trans fatty acid (TFA) synthesis and cis isomers are more predominant in the 

food we consume. However, small amounts of dietary TFAs are also ingested and 
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incorporated into human lipids. The presence of vaccenic acid (18:1 trans Δ11), the main 

representative of TFAs (accounts for 60–80% of total ruminant-derived TFA content [4], 

and 4–8% of total ruminant-derived FA content [5]) was already proved in 1900’s in beef, 

mutton and butter fat [6]. Later, it was found in other ruminants’ fat and milk as well, for 

instance of cattle and sheep. The rumen of these animals contains a wide range of bacterial 

species that contribute significantly to lipid metabolism: they carry out certain 

transformations of dietary lipids. During one of these transformations between linoleic 

(18:2 n-6) and -linolenic (18:3 n3) acids to stearic acid (18:0), biohydrogenation gives 

rise to the formation of TFA intermediates (natural, ruminant-derived TFAs: rTFAs) [5]. 

TFAs can also derive from industrial processes (iTFAs), such as partial hydrogenation of 

PUFA-rich oils and fats, which aims to increase shelf life and solidification, and yields 

margarine and shortening; or deodorization through which live steam is injected into 

unrefined oils (soybean, palm, canola or fish oils, for instance) under vacuum at high 

temperature to eliminate unpleasant natural flavor, odor or color [7]. During these 

processes, the double bond(s) of cis-MUFAs and cis-PUFAs may not only undergo 

geometric isomerization yielding trans-MUFAs and trans-PUFAs, but their position can 

also change [8]. Therefore, industrially generated TFAs are abundant in trans Δ9 and 

trans Δ10 isomers of 18 carbon MUFAs, among which the main representative is elaidic 

acid (18:1 trans Δ9) – a positional isomer of vaccenic acid and a geometric isomer of the 

cis-MUFA, oleic acid [9] – which can reach up to 61% of total FA content of foods 

produced this way [5].  

1.1.1.2. Metabolic differences 

The presence of UFAs is critical for several reasons. Phospholipid and triglyceride 

synthesis involves the incorporation of two or three FAs through acylation reactions. Due 

to the specificity of the acyltransferase enzymes, the first and second carbon atoms of 

glycerol are normally acylated by a saturated and an unsaturated FA, respectively, and 

the third carbon atom in triglycerides can receive either a saturated or an unsaturated FA. 

The right FA composition is essential for the proper physical properties of these lipids. 

An optimal UFA content not only makes biological membranes properly fluid, flexible 

and elastic [10, 11], but also allows efficient transmembrane signaling [12]: increased 

degree of unsaturation enhances the permeability of the bilayer, and, through softening 
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the membrane and supporting membrane curvature, can help receptor activation and 

channel formation. In accordance with these physical impacts on membranes, PUFAs 

were also shown to play an important role in synaptic vesicle recycling [13].  

Some PUFAs cannot be synthesized in the human body because we are unable to 

insert a double bond behind the ω-7 position, i.e., closer than 7 carbon atoms to the end 

of the chain. Therefore, these so-called essential FAs must be taken in with food. Two 

FAs are considered essential for humans: the ω-3 -linolenic acid and the ω-6 linoleic 

acid. In addition to being important membrane constituents, along with other UFAs, such 

as oleic acid, they are predominant components of cholesteryl esters [2]. Moreover, these 

essential PUFAs can be metabolized into various other PUFAs and further to lipid 

mediators: for instance, arachidonic acid (an ω-6 PUFA made from linoleic acid) is a 

precursor of countless important regulatory molecules, such as prostaglandins, 

leukotrienes or thromboxanes [14]. 

Although there is no human enzyme for geometric isomerization of FAs, TFAs of 

either ruminant or industrial origin can be metabolized, and their β-oxidation, elongation 

or further cis-desaturation can occur. Health effects of TFAs are controversial. They 

competitively interfere with the desaturation and elongation of cis-PUFAs and the change 

in membrane fluidity they cause has been reported to contribute to adverse cardiovascular 

effects [15] – although there might be differences between the impact of iTFAs and rTFAs 

[16]. These differences may be due to their different abundance – as rTFA can only 

account for a maximum of 8% of total FA in milk fat, while iTFA can account for up to 

61% of total FA in certain pastries or shortenings [5]. Because of the potential negative 

health effects, many countries have legislated to limit the amount of iTFA allowed in 

foods. On the other hand, there are studies ascribing beneficial effects to TFAs, such as 

direct anti-carcinogenic effect of vaccenic acid on MCF-7 human mammary 

adenocarcinoma cells [4] or positive impact on systemic insulin sensitivity and type 2 

diabetes mellitus (T2DM) of trans-palmitoleic acid (16:1 trans Δ9) [8]. 

1.1.1.3. Health implications 

While the body stores no proteins and only limited amounts of carbohydrates, fat can 

be deposited in large quantities in a specialized tissue. In fed state, the liver uses the 

excess carbohydrates and amino acids to synthesize FAs and build up triglycerides, which 
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are packed in very low-density lipoproteins (VLDLs) to reach the adipose tissue via the 

blood circulation. Meanwhile, lipids from the food form chylomicrons in the intestinal 

epithelial cells and are also transported to the adipose tissue through the lymph and blood. 

Fatty acyl-CoA from these lipoproteins feeds triglyceride synthesis in the adipocytes and 

get stored in lipid droplets [17]. During starvation or prolonged physical activity, these 

triglycerides are hydrolyzed into glycerol and FAs, and the latter are delivered to starving 

cells by the circulation as albumin-associated non-esterified free FAs (FFA).  

Glucotoxicity and lipotoxicity 

Prolonged oversupply of nutrients can lead to obesity, which is an enlargement of 

adipose tissue with increased cell number (hyperplasia) and cell size (hypertrophy), 

although the former shows a genetic boundary [18]. Enlarged fat cells do not have 

adequate access to nutrients and oxygen, so they secrete adipokines such as monocyte 

chemoattractant protein-1 (MCP-1) [19] and leukotriene B4 (LTB4) [20], which trigger 

macrophage differentiation and monocyte chemotaxis, leading to local inflammation. In 

addition, activated inflammatory T cells secrete cytokines such as interleukins and tumor 

necrosis factor- (TNF), further enhancing the inflammation [21, 22]. Under the 

influence of these pro-inflammatory cytokines, a variety of signaling pathways are 

activated. These include the nuclear factor kappa-B (NFκB), Janus kinase/signal 

transducer and activator of transcription (JAK/STAT) and the c-Jun N-terminal kinase 

(JNK) pathways. The activation of these pathways, on the one hand, drives cells towards 

an inflammatory cell response by facilitating transcription of a variety of pro-

inflammatory genes, and on the other hand, damages insulin signaling. Along these 

pathways, phosphatases and kinases are activated. These enzymes interfere with the 

function of the insulin receptor substrate-1 (IRS1) protein by removing activating 

phosphorylations (on tyrosines) and adding inhibitory phosphorylations (on 

serines/threonines) [23, 24]. Furthermore, as a long-term effect, the expression of IRS1 

and the insulin receptor is reduced [25, 26]. Consequently, the local inflammation induces 

local insulin resistance, thus glucose uptake of the adipocytes decreases, which results in 

elevated blood glucose level (hyperglycemia). In the meantime, inflammatory cytokines 

leak from the inflamed adipose tissue into the blood circulation, thus the plasma level of 

TNF, IL-6 and IL-1β increases. Thereby, local inflammation turns into a mild systemic 

inflammation, damaging the insulin signaling pathway and glucose uptake of other cell 
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types as well, further elevating plasma glucose levels. Prolonged hyperglycemia increases 

the demand on β-cells, and increasing insulin production may eventually lead to 

dysfunction and even death of β-cells. The systemic harmful effect of persistent 

hyperglycemia is called glucotoxicity. Defective insulin signaling in adipocytes 

accelerates triglyceride turnover, which increases plasma levels of FFAs. A persistent 

excess of FFA, in turn, systematically damages the function of the cell ‒ this phenomenon 

is called lipotoxicity. This means that circulating FFAs have a dual effect on many types 

of cells, such as muscle cells, β-cells or hepatocytes. They can enter the cells through 

various FA transporters, for instance fatty acid translocase (FAT/CD36) or fatty acid 

transport protein 2 (FATP2) – which proteins were proved to be upregulated in rat 

hepatocytes after FA treatment [27] and in patients with non-alcoholic fatty liver disease 

or chronic hepatitis C as well [28]. On the other hand, FFAs can enhance inflammation 

through cell surface receptors in various cells. The main mechanisms of lipotoxicity, 

including the effects of excessive FAs on oxidative and ER stress, ceramide accumulation 

and inflammation, are illustrated in Figure 1. 

Oxidative stress 

FFAs crossing the cell membrane are involved in the cell’s metabolism as fatty acyl-

CoAs [29]. Through mitochondrial β-oxidation, citrate cycle and oxidative 

phosphorylation, fatty acyl-CoA provides energy to the cell. In case of overnutrition 

induced lipotoxicity, cells take up FFAs even when they do not need them. Increased FA 

oxidation overloads the oxidative capacity of mitochondria, thus over time, incomplete 

oxidation of FFAs and the excess electrons delivered to the electron transfer chain [30, 

31] lead to reactive oxygen species (ROS) production [32], which is one of the main 

pillars of oxidative stress. Exaggerated ROS generation can directly damage all the 

macromolecules in the cell, including DNA, moreover, ROS favors apoptosis through the 

activation of stress-sensitive cascades, such as NFκB, p38 and JNK MAPK pathways 

[33]. Examining hepatic insulin resistance, Dan Gao et al. showed in db/db mice and in 

HepG2 cell line as well that not only inflammatory cytokines but also NADPH oxidase 3 

(NOX3)-derived ROS can activate JNK [34]. Besides, the delicate redox homeostasis of 

the ER is also exposed to oxidative stress [35].  
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ER stress 

The large amount of acetyl-CoA drives the synthesis of complex lipids, which 

increases the burden on the ER and requires an increased number of properly folded 

proteins. Since protein disulfide bond formation increases ROS production [36], oxidative 

stress is enhanced. The protein overload and the oxidative stress cause ER stress and 

trigger the unfolded protein response (UPR). There are three transmembrane stress 

sensors in the ER, which primarily serve adaptation but may also lead to cell death. RNA-

dependent protein kinase-like ER kinase (PERK) attenuates general protein translation 

with the inactivating phosphorylation of the eIF2. Activating transcription factor 6 

(ATF6) induces chaperons and ERAD proteins. And lastly, inositol-requiring enzyme 1 

(IRE1) also induces ER chaperons and ERAD proteins and promote lipid synthesis 

through the activation of the X-box-binding protein 1 (XBP1) transcription factor mRNA. 

If prolonged UPR fails to rescue ER functions, it drives cell signaling towards apoptosis. 

ATF6 can induce the proapoptotic CCAAT/enhancer binding protein homologous protein 

(CHOP), and IRE1 increases the activation of JNK. Interestingly, PERK and IRE1 are 

sensitive to increased lipid saturation as well [37, 38]. Thus, if the balance between 

saturated and unsaturated FAs is greatly shifted, the UPR is more prominent. Unsaturated 

FAs however, proved to be preventive against ER stress: for example, oleate obstructed 

the palmitate-induced activation of the UPR in β-cells [39]. 

Accumulation of DAGs and ceramides 

The increased level of acyl-CoA gives a boost to lipid biosynthesis, so that cells other 

than adipocytes are also under the necessity of synthesizing and storing triglycerides, i.e., 

forming lipid droplets. Fat accumulation used to be considered damaging to cells, but 

now the approach is that this process is an escape route to avoid harmful effects of 

excessive FAs. The appearance of fat droplets in peripheral cells is much more an 

accompanying phenomenon of lipotoxicity than a cause. Unsaturated FAs protect cells 

partly by enabling triglyceride synthesis [40]. When the triglyceride synthesizing capacity 

is saturated, the pressure grows on other lipid synthetic pathways including sphingolipid 

synthesis, and the accumulation of biosynthetic lipid intermediates, such as diglycerides 

and ceramides, occurs [41]. Diacylglycerol (DAG) accumulation in hepatocytes was 

shown to be caused by not only saturated but also unsaturated FAs, which process resulted 

in PKCε activation and deterioration of insulin-stimulated IRS-2 signaling [42]. 
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While ceramides are the main precursors of other important sphingolipids, such as 

sphingomyelin or sphingosine, the significantly elevated amount of them after palmitate 

treatment is in correlation with ER-stress mediated β-cell death [43, 44]. Palmitate-

induced ceramide accumulation was also proved to be linked with hepatic insulin 

resistance [27, 45]. Moreover, in rat L6 skeletal muscle cells [46] and in human muscle 

cells [47], ceramides were shown to trigger insulin resistance through the inhibition of 

Akt/PKB by protein phosphatase 2A (PP2A). In addition, ceramide impairs FA oxidation 

in mitochondria and provokes ER stress via inhibition of the sarco/endoplasmic reticulum 

Ca2+ ATPase (SERCA), through which depletes its calcium storage [48]. Besides insulin 

resistance and enhancement of lipotoxic effects, elevated ceramide level promotes 

apoptosis through cytochrome c release from mitochondria [49]. Rescuing effects of 

unsaturated FAs was shown in the case of lipid intermediates as well. Oleate, the major 

endogenous MUFA, has been proved by several research groups to be an activator of 

diacylglycerol acyl transferase (DGAT) that converts DAG to triacylglycerol, protecting 

against palmitate-induced DAG accumulation [48]. Maedler et al. demonstrated in human 

β-cells that palmitate and high glucose concentration induce DNA fragmentation and 

apoptosis, reduce cell proliferation, interfere with insulin secretion and overall disrupt β-

cell function due to elevated ceramide level and activation of mitochondrial apoptosis. 

Oleate and palmitoleate, however, prevented these detrimental effects and favored cell 

proliferation [50]. Henique et al. also verified in skeletal muscle cells that oleate can 

redirect palmitate towards triglyceride synthesis through enhanced diacylglycerol 

acyltransferase 2 expression, which decreases the amount of destructive palmitate 

derivatives, diglycerides and ceramides [51]. Our research group demonstrated in 

RINm5F rat insulinoma cell line that not only the mono-unsaturated oleate but the two 

most abundant dietary TFAs, elaidate (18:1 trans Δ9) and vaccenate (18:1 trans Δ11) also 

provide protection against palmitate-induced ceramide and diglyceride accumulation 

[41].  

FAs as inflammation modulating signals 

As mentioned above, FFAs can affect cells not only as nutrients or metabolites, but 

also as signal molecules by binding to cell surface receptors. Saturated FFAs can act on 

Toll-like receptors (TLR2, TLR4 [52]), which results in the production of inflammatory 

cytokines like interleukins (IL-1β, IL-6) or TNF [21, 22]. These cytokines bind to their 
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receptors and trigger signaling pathways inducing inflammation and/or apoptosis. These 

pathways also include the NFκB and JNK cascades. Unsaturated FAs can rescue these 

adverse effects too. ω-3 PUFAs, like eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA) found in oily fish, have anti-inflammatory effects as they are capable of 

decreasing the activation and migration of immune cells such as macrophages and 

neutrophils, as well as the production of pro-inflammatory cytokines. They were 

demonstrated in vitro and in vivo to decrease the level of TNF, and interleukins (IL-1, 

IL-6, IL-8, and IL-12) in various cell types, such as macrophages, monocytes, endothelial 

and dendritic cells [53]. This effect is achieved by the inhibition of NFκB through various 

options. TLR-4 can activate NFκB with the involvement of NADPH oxidase-dependent 

ROS and with the help of adaptor proteins recruited into lipid rafts acting as an organized 

signaling platform [54]. By altering cell membrane phospholipid FA composition, ω-3 

PUFAs inhibit SFAs to promote raft formation, thus preventing the interaction between 

TLR-4 and NFκB [54]. Another option is through the anti-inflammatory transcription 

factor, peroxisome proliferator-activated receptor γ (PPARγ). ω-3 PUFAs are ligands of 

PPARγ which not only can regulate inflammatory gene expression, thus decrease the 

amount of pro-inflammatory cytokines, but also inhibit the activation of NFκB [55]. 

Moreover, EPA and DHA are substrates of anti-inflammatory and inflammation resolving 

lipid mediators, resolvins, protectins and maresins [56]. Arachidonic acid, the most 

abundant ω-6 PUFA, found mainly in red meat, fish, and egg, however, as mentioned 

before, can give rise to pro-inflammatory eicosanoids, such as prostaglandins, 

leukotrienes and thromboxanes. 
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Figure 1. Main cellular mechanisms of lipotoxicity (Created in BioRender). Excessive 

FA uptake may cause oxidative and ER stress, even apoptosis. Triglycerides are deposited 

in fat droplets. Accumulating lipid intermediates can promote stress and apoptosis. 

Saturated FAs induce proinflammatory cytokines through Toll-like receptors, and this 

effect can be ameliorated by unsaturated FAs. ROS: reactive oxygen species; IKK: 

inhibitor of nuclear factor-kappa B kinase; NFκB: nuclear factor kappa-B; JNK: c-Jun N-

terminal kinase; AP-1: activator protein-1 transcription factor; p38 MAPK: p38 mitogen-

activated protein kinase; UPR: unfolded protein response; ATF6: activating transcription 

factor 6; PERK: RNA-dependent protein kinase-like ER kinase; IRE1: inositol-requiring 

enzyme 1; IL-6: interleukin 6; TNF: tumor necrosis factor-. 

1.1.2. Enzyme systems of desaturation 

There are several fat-associated human genes whose products take part in the 

formation of mono- and polyunsaturated FAs, i.e., in desaturation. Namely, stearoyl-CoA 

desaturase (SCD) and fatty acid desaturase (FADS) genes code a variety of desaturase 

enzymes that catalyze oxidation in a FA chain, thus introducing a double bond [57]. The 
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variety of FAs synthesized in humans is further colored by seven ER-bound elongase 

enzymes (ELOVL1–7) that can extend both saturated and unsaturated acyl-CoA chains 

by two (saturated) carbon atoms, thus shifting any double bond back two positions. 

ELOVL enzymes are specific to acyl-CoAs of different length and degree of saturation. 

ELOVLs 1, 3, 4, 6 and 7 elongate different SFAs and MUFAs, while ELOVLs 2 and 5 

are strictly PUFA-specific enzymes [3]. 

1.1.2.1. Synthesis of monounsaturated and polyunsaturated FAs 

The desaturation process is highly specific, with each desaturase enzyme recognizing 

and acting on a specific position in the fatty acid chain. Biosynthesis of PUFAs depends 

on FADS enzymes. Three FADS genes, FADS1, FADS2 and FADS3 are encoded 

consecutively in chromosome 11 (11q12.2–11q13.1), sharing high level of sequence 

identity and exon/intron organization similarity with each other [58]. Regarding the 

proteins they encode, conserved structures typical of membrane-bound desaturases from 

other species, such as transmembrane domains, an N-terminal cytochrome b5-like domain 

and three histidine-rich regions, can be found in all of them. The different members of 

the cluster are responsible for different PUFA synthesis. FADS1, highly expressed in fetal 

liver, fetal and adult brain and in adrenal gland, is a Δ5 desaturase (also often referred to 

as D5D for delta 5 desaturase) that primarily catalyzes the conversion of dihomo-γ-

linolenic acid (20:3 cis Δ8) to arachidonic acid (20:4 cis Δ5) [59, 60]. FADS2 enzyme 

functions are more diverse: while it was thought to be a Δ6 desaturase (also often referred 

to as D6D for delta 6 desaturase) converting primarily dietary linoleic acid (18:2 cis Δ9) 

to γ-linolenic acid (18:3 cis Δ6), there are studies assigning also Δ4 [61] desaturase 

activity to the enzyme. Moreover, it was suggested that FADS2 can act on SFAs as well, 

converting palmitate to sapienate (16:1 cis Δ6) in the human skin (sebaceous gland) [62]. 

FADS3 gene encodes many protein isoforms [63] which biological role is not yet certainly 

understood. The protein was associated, for instance, with hyperlipidemia [64] and shown 

to have a Δ13 desaturase activity on vaccenic acid [65] and a Δ14 desaturase activity on 

sphingolipids [66]. 

While PUFAs can be generated from MUFAs by FADS enzymes, MUFAs are 

produced from long-chain SFAs by SCD enzymes.  
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1.1.2.2. Enzymatic process of desaturation 

Desaturation of fatty acyl-CoAs occurs in the catalytic center of the desaturase 

enzymes where a di-iron cofactor helps the elimination of two hydrogen atoms. The 

enzyme traps the FA into its deep, bent hydrophobic cavity where the two carbon atoms 

(e.g., the 9th and 10th) get close to the di-iron center [67]. The reaction is aerobe, thus 

requires molecular oxygen, and electrons from a reducing agent, i.e., nicotinamide 

adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate 

(NADPH). The reducing agents donate electrons through the microsomal electron 

transfer chain – cytochrome b5 reductase and cytochrome b5. Mediated by the di-iron 

cluster, molecular oxygen gets activated due to these donated electrons (cytochrome b5 

probably binds to the enzyme close to the di-iron center, so as to transfer the electrons 

effectively [68]). Meanwhile, the two carbon atoms of the fatty acyl chain are positioned 

in the catalytic center of the desaturase enzyme and each loses a hydrogen. After an initial 

hydrogen activation step at the carbon atom that is closer to the acidic end [69], the di-

iron oxidant of the desaturase enzyme detracts two hydrogens from the two carbon atoms. 

These hydrogens and the activated molecular oxygen are converted to H2O, while the 

carbon-carbon double bond is formed [68]. 

1.1.3. Human acyl-CoA desaturases 

Δ9 desaturases are key enzymes in the production of unsaturated FAs, as they can 

introduce the first double bond in an SFA at the Δ9 position. The MUFAs produced by 

SCD enzymes can be further desaturated by FADS enzymes with Δ4, Δ5, and/or Δ6 

activities. 

1.1.3.1. Human 9 desaturase isoenzymes 

Since humans cannot produce PUFAs de novo, the significance of desaturase 

enzymes is undeniable. While vertebrates can have plenty of SCD isoforms (mice, for 

instance have four SCD isoforms, Scd1, Scd2, Scd3 and Scd4), only two types of human 

SCD have been described [70]. The major human isoform, the 37 kDa SCD1 enzyme is 

expressed in most human tissues, most prominently in adipose tissue, liver, brain and 

lung. It was also shown to be induced by high-carbohydrate diet in liver, heart and skeletal 

muscle [68]. The enzyme is embedded in the ER through four transmembrane (TM) -
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helices forming a cone-like structure with a tight hydrophobic core in the inside. Both 

amino and carboxy termini are oriented toward the cytosol. The TM helices are connected 

with two short hydrophilic loops in the ER lumen and with a large hydrophilic loop 

extending into the cytosol [71]. This latter loop constitutes the main part of the so-called 

cap domain with the contribution of parts of the N and C termini. In the center of this cap, 

three histidine-rich segments mediate metal binding, as SCD1 is a desaturase containing 

two zinc ions, and these histidyl residues may provide ligands to zinc ions at the catalytic 

site [72]. Interacting with the cap domain, the overhanging cytosolic ends of two TM 

domains (TM2 and TM4) support metal binding and form a cavity for the acyl chain of 

the substrate. In fact, the recognition of the acyl-CoA and its positioning within the 

enzyme is due to various electrostatic and hydrophobic interactions between different 

segments of the cap domain and different parts of the CoA. Not only the position, but also 

the cis configuration of the introduced double bond is determined by structural features, 

as SCD1 traps the acyl chain of the substrate into a properly sized, kinked tunnel.  

These structural elements are highly conserved in the other human Δ9 desaturase, 

SCD5 [73], which is encoded in chromosome 4 (4q21.22). SCD5 is mainly expressed in 

the brain, adrenal gland and gonads [74], where its expression exceeds that of SCD1 [75]. 

It is presumably essential for the maintenance of the precise SFA/MUFA ratio in 

developing tissues as it might be involved in the tightly coordinated sequence of cell 

division, cell cycle exit, and the onset of neuronal differentiation program [76]. The 

enzyme has two transcription variants: a five-exon A and a shorter, four-exon B. Due to 

alternative splicing, variant B uses a former exon with a different polyadenylation site, 

thus the C termini of the proteins differ in many aspects. We have recently demonstrated 

in HepG2, HEK293T and SK-N-FI cells, and various human tissues that variant B is 

indeed transcribed into mRNA, although the corresponding protein is greatly 

underrepresented compared to variant A in all of the analyzed tissues [77]. As for the 

function, both SCD isoforms prefer long-chain fatty acyl-CoA substrates with chain 

lengths of 16 and 18 carbon atoms – palmitoyl-CoA and stearoyl-CoA [78]. Although 

both enzymes are Δ9 desaturases (their basic function is depicted in Figure 2), differences 

in their tissue distribution and regulation led to the hypothesis that SCD1 and SCD5 play 

different roles in lipid metabolism. 



23 

 

 

Figure 2. Function of SCD enzymes. Desaturation requires molecular oxygen and 

electrons provided by an electron transfer chain. Main substrates of SCD1 are palmitoyl-

CoA and stearoyl-CoA. They are converted into mono-unsaturated palmitoleyl-CoA and 

oleyl-CoA, respectively. 

1.2. Control of SCD1 gene expression 

SCD1 is encoded by a 17 kb long gene in chromosome 10 (10q24.31). The 359 amino 

acids of the protein are coded by six exons, separated by five introns in the gene. 

Interestingly, a very similar sequence in chromosome 17 was discovered by Zhang et al. 

during chromosomal mapping, but it was concluded to be only a fully processed, 

transcriptionally inactive pseudogene as it lacks introns, has in-frame stop codons and its 

putative mRNA could not be reverse transcribed by using the corresponding primers [79]. 

1.2.1. Transcriptional regulation 

SCD1 expression is regulated at the level of transcription by several transcription 

factors (TFs). The pivotal area for promoter activity contains different response elements 

that are highly conserved among species. In cultured HaCaT keratinocytes, Zhang et al. 

identified a critical region for promoter activity situated 496-609 upstream from the 

translation start site with an essential CCAAT box cis element [80]. There is an insulin 

response element (IRE), containing SREBP1 binding site, where the sterol regulatory 

element-binding protein-1c (SREBP-1c) can act as mediator of the insulin-induced 

transcriptional activation of SCD1. Insulin stimulation in chicken embryo hepatocytes 

and HepG2 cells revealed that upregulation of SCD1 transcription occurs via the PI3 

kinase (PI3K), Akt/PKB and mTOR signaling pathway leading to increased binding of 

SREBP-1c and nuclear transcription factor Y (NF-Y) to this IRE with a 2.5-fold 
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increment of promoter activity [81]. Leptin enhances the binding of Sp1 and AP-1 

transcription factors to the leptin response element (LepRE) located between the 

aforementioned IRE and the start codon [82] via the Jak2-ERK1/2-p90RSK signal 

pathway, thereby directly reducing SCD1 expression. There are other important segments 

in the promoter region of SCD1 as well, such as response elements for the liver X receptor 

(LXR), peroxisome proliferator-activated receptor  (PPAR), the C/EBP and the 

triiodothyronine receptor (TR) as shown in Figure 3, but most importantly, there is also a 

PUFA response element (PUFARE) [83]. 

 

Figure 3. Transcription factors binding to SCD1 promoter (Created in BioRender, 

based on a figure of [84]). Transcription factor binding sites and regions allowing the 

fine-tuned regulation of SCD1 transcription. LXR: liver X receptor, PPAR: peroxisome 

proliferator-activated receptor , SREBP1: sterol regulatory element binding protein 1, 

SP1: specificity protein 1; PGC-1: peroxisome proliferator-activated receptor co-

activator-1, NF-1/Y: nuclear factor 1/Y, AP-1: activator protein-1; C/EBP: 

CAAT/enhancer binding protein , TR: triiodothyronine receptor, Pol II: RNA 

polymerase II; IRE: insulin response element, PUFARE: polyunsaturated fatty acid 

response element; LepRE: leptin response element. 

In addition to other activating (e.g., growth factors, peroxisome proliferators, 

glucose, sucrose or cholesterol) and inhibitory (e.g., glucagon, ghrelin, estrogen or 

triiodothyronine (T3)) hormones and nutrients as reviewed in 2011 [84], PUFAs are also 

able to transcriptionally influence the intracellular level of SCD1. For example, 

docosahexaenoic acid [85], pinolenic acid [86] and conjugated linoleic acid [87] were all 

shown to decrease the expression of SCD1. Interestingly, while SCD1 is particularly 

sensitive to changes in the levels of different FAs in the diet, SCD5 is much less 

responsive to these changes [73]. Our study on SCD5 in HepG2, HEK293T and SK-N-FI 

cell lines also confirmed this observation [77]. However, treatment with γ-linolenic acid 

significantly reduced SCD5 levels in a human glioma cell line, suggesting a potential 

specific regulation of SCD5 by PUFAs [88]. 
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1.2.2. Posttranscriptional regulation 

SCD1 expression is also regulated at various posttranscriptional levels. The amount 

of the protein can fluctuate quickly due to its short half-life, around 3–4 hours [89]. A 

degradation domain at the N-terminus of the SCD1 [90] was identified in 2000 and 

redefined two years later, when the same research group proved that replacement of three 

lysyl residues at positions 33, 35 and 36 with alanine lengthens the half-life of SCD1 [91]. 

It was presumed that these lysines may be ubiquitinated, thus designating the protein to 

proteasomal degradation; however, addition of proteasome inhibitors did not lengthen the 

half-life of the enzyme, suggesting other ways for SCD degradation. Later, a 66-residue 

N-terminal segment containing two proline (P), glutamic acid (E), serine (S) and 

threonine (T) rich PEST sequences [92] was described in rat SCD1 and was demonstrated 

to destabilize SCD1 [89]. 

Epidermal growth factor receptor (EGFR), an oncogenic driver, was proved to 

phosphorylate SCD1 at Tyr55, thus stabilizing the enzyme in lung cancer cells [93]. 

Murakami et al. analyzed the effect of different FAs on the level of Desat1, the SCD1 

ortholog in Drosophila melanogaster, and identified an N-terminal di-proline motif 

responsible for the FA-dependent degradation of the enzyme [94]. While MUFAs such 

as oleate, linoleate and palmitoleate decreased, SFAs did not affect the level of Desat1, 

suggesting negative feedback by unsaturated FAs on the enzyme. This regulatory effect 

of yet unknown mechanism occurs at the protein level, since the amount of Desat1 mRNA 

remained unchanged. After finding and confirming (with Ala mutations) that the Pro2 and 

Pro3 residues in the N terminal are responsible for the FA-dependent destabilization of 

Desat1, the research group identified a novel pathway for desaturase degradation. The 

inhibitors of neither the proteasomal, nor the lysosomal proteolysis hindered the 

degradation of Desat1, but an inhibitor of the calcium-dependent cysteine protease 

calpain could effectively increase the half-life of the enzyme. Further experiments proved 

that this calpain-mediated degradation depends on the presence of MUFAs acting on the 

di-proline motif. Although in human SCD1 there is only one proline in this N terminal 

region, it is noteworthy that various effects of FAs on SCD1 protein levels have been 

revealed in many studies. 
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The unusually long (~2 kb) 3’ untranslated region of SCD1 mRNA contains several 

mRNA destabilization motifs, suggesting that SCD1 can also be regulated at the mRNA 

level [84]. 

1.3. SCD1 gene polymorphisms 

Despite the obvious importance of SCDs, there are only a few studies on their SNPs 

(Single Nucleotide Polymorphisms) – most of them are association studies with poorly 

elucidated molecular mechanisms, often involving intronic variants, which have only a 

slight chance to drastically modify enzyme functions. However, a mutation in the 3’ UTR 

(untranslated region) and another in the protein coding sequence have been identified and 

seem to have pathological relevance. 

1.3.1. Variant of the UTR 

A mutation in the 3’ UTR was demonstrated to modify a miRNA binding site [95]. 

rs41290540 was analyzed in 2064 individuals of Chinese Han population. After finding 

an inverse correlation between the occurrence of this 3’ UTR mutation and the risk of 

coronary artery disease (CAD), in silico methods were applied to predict miRNAs 

binding to the concerned region. Further examination in a cellular system revealed that 

the minor (C) rs41290540 allele hinders miR-498 binding. Silencing SCD1, miR-498 was 

found to be upregulated in various cardiovascular diseases, such as congenital heart 

disease [96], stroke [97] or acute coronary syndrome [95]. Given that the frequency of 

A→C rs41290540 mutation was significantly lower in the CAD patient group than in the 

control group and that it was proved to disrupt the miR-498 binding site in the 3’ UTR of 

the SCD1, the minor (C) rs41290540 variant was identified as a protective factor against 

CAD. 

1.3.2. Variants of the protein coding section 

There is a missense polymorphism (rs2234970) in the coding region of the SCD1 

gene, a swap of adenine to cytosine, resulting in a methionine to leucine exchange at 

position 224 (M224L). Although the minor allele frequency is relatively high (24–53%) 

in all populations studied so far, only four research groups have examined associations of 
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this SNP with diseases to date. Reduction of plasma triglyceride levels was induced by 

the consumption of dietary docosahexaenoic acid for four weeks in 129 subjects with 

metabolic syndrome, and the effectivity of this treatment did not show a correlation with 

the polymorphism [98]. In a mixed population study on 277 Chinese, Malaysian and 

Indian 4.5-year-old children the accumulation of lipid droplets in skeletal muscle fibers 

was investigated, and a significant association was found between the occurrence of the 

major A allele (Met224) and elevated intramyocellular lipid accumulation, which is 

linked to skeletal muscle insulin resistance and an increased risk of type 2 diabetes [99]. 

The minor C allele (Leu224) – along with the minor C allele of the intronic SNP, rs3071 

– significantly worsened the clinical outcome of stage II colorectal cancer [100]. Finally, 

in a study involving 210 healthy subjects, the risk of developing cardiometabolic diseases 

before and after a six-week n-3 PUFA supplementation and its genetic determinants were 

examined [101]. Both pre and post n-3 PUFA supplementation, the M224L 

polymorphism showed correlation with higher SCD1 activity on C18 FAs, which could 

be concluded from a higher unsaturated: saturated FA ratio. Therefore, due to increasing 

SCD1 activity, the homozygous CC genotype of this polymorphism may represent a 

higher risk for the development of cardiovascular diseases. 

1.3.3. Variants of the promoter 

Although databases indicate a large number of single nucleotide polymorphisms in 

the human SCD1 promoter region, to date, none of the variants have been reported to 

have a functional impact and/or health consequence. Two studies involved rs670213, a 

polymorphism of high minor allele frequency (34–49%) in the position ‒895 [102, 103], 

but no association was found with any human pathological state or metabolic trait. 

1.4. Medical significance of SCD1 polymorphisms 

and mutations 

There is strong evidence that SCD1 functioning is a crucial defense mechanism 

against lipotoxicity-induced cellular damages by converting SFAs into MUFAs [40, 104]. 

However, by attenuating cellular stress and favoring survival, SCD1 is regarded as a 

proto-oncogene, and several studies have reported its potential oncogenic effects and high 
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expression in transformed cells [105, 106]. Alteration in SCD1 gene expression has also 

been shown to associate with metabolic syndrome [107], defined by obesity [108] and 

insulin resistance [109], culminating in type 2 diabetes mellitus [110], aging [111], non-

alcoholic fatty liver disease (NAFLD) [112], and cardiac diseases [113]. Therefore, it is 

presumable that any change that affects the carefully regulated expression or activity of 

SCD1 is a potential cause of serious diseases (Figure 4). 

 

Figure 4. Importance of SCD1 in maintaining a balanced supply of fatty acids. SCD1 

maintains the delicate balance between SFAs and MUFAs. If the balance is too tilted in 

favor of SFAs, their cytotoxic effects will prevail, which may eventually lead to 

apoptosis. On the other hand, an abundance of MUFAs promotes obesity through 

excessive lipid accumulation and can eventually lead to tumorigenesis by promoting cell 

survival. Either way, prolonged high levels of FAs (saturated and unsaturated) due to 

overnutrition can lead to lipotoxicity, which is a precursor to many diseases, as explained 

in Chapter 1.1.1.3. 

Mutations modulating the regulation of SCD1 expression may occur throughout the 

gene. Two polymorphisms in intron 5, rs55710213 and rs56334587 have been 

demonstrated to affect the key regulatory regions of SCD1, where hepatocyte nuclear 

factor 4 alpha (HNF4), a central regulator of glucose and lipid metabolism in the liver, 

binds [114]. While ordinarily, HNF4 directly enhances SCD1 expression, the GG 

haplotype of these polymorphisms disrupts the HNF4 binding site, thus decreasing 

SCD1 activity, which underlies diseases associated with reduced hepatic SCD1 levels. 
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Examining 101 obese adults, Mutch et al. looked for correlation between SCD1 

polymorphisms and the effects of dietary oils containing different ratios of SFA/MUFA 

on blood glucose level [115]. They found three intronic SNPs having statistically 

significant effect on blood glucose response to the diet: rs1502593 (p = 0.01), rs3071  

(p = 0.02) and rs522951 (p = 0.03). Moreover, the recessive CC genotype of rs3071 was 

associated with increased blood glucose level in response to high SFA/low MUFA diet 

and with reduced blood glucose level when the diet was rich in MUFA. Carrying the 

dominant A allele, however, was associated with reduced blood glucose response to any 

kind of oil treatment. The intron variant rs1502593 was also associated with an increased 

prevalence of the metabolic syndrome in Costa Rican adults [116]. Besides, there seems 

to be a positive correlation between this SNP and systolic blood pressure and fasting 

blood sugar levels. Polymorphisms rs2167444 and rs508384 were shown to be associated 

with an unfavorable profile of cardiometabolic risk factors due to elevated ApoB-48 

levels [117]. The minor allele of the 3’ UTR variant, rs7849 was correlated with 23% 

higher insulin sensitivity in elderly Swedish men [118]. To counteract the effects of 

polymorphisms and mutations that cause SCD1 overexpression or overactivity, not only 

can a diet rich in n-3 PUFA be followed, as eicosapentaenoic acid (EPA), 

docosahexaenoic acid (DHA) and arachidonic acid have been proved to reduce SCD 

levels [85, 119], but pharmaceutical companies are also currently developing SCD 

downregulator molecules [120].  
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2. Objectives 

Due to the prominent role of SCD1 in lipid metabolism and lipotoxicity, we consider 

it necessary to get to know as thoroughly as possible the nutritional and genetic factors 

influencing the expression and activity of the enzyme. We aimed to study the effect of 

FAs on SCD1 expression and the potential modulating role of SCD1 gene polymorphism 

in vitro in two cell lines of human origin. 

1. The FA responsive element located in the SCD1 promoter suggests that 

endogenous and dietary FAs may affect the expression of the enzyme. This 

assumption is also supported by literature data, but the exact impact of certain 

types of FAs, particularly TFAs is still unclear. Thus, our first goal was to assess 

the putative effects of SFAs, cis and trans MUFAs and PUFAs at various levels 

of SCD1 expression. 

2. We also aimed to investigate the impact of genetic variations in SCD1. Since the 

numerous promoter variants of the gene have not yet been investigated and the 

single known missense SNP in the coding region has only been addressed by 

association studies, we endeavored the scrutiny of these variants, aiming to 

compare the expression and enzyme activity of these polymorphic versions, with 

special regard to their association with type 2 diabetes mellitus. 

A. After identifying the most common promoter polymorphisms in silico, we 

searched for TFs, the binding of which to the promoter could be affected 

by these polymorphisms, and created five of these variants by site-directed 

mutagenesis in reporter constructs to 

i. assess the effects of these promoter polymorphisms on the 

expression of the enzyme; 

ii. determine whether these promoter SNPs modify the control of SCD1 

expression by various FAs; 

iii. validate the in silico prediction regarding their effect on TF binding 

as well as on the promoter activity and its modulation by FAs in the 

presence of the corresponding TF.  
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B. The coding region of SCD1 with either of the two natural variants of 

M224L (rs2234970) missense SNP as well as an artificial M224A variant 

was cloned into an expression vector to 

i. assess the changes in intracellular protein and RNA levels that the 

SNP may cause; 

ii. investigate the intracellular degradation of human SCD1 mRNA and 

protein and find out whether the M224L SNP causes any difference 

in protein or mRNA stability; 

iii. compare the effect of FA treatments on the amounts of polymorphic 

SCD1 proteins and mRNAs; 

iv. compare the desaturase function of the polymorphic SCD1 enzymes; 

v. analyze the molecular and structural background of any difference 

we find in the above experiments.  
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3. Methods 

3.1. Chemicals, materials and equipment 

Chemicals, materials and equipment are listed in Table 2. All chemicals used during 

this work were of analytical grade. All experiments and measurements were carried out 

by using Millipore ultrapure water. 

Table 2. Used chemicals, materials and equipment with their manufacturer. 

Chemical / material / equipment manufacturer 

Culture medium and supplements 

Thermo Fisher Scientific 

restriction endonucleases (Xho I and Hind III) 

T4 ligase 

Pierce® BCA Protein Assay Kit 

SuperSignal West Pico Chemiluminescent Substrate 

Varioskan multi-well plate reader  

QuantStudio 12 K Flex Real-Time PCR System 

SuperScript III First-Strand Synthesis System for RT-PCR 
Kit 

TaqMan assay (C_34192814_10) 

HepG2 and HEK293T cells 

Sigma-Aldrich 
FAs (oleate, palmitate, palmitoleate, linoleate, stearate, 
vaccenate, elaidate) 

Bovine serum albumin, cycloheximide, actinomycin D 

Lipofectamine® 2000, 3000 and P3000 
Invitrogen 

RNAqueous®-4PCR Kit 

iProofTM High-Fidelity DNA Polymerase Bio-Rad 

pGL3-Basic plasmid 

Promega Reporter Lysis 5X Buffer 

Luciferase Assay System kit 

Q5® Site-Directed Mutagenesis Kit New England BioLabs 

XL10-Gold® Ultracompetent Cells Agilent 

ETS1 expression plasmid, pcDNA3.1(‒) background BioCat 

Immobilon-P membranes Millipore 

HRP-conjugated goat polyclonal anti-Actin antibodies 

Cell Signaling 
rabbit polyclonal antibody 

HRP-conjugated goat polyclonal anti-rabbit IgG  

HRP conjugated mouse monoclonal anti-goat IgG 

C-DiGit® Blot Scanner  
LI-COR Biotechnology 

Image Studio® 5.2 software 

goat polyclonal antibody against Glu-Glu tag Bethyl Laboratories 

SensiFAST™ cDNA Synthesis Kit Meridian Bioscience 

ethanol Molar Chemicals 

RLT buffer  
Qiagen 

RNeasy Plus Mini Kit 
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3.2. Web-based tools for in silico analysis 

Stem-loop structure and stability of the SCD1 mRNA derived from SSCprofiler 

database were analyzed by using the RNAfold server (http://rna.tbi.univie.ac.at/cgi-

bin/RNAfold.cgi, accessed on 24 October 2021) [121]. The application predicts the 

secondary structure of a single-stranded RNA and calculates the partition function and 

base pairing probability matrix as well as the minimum free energy (MFE) structure of 

the molecule. 

The 3D structure of human SCD1 was obtained from PBD protein Data Bank (4ZYO, 

http://www.pdb.org/pdb/home/home.do; accessed on 9 March 2022) [71]. The 3D 

structure of the Leu224 variant was generated by I-TASSER online prediction program 

(https://zhanggroup.org/I-TASSER/, accessed on 18 October 2021) [122]. All images 

were rendered using DeepView/Swiss-Pdb Viewer version 4.0.2 

(www.expasy.org/spdbv/, accessed on 13 April 2018). 

SCD1 promoter SNPs with minor allele frequency (MAF) above 5% and 

heterozygosity above 0.095 were selected based on the NCBI and Ensembl databases. To 

predict the potential effect of rs1054411, rs670213, rs2275657 and rs2275656 

polymorphisms on TF binding to the SCD1 promoter, we used JASPAR 

(http://jaspar.genereg.net/, accessed on 30 June 2022) open-access, nonredundant TF 

biding profile database [123]. Both allelic variants of each SNP were compared pairwise. 

TFs showing a score difference of at least 15% between the two variations of the given 

polymorphism, and a relative score above 80% for at least one of the alleles, were retained 

for further analysis. The impact of the selected sequence variants was predicted in silico 

using Variant Effect Predictor (https://www.ensembl.org/Homo_sapiens/Tools/ VEP/, 

accessed on 12 January 2023) [124]. 

3.3. Plasmid construction and mutagenesis 

pcDNA3.1(–) expression and pGL3-Basic (pGL3B) reporter vectors were used. 

Cloning and mutagenic primer pairs are listed in Table 3. SCD1 cDNA reverse transcribed 

from HepG2 cell mRNA was cloned into the pcDNA3.1(–) plasmid between the Xho I 

and Hind III restriction sites. Additionally, a 1094 base pair fragment of the upstream 
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regulatory region of SCD1 was amplified from human genomic DNA template by 

iProof™ High-Fidelity DNA Polymerase. After purification and restriction endonuclease 

digestion, the amplicons were ligated (T4 Ligase) into pGL3B vector between the Xho I 

and Hind III restriction endonuclease recognition sites, upstream the luciferase reporter 

gene. The ETS1 expression plasmid was purchased from BioCat with pcDNA3.1(‒) 

vectorial background. 

Table 3. Primers used for cloning and mutagenesis. Bold uppercase letters indicate the 

recognition sites of the two endonucleases, Xho I and Hind III, respectively. Bold, 

underlined lowercase letters indicate the mutated bases. Tm: annealing temperature. 

Process Primer 
Sequence  

(5’ → 3’) 
Tm 

(°C) 

cloning into 
expression 

vector 
(pcDNA3.1(–)) 

sense AAATTTCTCGAGCTCAGCCCCCTGGAAAGTGAT 64 

antisense AAATTTAAGCTTGGAACCTGAGGGACCCCAAAC 63 

promoter 
cloning into 

reporter 
vector 

(pGL3B) 

sense AAATTTCTCGAGCAAAACATCCCGCACGCAT 62 

antisense AAATTTAAGCTTGGCATCTTGGCTCTCGGATG 62 

M224L 
mutagenesis 

rs2234970  
A>C sense 

TGGCTTGCTGcTGATGTGCTT 60 

rs2234970  
A>C antisense 

AAGCACATCAGCAGCAAGCCA 60 

M224A 
mutagenesis 

sense TGGCTTGCTGgcGATGTGCTTC 60 

antisense GGTTTGTAGTACCTCCTC 60 

Glu-Glu tag 
sense gaatatatgcctatggaaTGAGTTTGGGGTCCCTCAGGTCC 61 

antisense ttccataggcatatattcGCCACTCTTGTAGTTTCCATCTCC 57 

promoter 
mutagenesis 

rs1054411 
C>G sense 

TCCCGGCATCgGAGAGCCAAG 68 

rs1054411 
C>G antisense 

TCACTTTCCAGGGGGCTG 68 

rs670213  
T>C sense 

GCGTACCGAGcCCCCCGCGCT 72 

rs670213  
T>C antisense 

CTGCGAACAATGGCTCTGCCCC 72 

rs2275657 
G>C sense 

GCCGGAGTCCcGTGCGGTCCC 72 

rs2275657 
G>C antisense 

CGCACACACAGGCTGGCTG 72 

rs2275656 
G>C sense 

GGAGGCGCGGcCTTGGGGATG 71 

rs2275656 
G>C antisense 

AGGATGCGTGCGGGATGTTTTG 71 
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The studied natural and artificial mutations and variants as well as the Glu-Glu tagged 

constructs were generated using Q5® Site-Directed Mutagenesis Kit following the 

manufacturer’s instruction. Mutagenic primers (listed in Table 3) were designed using the 

online NEB primer design software, NEBaseChanger™. After digestion of the original 

non-mutated and methylated plasmid by KLD reaction, XL10-Gold® Ultracompetent 

Cells were transformed with an aliquot of the constructs and then screened for positive 

colonies by PCR. All constructs were verified by Sanger-sequencing. 

3.4. Cell culture and transfection 

Human embryonic kidney (HEK293T) and hepatocellular carcinoma (HepG2) cells 

were cultured in 12-well plates (1 × 106 cells per well) in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin solution at 37 °C in a humidified atmosphere containing 5% CO2. 

To investigate the coding region, HEK293T and HepG2 cells were transfected with 0.5–

1 μg pcDNA3.1(–)-SCD1 plasmids using 3 μL Lipofectamine 2000 or 3 μL 

Lipofectamine 3000 supplemented with 2 μL P3000 in 1 mL DMEM. To investigate the 

promoter region, cells were transfected with 0.5 μg pGL3B-SCD1 promoter constructs 

using 3 μL Lipofectamine 3000 that was supplemented with 2 μL P3000 in 1 mL DMEM. 

ETS1 overexpression was obtained with co-transfection of 10, 25, 50, 100 or 200 ng 

pcDNA3.1(–)-ETS1 expression plasmid. As a transfection control for the luciferase 

reporter system, 0.5 μg pCMV-β-gal plasmid was co-transfected. Cells were harvested 

and processed 24–30 h after transfection. 

3.5. Cell treatments 

For protein stability assay, transfection medium was replaced after overnight 

incubation at 37 °C with 1 mL DMEM containing the translational inhibitor 

cycloheximide (50 μg/mL), and the cells were incubated for 1, 2, 4, or 6 h in 12-well 

plates. Non-transfected samples and cells transfected with pcDNA3.1(–) “empty” vector 

were used as control in all experiments. 

For mRNA stability assay, transfection medium was replaced after overnight 

incubation at 37 °C with 1 mL DMEM containing the mRNA synthesis inhibitor 
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actinomycin D (5 μg/mL) and the cells were incubated for 0, 1, 2, 4, 8, or 12 h in 12-well 

plates. 

Oleate, palmitate, palmitoleate, linoleate, stearate, elaidate, and vaccenate were 

diluted in ethanol to a final concentration of 50 mM, conjugated with 4.16 mM FA-free 

BSA in 1:4 ratio, at 50 °C for 1 h. The working solution for FA treatments was prepared 

freshly in FBS-free and antibiotic-free medium at 100 μM final concentration. To study 

the coding region, the culture medium was replaced with FBS-free and antibiotic-free 

medium 1 h before FA-treatment for 6 h in 12-well plates. To study the promoter, FA 

treatment was carried out for 24 h in 12-well plates. For luciferase assay, the culture 

medium was replaced 5 h after transfection and cells were incubated for a further 24 h. 

3.6. Preparation of cell lysates 

Cell lysates were prepared for immunoblot analysis by removing the medium and 

washing the cells twice with PBS. 100 μL RIPA lysis buffer (0.1% SDS, 5 mM EDTA, 

150 mM NaCl, 50 mM Tris, 1% Tween 20, 1 mM Na3VO4, 1 mM PMSF, 10 mM 

benzamidine, 20 mM NaF, 1 mM pNPP, and protease inhibitor cocktail) was added to 

each well and the cells were scraped and briefly vortexed. After 50 min incubation on ice, 

the lysates were centrifuged for 15 min at maximum speed in a benchtop centrifuge at 4 

°C to remove cell debris. Protein concentration of the supernatant was measured with 

Pierce® BCA Protein Assay Kit and the samples were stored at ‒20 °C until further 

analysis. 

For luciferase reporter assays, cells were washed twice with PBS and then scraped in 

100 μL Reporter Lysis 5X Buffer and vortexed briefly. A single freeze-thaw cycle was 

followed by centrifuging in a benchtop centrifuge (5 min, max speed, 4 °C). Supernatants 

were used for enzyme activity determination. 

For total RNA isolation, cells were washed twice with PBS and collected in 350 μL 

RLT buffer supplemented with 1% β-mercaptoethanol according to manufacturer’s 

protocol. Samples were stored at ‒80 °C until further analysis. 
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3.7. Immunoblot analysis 

Aliquots of cell lysates (2–20 μg protein per lane) were analyzed by SDS-PAGE on 

12% Tris–glycine minigels and transferred onto Immobilon-P membranes. Primary and 

secondary antibodies were applied overnight at 4 °C and for 1 h at room temperature, 

respectively. Actin, SCD1, Glu-Glu tag and ETS1 was detected with antibodies listed in 

Table 4. Horseradish peroxidase (HRP) was detected using the SuperSignal West Pico 

Chemiluminescent Substrate. 

Table 4. Antibodies used for protein detection. HRP: horseradish peroxidase. 

Protein Antibody Dilution Secondary antibody Dilution 

Actin 
HRP-conjugated goat 
polyclonal anti-Actin 

antibody 
1:2000 - - 

SCD1 
rabbit polyclonal 

antibody 
1:2000 

HRP-conjugated goat 
polyclonal anti-rabbit IgG 

1:2000 

Glu-Glu tag 
goat polyclonal 

antibody  
1:10,000 

HRP-conjugated mouse 
monoclonal anti-goat IgG 

1:2000 

ETS1 
goat polyclonal 

antibody 
1:500 

HRP-conjugated mouse 
monoclonal anti-goat IgG 

1:2000 

3.8. Luciferase assay  

Luciferase activity was detected using Luciferase Assay System kit by adding 15 μL 

Luciferin reagent to 5 μL of all cell extracts. β-galactosidase activity of 20 μL cell lysates 

was measured by determining the o-nitrophenyl-β-D-galactopyranoside (at a final 

concentration of 3 mM) cleavage rate. Luminescence was detected using a Varioskan 

multi-well plate reader. Values for luciferase activity were normalized to β-galactosidase 

activity (measured by standard protocol using the same Varioskan plate reader in 

photometry mode). Each experiment was repeated three times independently, and each 

sample was analyzed in triplicate. 

3.9. RNA isolation, cDNA synthesis 

Total RNA was purified from transfected HEK293T and HepG2 cells by using 

RNeasy Plus Mini Kit following the manufacturer’s instruction. Concentrations were 

measured using NanoDrop1000 spectrophotometer. To assess the integrity and purity of 
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the isolated total mRNA samples, the ratios of their absorbance at 260/280 and 260/220 

nm were determined, and they were also analyzed by agarose gel electrophoresis to 

visualize bands corresponding to 28S and 18S rRNAs. Possible DNA contamination was 

removed by DNase I treatment using RNAqueous®-4PCR Kit. cDNA samples were 

produced by reverse transcription of 0.5 μg DNA-free RNA, using SuperScript III First-

Strand Synthesis System for RT-PCR Kit or SensiFAST™ cDNA Synthesis Kit. 

3.10. qPCR 

Quantitative PCR assay was performed in 20 μL final volume containing 5 μL 20 × 

diluted cDNA, 1 × PowerUp™ SYBR™ Green Master Mix, and 0.5 μM forward and 

reverse primers using QuantStudio 12 K Flex Real-Time PCR System. Tag-less SCD1, 

Glu-Glu tagged SCD1 and ETS1 sequences, and also GAPDH cDNA, as an endogenous 

control, were amplified using primer pairs listed in Table 5. 

Table 5. Primers used for qPCR.  

Specificity Primer Sequence (5’ → 3’) 

SCD1  
sense TTGGGAGCCCTGTATGGGAT 

antisense ACATCATTCTGGAATGCCATTGTGT 

Glu-Glu tagged SCD1 
sense CTGGCCTATGACCGGAAGAAA 

antisense GACCCCAAACTCATTCCATAGG 

ETS1 
sense AGATGAGGTGGCCAGGAGAT 

antisense CTGCAGGTCACACACAAAGC 

GAPDH 
sense GTCCACTGGCGTCTTCACCA 

antisense GTGGCAGTGATGGCATGGAC 

For increased reliability, RT negative control of each sample was also analyzed in 

addition to DNase digestion. The first step of the thermocycle was an initial denaturation 

and enzyme activation at 95 °C for 2 min. It was followed by 40 cycles of 95 °C for 15 s, 

55 °C for 15 s, and 72 °C for 1 min. Measurement of the fluorescent signal was carried 

out during annealing. Reactions were performed in triplicates, and a reaction mixture with 

RNase-free water instead of template cDNA was employed as non-template control. 

Relative expression levels were calculated as 2−ΔCT, where ΔCT values corresponded to 

the difference of the CT-values of the endogenous control and target genes. 
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3.11.GC-FID analysis of fatty acid profiles 

Cells were washed once with PBS, then harvested in 100 µL PBS by scraping. 

Samples were centrifuged for 5 min at 1,500 rpm in a benchtop centrifuge at room 

temperature, and supernatants were discarded. Cell pellets were resuspended in 150 µL 

PBS. 50 µL cell suspension was transferred to a clear crimp vial for GC-FID 

measurement. 150 µL of methanol containing 2 W/V% NaOH was added to the 50 µL 

cell suspension in the crimp vials. Samples were incubated at 90 °C for 30 min, then 

cooled to room temperature. 400 µL of methanol containing 13–15% of boron trifluoride 

was added to the samples, and the vials were incubated at 90 °C for 30 min. After cooling 

to room temperature, 200 µL of saturated NaCl solution and 300 µL of n-hexane were 

added. Fatty acid methyl esters (FAMEs) were extracted to the upper phase containing n-

hexane, and this phase was transferred to a vial for GC analysis. GC analysis was carried 

out in a Shimadzu GC-2014 gas chromatograph equipped with a Zebron ZB-88 capillary 

column (60 cm  0.25 mm i.d., 0.20 µm film thickness) with an 88% (propyl-nitrile)-aryl-

polysiloxane stationary phase and a flame ionization detector (FID). For chromatographic 

separation of FAMEs, the following oven time-temperature program was used: the flow 

velocity was 35 mL/min, the initial temperature was 100 °C and reached 210 °C with an 

increase of 5 °C/min. 1 µL of extracted sample was injected into the GC [125]. 

3.12. Subjects and genotyping 

Association studies presented in the thesis were carried out by other members of the 

research group. 282 patients diagnosed with T2DM in the 2nd Department of Internal 

Medicine, Semmelweis University (51.2% female, 48.8% male, disease onset at the age 

of 62.4 ± 12.6 y) were recruited in the study of the rs1054411 promoter polymorphism of 

the SCD1 gene and 425 patients diagnosed with T2DM in the 2nd Department of Internal 

Medicine, Semmelweis University (57.7% female, 42.3% male, disease onset at the age 

of 48.0 ± 12.4 y) in the study of the M224L (rs2234970) polymorphism. The control 

group consisted of 370 and 463 volunteers, respectively, with no medical history of any 

metabolic disease (study of the rs1054411 promoter polymorphism: 61.4% female, 38.6% 

male, mean age: 33.1 ± 21.6 y; and study of the M224L SNP: 58.9% female, 41.1% male, 

mean age: 39.2 ± 13.0 y). The diagnosis of diabetes was made based on fasting blood 
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sugar values, oral glucose tolerance test (OGTT), and HbA1C value according to WHO 

regulations. Individuals with autoimmune, infectious, or metabolic disorders other than 

type 2 diabetes were excluded from the study. Genetic analysis of the participants was 

approved by the Local Ethical Committee (ETT TUKEB ad.328/KO/2005, ad.323–

86/2005-1018EKU from the Scientific and Research Ethics Committee of the Medical 

Research Council). The study was conducted in accordance with the principles of the 

Declaration of Helsinki. Participants signed a written informed consent before sample 

collection for genetic analysis. To avoid the risk of spurious association caused by 

population stratification, subjects of Hungarian origin were exclusively included to 

ensure the comparison of homogenous populations. Buccal epithelial cells were collected 

by swabs. The first step of DNA isolation was incubation of the buccal samples at 56 °C 

overnight in 0.2 mg/mL Proteinase K cell lysis buffer. Subsequently, proteins were 

denatured using a saturated NaCl solution. DNA was then precipitated by isopropanol 

and 70% ethanol. DNA pellet was resuspended in 100 μL 0.5 × TE (1 × TE: 10 mM Tris 

pH = 8.0; 1 mM EDTA) buffer. Concentration of the samples was measured by 

NanoDrop1000 spectrophotometer. 

Both polymorphisms of the SCD1 gene were genotyped using TaqMan assays. For 

rs1054411 promoter polymorphism, a pre-designed TaqMan assay was used: 

C_34192814_10, Thermo Fisher Scientific, Waltham, MA, USA. qPCR assay was 

performed in 5 μL final volume containing approximately 4 ng genomic DNA, 1 × 

TaqPath™ ProAmp™ Master Mix, and 1 × TaqMan® SNP Genotyping Assay using 

QuantStudio 12 K Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham, 

MA, USA).  

For the M224L (rs2234970) polymorphism, an own-designed TaqMan assay was 

used which contained the two primers and the allele-specific fluorescent probe labelled 

by JOE for the C allele and labelled by FAM for the A allele (listed in Table 6). Real-

time PCR assay was performed in 10 μL final volume containing approximately 4 ng 

genomic DNA, 1 × TaqPath™ ProAmp™ Master Mix, 0.5 μM primers and 0.3 μM allele-

specific probes using QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher 

Scientific, Waltham, MA, USA). In both cases, the thermocycle was started by activating 

the hot start DNA polymerase and denaturing genomic DNA at 95 °C for 10 min. This 

was followed by 40 cycles of denaturation at 95 °C for 15 s, and combined annealing and 
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extension at 60 °C for 1 min. Real-time detection was carried out during the latter step to 

verify the results of the subsequent post-PCR plate reads and automatic genotype calls. 

Table 6. TaqMan primers and probes.  

Oligonucleotide Sequence (5’ → 3’) 

Primers  
Sense  CACAAGCGTGGGCAGGAT 

Antisense  GGTGTCTGGTCTGTCAATGTAGGT 

Probes 
C allele specific  JOE-AAGCACATCAGCAGCAAGCCAGGTT-BHQ1 

A allele specific  FAM-AAGCACATCATCAGCAAGCCAGG-BHQ1 

3.13. Statistical analysis  

Immunoblots were evaluated by densitometry using Image Studio® 5.2 software (LI-

COR Biotechnology, Lincoln, NE, USA). The results are shown as relative band densities 

normalized to Actin as a reference. Relative band densities, luciferase activities and 

mRNA levels are presented in the diagrams as mean values ± S.D. and were compared 

by ANOVA with the Tukey’s multiple comparison post hoc test, using the GraphPad 

Prism 6.0 software (GraphPad Software, Boston, MA, USA). Differences with a p < 0.05 

value were considered to be statistically significant. Genotype–phenotype association was 

assessed by χ2-test comparing the genotype distribution of the patient and the control 

groups.  
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4. Results 

4.1. Effects of fatty acids on SCD1 level 

First, we investigated the effects of various FAs common in the European diet on the 

expression of SCD1. 

4.1.1. Impact of different dietary FAs on SCD1 

expression at the protein level 

In order to investigate the effect of different FAs on the intracellular level of SCD1 

enzyme, human embryonic kidney (HEK293T) and human hepatocyte carcinoma 

(HepG2) cells were treated with BSA-conjugated oleate, palmitate, stearate, linoleate, 

vaccenate and elaidate at a final concentration of 100 μM for 24 hours and their SCD1 

content was assessed by immunoblotting (Figure 5 A, C) and evaluated by densitometry 

(Figure 5 B, D). The results obtained in HEK293T cells (Figure 5 A, B) confirmed the 

data from previous studies as the cis-MUFA oleate reduced the amount of intracellular 

SCD1 to one fifth of the untreated control level, and the cis-PUFA linoleate caused almost 

complete disappearance of SCD1 protein. Furthermore, as expected, the saturated FAs, 

palmitate and stearate increased SCD1 protein level, although statistical significance was 

only observed for stearate. Interestingly, the two TFAs did not change the amount of 

SCD1 in the same direction: while vaccenate almost halved it, elaidate approximately 

doubled it. This divergent effect resulted in a remarkable, fourfold difference in the 

detected SCD1 protein content between cells treated with each of the two TFAs. On the 

other hand, the SCD1 protein level modulating effect of most FAs was not spectacular in 

HepG2 cells (Figure 5 C, D), as the amount of SCD1 appeared unchanged after oleate, 

palmitate, stearate and vaccenate treatments. However, linoleate showed a rather similar, 

marked decreasing effect as in HEK293T cells, and although elaidate did not double the 

protein amount, it increased it so much that the difference between the effects of the two 

TFAs in this cell line was also significant. 

 



43 

 

 

Figure 5. SCD1 protein expression in FA-treated HEK293T and HepG2 cells. Each 

cell line was treated with BSA-conjugated FAs at a final concentration of 100 μM for 24 

hours. Changes in intracellular SCD1 levels in response to individual FAs were followed 

by immunoblotting. A and C show these results for each cell line after using anti-SCD1 

and the housekeeping anti-Actin antibody. Band intensities of immunoblots from four 

(HEK293T) and five (HepG2) independent experiments were measured by densitometry 

and SCD1/Actin ratios are presented as bar graphs (B, D). Statistical analysis was 

performed with the Tukey-Kramer Multiple Comparisons Test. Data are shown as mean 

values ± SD. Ctrl: control; O: oleate; P: palmitate; S: stearate; L: linoleate; V: vaccenate; 

E: elaidate; *p < 0.05; **p < 0.01; *** and ###p < 0.001. 

4.1.2. Changes in SCD1 mRNA level in response to 

various dietary FAs 

Since it is conceivable that the changes in intracellular SCD1 protein amount in 

response to FAs may already be reflected at mRNA level, we used qPCR to compare the 

amount of SCD1 mRNA in treated and untreated cells (Figure 6). After 24 hours FA 

treatment (at a final concentration of 100 μM), DNA-free total RNA was isolated from 

HEK293T and HepG2 cells and reverse transcribed into cDNA. Housekeeping GAPDH 

served as an endogenous control. In HEK293T cells, oleate, linoleate and vaccenate 

significantly reduced SCD1 expression, while palmitate, stearate and elaidate did not 

seem to have measurable effects (Figure 6 A). HepG2 cells show a slight response to FA 

treatment not only at the protein level but also at the mRNA level; however, the effect of 
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linoleate and elaidate was also significant at the mRNA level and in the same direction as 

seen in the immunoblots (Figure 6 B). Moreover, a significant difference between the 

effect of the two TFAs was observed in both cell lines, consistent with the results of the 

corresponding protein levels. 

 

Figure 6. Impact of different FAs on the SCD1 mRNA expression in HEK293T and 

HepG2 cells. After mRNA isolation and reverse transcription into cDNA, mRNA 

expression of FA-treated HEK293T (A) and HepG2 (B) cells was assessed by qPCR. FA 

treatment and sample preparation were performed as described in Methods. qPCR was 

carried out using SCD1 and GAPDH sequence specific primers as indicated in Methods. 

The diagram depicts the results of six independent measurements. Statistical analysis was 

performed with the Tukey-Kramer Multiple Comparisons Test. Ctrl: control; O: oleate; 

P: palmitate; S: stearate; L: linoleate; V: vaccenate; E: elaidate. Data are shown as mean 

values ± S.D. *** or ###p < 0.001. 

4.1.3. Effects of dietary FAs through SCD1 

promoter 

The observed modulation of SCD1 expression by FAs can be attributed to changes 

in mRNA stability or transcriptional regulation. To investigate whether the promoter 

responds differently to the FAs of our choice, a 1094 base pair long section of the 5’ 

regulatory region of SCD1 was cloned into pGL3-Basic vector. HEK293T and HepG2 

cells transiently transfected with this pGL3B-SCD1 promoter construct were treated with 

BSA-conjugated FAs at a final concentration of 100 M and the resulting luciferase 

activities were measured (Figure 7). pGL3B control verified that the cloned 5’ regulatory 

region worked as a proper promoter, as the relative luciferase activity increased at least 

20-fold in both cell lines transfected with the pGL3B-SCD1 construct (Figure 7 A, B). 

Although linoleate was effective in decreasing luciferase activity in both cell lines, oleate 

did not seem to suppress it as expected from the protein and mRNA results. However, the 
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effects of palmitate and stearate correlated well with the findings obtained at protein and 

mRNA levels, as they significantly increased the promoter activity in both cell types. 

Although vaccenate seemed to have no effect on the promoter activity, the other TFA, 

elaidate, increased the relative luciferase activity by 2- (Figure 7 A) and 1.5-fold (Figure 

7 B), respectively, thus the earlier seen significant difference between the two TFAs was 

also reflected at the level of transcriptional regulation in both cell lines. 

 

Figure 7. Effect of dietary FAs on SCD1 promoter activity in HEK293T and HepG2 

cells. Transiently transfected HEK293T (A) and HepG2 (B) cells with pGL3B or pGL3B-

SCD1 promoter construct were treated with FAs at a final concentration of 100 M for 

24 hours. pCMV-β-gal vector served as transfection control. Luciferase and  

β-galactosidase activities were measured from harvested cells as described in Methods 

and their ratios are displayed as bar graphs. Diagrams depict the results of three 

independent measurements normalized to the untreated SCD1 promoter. Data are shown 

as mean values ± S.D. Statistical analysis was performed by using the Tukey-Kramer 

Multiple Comparisons Test. Ctrl: control; O: oleate; P: palmitate; S: stearate; L: linoleate; 

V: vaccenate; E: elaidate; *p < 0.05; ** and ##p < 0.01; *** and ###p < 0.001. 

4.2. Variations of SCD1 gene 

Little is known about the effects of natural genetic variations in human SCD1. We 

sought to answer how the most common SNPs in the regulatory and promoter regions 

affect the transcriptional regulation of this gene. 

4.2.1. SNPs of SCD1 promoter  

Searching the NCBI dbSNP and Ensembl databases, four polymorphisms were found 

in the SCD1 promoter region with a minor allele frequency (MAF) greater than 5% (Table 

7 and Figure 8 A). The Variant Effect Predictor (VEP) of Ensembl determined all four 
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polymorphisms as modifiers, i.e., each of them could potentially lead to functional 

differences in the regulation of SCD1 expression. 

Table 7. SNPs in SCD1 promoter. MAF: minor allele frequency based on 1000 

Genomes Project global frequency data; VEP: Variant Effect Predictor.  

SNP ID Position 
Alleles 

MAF (%) VEP 
major minor 

    rs1054411 –11 C G 28 modifier 

    rs670213 –895 T C 33 modifier 

    rs2275657 –964 G C 44 modifier 

    rs2275656 –1057 G C 45 modifier 

In order to validate these in silico predictions, each SNP was generated in the pGL3B-

SCD1 promoter construct by site-directed mutagenesis and after transient transfection, 

tested in luciferase reporter assay in HEK293T and HepG2 cells. No significant difference 

can be observed between the relative luciferase activity caused by the major and minor 

alleles of the four SNPs in either cell line (Figure 8 B, C). 

 

Figure 8. Location and function of SCD1 promoter polymorphisms. Position, 

reference SNP cluster (rs) IDs and the nucleotide changes of the four polymorphisms with 

minor allele frequency greater than 5% depicted in the subcloned region of SCD1 

promoter (A). Transient transfection of HEK293T (B) and HepG2 (C) cells with pGL3B 

and wild type or polymorphic pGL3B-SCD1 promoter constructs was performed as 

described in Methods. pCMV-β-gal vector served as transfection control. Luciferase and 

β-galactosidase enzyme activities were measured as indicated in Methods. Their relative 

ratios are shown as bar graphs. Data are shown as mean values ± S.D. Statistical analysis 

was performed by using the Tukey-Kramer Multiple Comparisons Test. 
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4.2.1.1. Effect of promoter SNPs on FA-dependent modulation of 

SCD1 expression 

Promoter activity was also tested in the presence of FAs (Figure 9). HEK293T cells 

were treated with BSA-conjugated FAs after transfection with pGL3B-SCD1 promoter 

constructs, and SCD1 promoter activities were examined in a luciferase reporter system. 

Among the four SNPs investigated, rs1054411 enhanced significantly the promoter 

activity in the presence of all FAs used. Exposure to elaidate gave the most spectacular 

result – the G allele of the rs1054411 increased the luciferase activity almost threefold in 

the presence of this TFA (Figure 9 F). 

 

Figure 9. Modulatory effect of the four most common promoter polymorphisms on 

FA-dependent SCD1 expression in HEK293T cells. Transient transfection with wild 

type and SNP-containing pGL3B-SCD1 promoter constructs and FA treatment was 

performed as described in Methods. pCMV-β-gal vector served as transfection control. 

Luciferase and β-galactosidase enzyme activities were measured as indicated in Methods. 

Their relative ratios are shown as bar graphs. The diagram depicts the results of at least 

three independent measurements normalized to the relative luciferase activity of oleate- 

(A), palmitate- (B), stearate- (C), linoleate- (D), vaccenate- (E) or elaidate-treated (F) 

wild type SCD1 promoter containing reporter construct. Data are shown as mean values 

± S.D. Statistical analysis was performed by using the Tukey-Kramer Multiple 

Comparisons Test. O: oleate; P: palmitate; S: stearate; L: linoleate; V: vaccenate; E: 

elaidate; *p < 0.05; **p < 0.01; ***p < 0.001. 
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C alleles of rs670213 and rs2275657 did not have a great impact on cis-unsaturated 

FA-sensitivity (oleate and linoleate, Figure 9 A and D, respectively). Rs2275657_C 

increased significantly the luciferase activity in the presence of the other four FAs, i.e., 

saturated palmitate and stearate (Figure 9 B, C) and trans vaccenate and elaidate (Figure 

9 E, F), while a significant increment could only be observed with palmitate (Figure 9 B) 

in the case of rs670213_C variant. The relative luciferase activity of the C variant of 

rs2275656 followed that of the wild type promoter, indicating a minimal impact of this 

polymorphism on the promoter activity in the presence of any FAs. 

The most effective SNP, rs1054411 was also tested in HepG2 cells with the same 

protocol (Figure 10). In this cell line, the minor, G allele caused a significantly enhanced 

promoter activity not only in the presence of elaidate, but also when linoleate or vaccenate 

were administered. 

 

Figure 10. Impact of rs1054411 SNP on SCD1 promoter activity in HepG2 cells. 

Transient transfection with wild type and SNP-containing pGL3B-SCD1 promoter 

constructs and FA treatment was performed as described in Methods. pCMV-β-gal vector 

served as transfection control. Luciferase and β-galactosidase enzyme activities were 

measured as indicated in Methods. Their relative ratios are shown as bar graphs. The 

diagram depicts the results of six independent measurements normalized to the relative 

luciferase activity of wild type SCD1 promoter containing reporter construct. Data are 

shown as mean values ± S.D. Statistical analysis was performed by using the Tukey-

Kramer Multiple Comparisons Test. Ctrl: control; O: oleate; P: palmitate; S: stearate; L: 

linoleate; V: vaccenate; E: elaidate; *p < 0.05; ***p < 0.001. 
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4.2.1.2. TF binding modifications of SCD1 promoter SNPs: an in 

silico analysis 

JASPAR transcription factor binding site prediction program was used to determine 

in silico whether any TF binding site is affected by the investigated nucleotide variations 

in the promoter. Each SNP was analyzed in its 20-nucleotide vicinity. The most relevant 

TFs were selected with two restrictions: (i) to exclude TFs with low binding affinity to 

the 41 nucleotide sequences tested, the relative TF binding score had to be greater than 

80% for at least one allele, and (ii) to consider only those TFs whose binding could be 

actually affected by the SNPs, the relative score difference between the two alleles had to 

be at least 15%. Along these criteria, rs1054411 resulted in five, rs670213 and rs2275657 

in two TFs and rs2275656 in seven TFs whose binding to the SCD1 promoter is likely to 

be modified by the polymorphic alleles (Table 8). 

Table 8. List of transcription factors whose binding to SCD1 promoter may be 

affected by the polymorphisms studied. Data are results of JASPAR transcription factor 

binding site prediction program. Depending on whether the minor allele increases or 

decreases the probability of TF binding, the difference between the relative scores of the 

two alleles is indicated by a positive or negative value, respectively. 

SNP ID TF name TF ID Strand 
Relative score (%) 

major allele minor allele Difference 

rs1054411 

NFATC3 MA0625.2 + 61.45 80.39 18.94 

SOX18 MA1563.1 ‒ 65.39 81.67 16.28 

SPI1 MA0080.1 ‒ 81.85 66.40 –15.45 

ETV5 MA0765.1 ‒ 85.96 69.13 –16.83 

ETS1 MA0098.1 + 98.14 76.54 –21.60 

rs670213 
TFAP2A MA0003.1 + 92.89 73.99 –18.90 

RHOXF1 MA0719.1 + 80.65 63.97 –16.68 

rs2275657 
NFATC3 MA0625.2 ‒ 64.77 83.72 18.94 

USF1 MA0093.1 ‒ 70.16 85.55 15.39 

rs2275656 

TFAP2A MA0003.1 + 78.11 97.01 18.90 

NR2C2 MA1536.1 ‒ 64.15 80.59 16.43 

NR5A1 MA1540.1 ‒ 77.70 93.60 15.89 

PITX2 MA1547.2 ‒ 80.83 65.76 –15.07 

TFE3 MA0831.1 ‒ 82.07 65.90 –16.17 

RHOXF1 MA0719.1 ‒ 80.74 64.06 –16.68 

TFAP2A MA0003.1 ‒ 88.76 69.86 –18.90 
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Among all the predicted hits, the influence of rs1054411 on ETS1 binding appeared 

to the most plausible, as this TF has the highest relative score for the wild type promoter 

(rs1054411_C: 98.14%) and the highest difference between the scores of the two alleles 

(rs1054411_G is 21.60% less likely to form an ETS1 TF binding site). Figure 11 depicts 

the consensus sequence of ETS1 response element. Since the fifth nucleotide, C is highly 

conserved, we reasoned that the C/G nucleotide exchange might indeed modify the 

binding affinity of the TF. 

 

Figure 11. Consensus sequence of ETS1 TF binding site. The polymorphic nucleotide 

of rs1054411, highlighted in bold and red, is within the highly conserved consensus 

region of the ETS1 response element. 

4.2.1.3. Allele-specific effect of ETS1 on SCD1 promoter activity 

Based on literature data, the regulatory mechanisms of ETS1 TF are highly diverse. 

To investigate whether FAs also modulate ETS1 expression, HEK293T cells were treated 

with various FAs and endogenous ETS1 mRNA and protein levels were assessed as 

described in Methods. Although unfortunately the poor sensitivity of commercially 

available ETS1 antibodies did not allow proper analysis of the protein, it has been 

revealed that ETS1 mRNA levels were not affected by any of the FAs tested (Figure 12 

A). To overcome this problem, an ETS1 expression construct with pcDNA3.1(–) vectorial 

background was purchased and the experiment was repeated in HEK293T cells 

overexpressing ETS1. In this model, the protein levels were not affected by the FAs 

(Figure 12 B, C). 
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Figure 12. FA-dependent ETS1 expression in HEK293T cells. Endogenous ETS1 

mRNA level in control and FA-treated cells, measured by qPCR (A). ETS1 mRNA 

expression is normalized to the housekeeping GAPDH expression. Representative 

immunoblot result from ETS1 overexpression experiment (B). Protein levels were 

examined after harvesting FA-treated cells, using anti-ETS1 and anti-Actin antibodies. ” 

indicates a non-specific band on the immunoblot. Band intensities were determined by 

densitometry of six independent immunoblot results and ETS1/Actin ratios are depicted 

as bar graphs (C). Transfection, treatments and measurements were carried out as 

described in Methods. Statistical analysis was performed with the Tukey-Kramer 

Multiple Comparisons Test. Data are shown as mean values ± S.D. Non-tf Ctrl: non-

transfected control; Ctrl: control; O: oleate; P: palmitate; S: stearate; L: linoleate; V: 

vaccenate; E: elaidate. 

After confirming that FAs do not disturb the expression of ETS1, the prediction that 

ETS1 binding is interfered by the rs1054411 polymorphism was verified in vitro in a 

luciferase reporter system. Wild type and rs1054411_G variant promoter activities were 

determined after co-transfection with different amounts of the ETS1 expression construct 

as described in Methods. SCD1 promoter activity was enhanced with increasing amounts 

of ETS1 plasmid and protein (Figure 13 B) for both variants, but to different extents 

(Figure 13 A). A significant, 1.5-fold increase in wild type promoter activity was seen 

even with 25 ng ETS1 expression plasmid, and the increase was more than twofold with 

200 ng ETS1 plasmid. The activity of the rs1054411_G variant followed a gentler slope, 

as its increase reached statistical significance at 50 ng ETS1 plasmid and barely doubled 

at 200 ng. The difference between the two promoter activities was significant from 25 ng 
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ETS1 plasmid. These findings confirm the in silico predictions that rs1054411_G variant 

would reduce the TF-binding capacity of the promoter. 

  

Figure 13. Impact of rs1054411 SNP on the ETS1-mediated stimulation of SCD1 

promoter activity. Luciferase reporter assay was used to determine the allele-specific 

effect of increasing amounts of ETS1 (A). pCMV-β-gal vector served as transfection 

control. Luciferase and β-galactosidase enzyme activities were measured as indicated in 

Methods and their relative ratios are shown as bar graphs. The diagram presents the results 

of three to twelve independent measurements normalized to ETS1-free wild type or 

rs1054411_G pGL3-SCD1 promoter construct, respectively. Data are shown as mean 

values ± S.D. Statistical analysis was performed by using the Tukey-Kramer Multiple 

Comparisons Test. Ctrl: control; #p < 0.05; ##p < 0.01; ***, ### or !!!p < 0.001. Immunoblot 

of ETS1 protein expressed in HEK293T cells co-transfected with increasing amounts of 

ETS1 plasmid and one of the SCD1 promoter constructs (B). ” indicates a non-specific 

band on the immunoblot. Co-transfection and immunoblotting are detailed in Methods. 
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4.2.1.4. Modulation of the FA-induced activity of rs1054411_G 

promoter variants by ETS1 

We addressed the question whether there is an interaction between the effects of FA 

treatment and ETS1 overexpression on the activity of major or minor allele of SCD1 

promoter concerning the rs1054411 SNP. To this end, a combination of co-transfection 

and FA treatment was carried out in HEK293T cells. 100 ng ETS1 construct was used 

because this amount resulted in the most significant difference between the two alleles 

(Figure 13), and the cells were treated with elaidate, as this FA caused the greatest 

promoter activation with rs1054411_G allele (Figure 9 F). Cells were transfected with an 

SCD1 promoter construct with or without ETS1 expression vector, then incubated in the 

presence or absence of elaidate, and the relative luciferase activities were measured as 

described in Methods. In line with the previous results, both ETS1 overexpression and 

elaidate treatment increased the promoter activity for both variants, and the effect of the 

FA was stronger on the activity of the minor promoter variant. Importantly, however, the 

abundance of ETS1 enhanced the inducing effect of elaidate, while reduced the difference 

between the elaidate-induced activity of the two promoter variants (Figure 14). 

 

Figure 14. Interaction between the effect of elaidate treatment and ETS1 

overexpression on the activity of rs1054411_C and _G alleles of SCD1 promoter. Co-

transfection and FA-treatment of HEK293T cells are detailed in Methods. pCMV-β-gal 

vector served as transfection control. Luciferase and β-galactosidase activities were 

measured as indicated in Methods and their ratios are shown as bar graphs. The diagram 

depicts the results of three independent measurements normalized to ETS1-free and FA-

untreated wild type or rs1054411_G pGL3-SCD1 promoter construct, respectively. Data 

are shown as mean values ± S.D. Statistical analysis was performed by using the Tukey-

Kramer Multiple Comparisons Test. Ctrl: control; E: elaidate; *p < 0.05; **p < 0.01. 
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4.2.2. Variations of the coding region 

4.2.2.1. Effect of M224L missense SCD1 SNP on the protein level 

The major A allele (Met224) of SCD1 gene was cloned into pcDNA3.1(–) expression 

plasmid, and the minor G variant (Leu224) was created by site-directed mutagenesis from 

this construct as detailed in Methods. Possible effect of the amino acid exchange on the 

amount of the protein was tested in transfected HEK293T and HepG2 cells by 

immunoblotting. Endogenous SCD1 expression could only be detected in HepG2 cells 

(Figure 15 D, E, F) but not in the non-transfected HEK293T cells or HEK293T cells 

transfected with the empty vector (Figure 15 A, B, C). 

 

Figure 15. Protein expression of unlabeled and Glu-Glu tagged M224L SCD1 

variants in two cell lines. Immunoblots of SCD1 in transiently transfected HEK293T 

cells, 24 hours after transfection, using with anti-SCD1 (A) or anti-Glu-Glu tag (B) 

antibodies. Immunoblots of SCD1 in HepG2 cells in the same experimental conditions, 

using anti-SCD1 (D) or anti-Glu-Glu tag (E) antibodies. In each case, Actin served as a 

loading control. Band intensities were determined by densitometry of three independent 

immunoblot results and SCD1/Actin ratios are depicted as bar graphs (C, F). Statistical 

analysis was performed with the Tukey-Kramer Multiple Comparisons Test. Data are 

shown as mean values ± S.D. **p < 0.01; ***p < 0.001. 

A significant difference could be observed between the levels of overexpressed 

Met224 and Leu224 proteins in both cell lines, in favor of the latter variant (Figure 15 A, 
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D). To rule out the possibility that the difference was due to a different affinity of the 

antibody for the two variants, the experiment was also performed using C terminal Glu-

Glu tagged versions of both variants. The immunoblot with the anti-tag antibody 

consistently showed the same pattern: there was a marked difference in band densities, 

and the quantification revealed that the amount of Leu224 variant was about twice that of 

Met224 (Figure 15 B, E). 

4.2.2.2. Influence of M224L missense SCD1 SNP on the mRNA 

level 

The elevated Leu224 SCD1 protein level can be attributed to an increased amount of 

mRNA, giving way to enhanced translation and/or a longer half-life of the protein. To 

address the first possibility, the amount of SCD1 mRNA in transfected HEK293T was 

determined by qPCR using primers specific to endogenous and overexpressed SCD1 

cDNA or primers specific to the Glu-Glu tagged version. The mRNA levels of the 

leucine-coding C variant were seen to be significantly higher in both cases: a 1.889-fold 

difference for the untagged and a 1.972-fold difference for the tagged versions were 

detected in favor of the Leu224 variant (Figure 16). 

 

Figure 16. SCD1 expression in transiently transfected HEK293T cells determined 

by qPCR. After transfection, DNA contamination-free total RNA was isolated from 

harvested cells and reverse transcribed into cDNA as detailed in Methods. qPCR was 

carried out using either SCD1 or Glu-Glu tag and GAPDH sequence specific primers as 

indicated in Methods. The diagram depicts the results of three independent measurements. 

Statistical analysis was performed with the Tukey-Kramer Multiple Comparisons Test. 

Data are shown as mean values ± S.D. ***p < 0.001. 

Since the single A/C nucleotide replacement is the only difference between the two 

mRNA variants, we assumed that the observed difference in mRNA levels was due to 

altered mRNA stability. To address this hypothesis, the structure of the two mRNA 

variants was predicted in silico with the RNAfold online tool. According to the prediction, 
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the mRNA of the minor (C) allele forms an extra hairpin loop in the center, which may 

contribute to increased stability and thus increased translation (Figure 17 A). The program 

calculates the structures based on MFE (Figure 17 B), and the mountain plot indicates 

slight differences also in the flanking region of the SNP, further increasing the probability 

that the two mRNA variants have different stability. 

 

Figure 17. In silico prediction of the secondary MFE structures of +670A and +670C 

SCD1 using the RNAfold online tool. Spatial structure of the SCD1 mRNAs (A). The 

different segments near the SNP are magnified. Mountain plot of MFE (B). Mountain 

plot represents a secondary structure in a plot of height versus position, where the height 

is given by the number of base pairs enclosing the base at a given position. Loops 

correspond to plateaus (hairpin loops are peaks), helices to slopes. 

To validate the in silico prediction that mRNA stability is allele-specific in favor of 

the minor allele, an in vitro experiment was designed: using a transcription inhibitor, 

actinomycin D, degradation of the two tagged mRNA variants was monitored in a twelve-

hour time window. qPCR analysis was carried out using Glu-Glu tag specific primers. 

The difference between the two variants could be observed as early as 1 hour after 

transcription arrest and became more significant over time (Figure 18). The mRNA of the 

A allele almost halved 2 hours after transcription arrest, while that of the C allele did not 

reach 50% of the initial level even after 12 hours. 
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Figure 18. Allele-specific mRNA degradation of the two SCD1 variant monitored by 

qPCR. HEK293T cells were transiently transfected with the methionine-expressing 

+670A and the leucine-expressing +670C variants of SCD1. 5 g/mL actinomycin D 

treatment for 0, 1, 2, 4, 8 and 12 hours, harvesting, total RNA isolation and reverse 

transcription into cDNA was accomplished as detailed is Methods. qPCR was carried out 

using either SCD1 or Glu-Glu tag and GAPDH sequence specific primers as indicated in 

Methods. Diagram depicts the average of three parallels. Statistical analysis was 

performed with the Tukey-Kramer Multiple Comparisons Test. Data are shown as mean 

values ± S.D. *p < 0.05; **p < 0.01; ***p < 0.001. 

4.2.2.3. Protein stability of M224L SCD1 variants 

In addition to increased mRNA stability, another possible explanation for the 

elevated SCD1 protein levels observed in the Leu224 variant is a more stable protein 

structure that prolongs the half-life of the minor protein variant. To address this 

possibility, intracellular degradation of Met224 and Leu224 was compared using 

cycloheximide, a translation inhibitor and immunoblotting. In line with previous studies, 

the amount of the major SCD1 variant with a reportedly short half-life was almost halved 

after 1 hour of translation arrest (Figure 19 A). Its amount continued to decrease, and 

Met224 SCD1 became barely detectable by the end of the six-hour time window. In 

contrast, the amount of Leu224 hardly decreased in the first two hours, which resulted in 

a clearly visible, significant difference between the quantity of the two variants. The 

marked, although statistically less significant difference between the two protein variants 

persisted throughout the experiment, and the Leu224 variant could be clearly detected 

even at the end. 

Since the SNP is located in the third transmembrane region of the enzyme, it was not 

unexpected that the I-TASSER online software did not predict any major change in the 

3D protein structure after substituting Met224 to Leu224 (Figure 19 B). However, an 

alteration in the normalized B-factor values in this section of the protein indicates a 

decreased conformational entropy of leucin residue at position 224 (Figure 19 C). 
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Figure 19. Stability of M224L SCD1 variants. Examination of intracellular degradation 

of SCD1 with methionine or leucine at position 224 (A). Transiently transfected 

HEK293T cells were treated with 50 g/mL translation inhibitor, cycloheximide for 0, 1, 

2, 4 and 6 hours. Harvested cells were analyzed by immunoblotting, using anti-Glu-Glu 

tag and anti-Actin antibodies. Exact protocols are detailed in Methods. Representative 

result of four independent experiments is shown. Band intensities were determined by 

densitometry and SCD1-Glu-Glu/Actin ratios are depicted as bar graphs. Statistical 

analysis was performed with the Tukey-Kramer Multiple Comparisons Test. Data are 

shown as mean values ± S.D. *p < 0.05; **p < 0.01; ***p < 0.001. Resolved crystal 

structure of Met224 human SCD1 from Protein Data Bank compared with I-TASSER 

online tool predicted secondary structure of Leu224 variant (B). Images were rendered 

using DeepView/Swiss-Pdb Viewer version 4.0.2. Comparison of normalized B-factor 

values for Met224 and Leu224 SCD1 variants (C). The normalized-B factor (B-factor of 

each residue/B-factor of whole average) was plotted as the function of the amino acid 

residues. 

4.2.2.4. Impact of FAs on the M224L protein variants 

We were interested whether FAs can affect the two M224L variants differently. Thus, 

the protein levels were assessed in transfected HEK293T cells treated with various FAs 

(Figure 20 A, B). The major (Met) variant was essentially unresponsive to FAs, except 

for oleate, which, confirming the literature data, decreased the intracellular amount of 

Met224 SCD1. Surprisingly, oleate had no reducing but even a slight increasing effect on 

the amount of the Leu224 variant. In further contrast to the major variant, the amount of 
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Leu224 was elevated in the presence of all FAs used. Statistically significant increment 

was observed in the case of palmitoleate (3-fold), linoleate (4-fold) and stearate (6-fold). 

Moreover, all FAs elevated the level of Leu224 protein compared not only to its untreated 

control, but to the Met224 variant after the corresponding FA-treatment. However, the 

latter difference was statistically significant only for stearate. 

 

Figure 20. Impact of different FAs on M224L variants of SCD1. Representative 

immunoblots of five independent experiments (A) and densitometric evaluation of all five 

blots (B). HEK293T cells were transiently transfected and 24 hours later treated with 

BSA-conjugated oleate (O), palmitate (P), palmitoleate (PO), linoleate (LO) and stearate 

(S) for 6 hours at a final concentration of 100 M. Protein content of the harvested cells 

were monitored by immunoblotting, using anti-Glu-Glu tag and anti-Actin antibodies. 

Transfection, FA treatment and immunoblotting were carried out as detailed in Methods. 

In each case, housekeeping Actin served as a loading control. SCD1/Actin ratios from 

quantitating band intensities by densitometry, are depicted as bar graphs. Statistical 

analysis was performed with the Tukey-Kramer Multiple Comparisons Test. Data are 

shown as mean values ± S.D. *p < 0.05; **p < 0.01; ***p < 0.001. Impact of FAs on 

mRNA levels of the SCD1 variants (C). Transfected HEK293T cells were treated with 

BSA-conjugated FAs, similarly to the previous experiment. cDNA was reverse 

transcribed from total RNA isolated from harvested cells. qPCR was carried out using 

Glu-Glu tag and GAPDH sequence specific primers as indicated in Methods. Diagram 

depicts the average of three parallels. Statistical analysis was performed with the Tukey-

Kramer Multiple Comparisons Test. Data are shown as mean values ± S.D. *p < 0.05; 

**p < 0.01. 
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The effect of FAs on the mRNA levels was tested in similar experiments using qPCR 

analysis Glu-Glu-tag specific oligos. During the six-hour treatment, no FA seemed to 

alter the amount of mRNA for either variant of SCD1 (Figure 20 C). 

4.2.2.5. Enzymatic activity of M224L desaturase variants 

From the results of our previous experiments, it can be clearly seen that FAs affect 

differently the intracellular amount of the two SCD1 protein variants. To demonstrate that 

the overexpressed desaturase is functional, and that elevated protein levels in case of 

Leu224 SCD1 also imply increased desaturation, the FA content of transfected HEK293T 

cells was analyzed by GC-FID. SCD1-dependent desaturation was inferred from the ratio 

between the sum of the two major MUFAs and the sum of the two major SFAs (eq 1).  

(1) 
palmitoleate (C16:1 𝑐𝑖𝑠∆9)+oleate (C18:1 𝑐𝑖𝑠∆9)

palmitate (C16:0)+stearate (C18:0)
 

The empty pcDNA3.1(–) vector did not change the FA content of transfected cells 

(Figure 21). In contrast, cells expressing the Met224 SCD1 showed a significant, 1.2-fold 

increase in the unsaturated : saturated FA ratio, indicating that the overexpressed enzyme 

is indeed functional (Figure 21 C). 

 

Figure 21. Changes in FA content of cells transfected with M224L SCD1 variants. 

HEK293T cells were harvested 24 hours after transfection and FA contents were analyzed 

by GC-FID as described in Methods. Absolute amount of the two main products of SCD1, 

C16:1 palmitoleate (A) and C18:1 oleate (B) was measured and depicted as bar graphs. 

Ratio of the sum of major unsaturated and the sum of major saturated FAs (C). Data were 

normalized to the total protein content of the samples and are shown as mean values  

S.D. Diagram depicts the average of three parallels. Statistical analysis was performed 

with the Tukey-Kramer Multiple Comparisons Test. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Moreover, as expected from the higher protein levels, transfection with Leu224 

SCD1 expression construct caused an even greater increase in the unsaturated : saturated 

FA ratio, i.e., a 1.4-fold increment compared to control and a 1.18-fold compared to the 

Met224 variant. Additionally, the amount of the two main products of the desaturase, 

C16:1 palmitoleate (Figure 21 A) and C18:1 oleate (Figure 21 B) also reflected a 

significant increase in favor of the Leu224 variant. 

4.2.2.6. Is the increase in protein level caused by the polymorphism 

due to the missing methionine or the leucine present? 

To investigate whether the extended half-life of Leu224 SCD1 is caused more by the 

absence of a methionine side chain or by the appearance of a leucine side chain, we also 

created an artificial Ala224 variant by site-directed mutagenesis (changing the 

methionine-coding AUG to the alanine-coding GCG triplet) and compared its stability 

with that of the two natural variants in the experimental system described previously. 

Although the artificial Ala224 variant presented with lower mRNA levels (Figure 23 C), 

its protein level was no significantly different from that of Met224 (Figure 22). 

 

Figure 22. Comparison of intracellular Met224 and Ala224 SCD1 protein levels. 

HEK293T cells were transiently transfected with untagged (A) and tagged (B) SCD1 

constructs: Met224 and Ala224 variants. 24 hours after transfection, cells were harvested 

and the protein amounts were monitored by immunoblotting. In each case, housekeeping 

Actin served as a loading control. Representative immunoblots of three independent 

experiments are shown. SCD1/Actin ratios from quantitating band intensities by 

densitometry, are depicted as bar graphs (C). Statistical analysis was performed with the 

Tukey-Kramer Multiple Comparisons Test. *p < 0.05; **p < 0.01; ***p < 0.001. 

After translation arrest with cycloheximide, the artificial Ala224 proved to be more 

stable and had a longer half-life (Figure 23 A). Nevertheless, in terms of its sensitivity to 

FAs, it showed no difference from the natural reference Met224, as the FAs did not affect 

the amount of either protein variants significantly (Figure 23 B). 
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Figure 23. Expression and FA-sensitivity of Ala224 SCD1. Protein synthesis in 

transiently transfected HEK293T cells was arrested with 50 mg/mL cycloheximide for 0, 

1, 2, 4 and 6 hours (A). Protein amounts were monitored by immunoblotting. 

Representative result of four independent experiments is shown. Band intensities were 

determined by densitometry and SCD1-Glu-Glu/Actin ratios are depicted as bar graphs. 

Impact of FAs on the Ala224 variant (B). Transiently transfected cells were treated with 

100 M BSA-conjugated oleate, palmitate, palmitoleate, linoleate and stearate. 

Immunoblot analysis of cell lysates was carried out using anti-Glu-Glu tag and anti-Actin 

antibodies. Representative result of three independent experiments is shown. The band 

intensities were determined by densitometry and SCD1-Glu-Glu/Actin ratios are shown 

as bar graphs. qPCR analysis of Ala224 (C). RNA isolation, reverse transcription to 

cDNA and qPCR of samples from transiently transfected HEK293T cells were carried 

out as determined in Methods. The diagram presented depicts the results of three 

independent measurements. Statistical analysis was performed with the Tukey-Kramer 

Multiple Comparisons Test. Data are shown as mean values ± S.D. *p < 0.05; **p < 0.01; 

***p < 0.001. 

4.3. Association studies 

Two selected polymorphisms, i.e., one of the four promoter polymorphisms and the 

only missense polymorphism of the coding region, were tested for association with type 

2 diabetes mellitus on a small population. The association studies presented in this section 

were carried out by our research team. They are part of our overall research on SCD1 and 
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are included in this thesis because they are relevant to the discussion and interpretation 

of my results.  

Possible association between rs1054411 C/G promoter polymorphism and T2DM 

and between the missense M224L A/C SNP and T2DM was assessed by case–control 

setups. Results are summarized in Table 9 and Table 10, respectively. The observed 

genotype distribution in the control group was in agreement with the expected values 

based on the Hardy–Weinberg equilibrium (χ2-test p = 0.911). Association analysis was 

carried out by using both allele- and genotype-wise approaches including the dominant 

model (i.e., Genotype combination). 

Table 9. Comparison of allele, genotype, and genotype combination frequencies of 

rs1054411 promoter SNP in control and T2DM groups. T2DM: type 2 diabetes 

mellitus. 

 

Control 
(N = 370) 

T2DM 
(N = 282) 

N % N % 

Allele 

C 437 59 351 62 

G 303 41 213 38 

χ2 p = 0.2447  

Genotype 

C/C 127 34 107 38 

C/G 183 49 137 49 

G/G 60 16 38 13 

χ2 p = 0.4943  

Genotype combination 

 C+ 310 84 244 87 

C– 60 16 38 13 

χ2 p = 0.3319  

Allele frequencies were congruent with the European population data available in 

1000Genomes (MAF: 41 vs. 40%). However, in our control group, the minor allele was 

slightly overrepresented compared to both ALFA (MAF: 35%) and global frequencies 

(MAF: 28%). As Table 9 shows, the frequency of the G allele was slightly but not 

significantly lower in the patient group in all the three comparisons (when comparing the 

control and patient groups using χ2-test, neither the allele or genotype, nor the genotype 
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combination frequency reaches the significance level of p < 0.05). Due to the limited 

number of samples that could be included in the study, the lack of statistically significant 

result does not exclude a putative role of the SNP in the genetic risk of T2DM. 

Table 10. Comparison of allele, genotype, and genotype combination frequencies of 

M224L SNP in control and T2DM groups. T2DM: type 2 diabetes mellitus. 

 

Control 
(N = 463) 

T2DM 
(N = 425) 

N % N % 

Allele 

Met 574 62 502 59 

Leu 352 38 348 41 

χ2 p = 0.2071  

Genotype 

Met/Met 181 39 152 36 

Met/Leu 212 46 198 47 

Leu/Leu 70 15 75 18 

χ2 p = 0.4601  

Genotype combination 

 –Leu 181 39 152 36 

+Leu 282 61 273 64 

χ2 p = 0.3061  

Allele frequencies were in line with the data available in GnomAD. As shown in 

Table 10, frequency of the leucine-coding allele was slightly but not significantly higher 

in the patient group in all comparisons.  
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5. Discussion 

Development of complex genetic diseases arises from the interplay of genetic and 

environmental factors. These conditions encompass a range of metabolic disorders, 

including obesity, the metabolic syndrome, type 2 diabetes mellitus, along with closely 

associated cardiovascular diseases and cancers. Deranged lipid metabolism plays a 

crucial role in these metabolic diseases, so a balanced supply of saturated and unsaturated 

FAs is of great significance for the prevention. In addition to regular physical activity, 

adequate hydration, and avoiding detrimental habits, the right amount and composition 

of food is crucial. There is a consensus that excessive consumption of animal fats 

abundant in SFAs is harmful to health, compared to vegetable oils rich in MUFAs and 

PUFAs. However, the genetic background governing the enzyme networks that 

metabolize and respond to these dietary fats remains poorly understood. 

5.1. Importance of different types of FAs and their 

relationship with SCD1 enzyme 

Besides SFAs, the presence of bent-shaped UFAs is indispensable for appropriate 

triglyceride and phospholipid synthesis, the latter maintaining optimal membrane fluidity 

and flexibility, and transmembrane signaling. However, during de novo synthesis, only 

SFAs can be produced, so even with a sufficient amount of UFA taken in during nutrition, 

the endogenous FA balance would normally incline to SFAs. Excessive SFAs can induce 

lipotoxicity through disturbing normal cell functions, causing redox imbalance [126], 

impaired lipid signaling, membrane and organelle dysfunction, inflammation or even 

apoptosis [127, 128]. Protecting effects of UFAs against SFA-induced lipotoxicity are 

widely investigated. A recent study for instance, showed both in vitro in INS-1E rat 

insulinoma cell line and in vivo in male C57BL/6 mice on high-fat diet that MUFAs and 

PUFAs, such as EPA, DHA and AA, but mainly oleic acid (in vitro) and olive oil (in vivo) 

effectively protect islet β-cells from SFA-induced cellular lipotoxicity [129]. The 

function of desaturase enzymes, introducing double bonds in SFAs, is pivotal for 

achieving the appropriate FA ratio. Although our cells can insert double bonds into the 

FA chains at various positions up to 9, a saturated chain can only get desaturated between 

the carbons 9 and 10 by SCD enzymes, which therefore catalyze the rate determining step 
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for the synthesis of all unsaturated FAs. Although SCDs require electrons from 

NAD(P)H, it has been shown that their activity is determined by the level of the SCD 

enzyme itself rather than the capacity of the associated electron transfer chain [130]. This 

work focuses on SCD1, the major isoform of the two human SCDs. Since this enzyme is 

expressed in nearly all cell types, its health impacts are rather diverse, i.e., in addition to 

protecting certain cells against SFA-induced lipotoxicity, its overexpression or 

overactivity in the major metabolic tissues may be also detrimental to health through 

favoring triglyceride synthesis and thus obesity [84]. Adipose tissue hypertrophy can lead 

to general inflammation and high levels of FFAs, which in turn leads to obesity-induced 

systemic lipotoxicity [131] (Figure 4). 

However, neither the exact mechanism of the protective effects of UFAs against 

lipotoxicity, nor the differences between the effects of various FAs are fully understood. 

As expected and consistent with our findings, SFAs typically elevate the cellular 

abundance of SCD1 (Figure 5, 6 and 7). This promotes their conversion into UFAs, 

facilitating their consumption by lipid synthesis and thereby reducing their accumulation 

and diminishing their harmful effects. Cis-UFAs substantially reduce SCD1 expression 

[132], although the mechanism of action of MUFAs and PUFAs may differ. On the one 

hand, polyunsaturated linoleate is believed to disrupt desaturation by modulating 

transcription, and it has been found to consistently suppress SCD1 expression across all 

three levels investigated (promoter activity, mRNA, and protein levels) in both HEK293T 

and HepG2 cell lines. This aligns with the identification and characterization of a PUFA-

responsive element in the upstream regulatory region of human and mouse SCD1 genes 

[80, 84, 133]. On the other hand, although a large number of studies have demonstrated 

the ability of monounsaturated oleate to suppress SCD1 [134], the exact mechanism 

remains uncertain. Oleate notably diminished the level and activity of SCD1, but the 

findings regarding its impact on SCD1 mRNA levels, and promoter activity, are 

inconsistent. This suggests that oleate may act through mRNA and/or protein stabilization 

rather than transcriptional repression [135]. Notably, the well-established suppressive 

effect of oleate on SCD1 was not observed across all three regulatory levels examined in 

HepG2 cells. However, the effects of other FAs were also relatively modest in this cell 

line, possibly due to a relatively high tolerance of HepG2 cells toward FAs [136]. 
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Health effects of TFAs are controversial. On the one hand, human studies identified 

a positive association between TFA consumption and the onset of lipid metabolism- 

linked conditions, such as the metabolic syndrome, type 2 diabetes mellitus, 

cardiovascular disease, and cancer [137]. On the other hand, other studies indicate that 

TFAs may exhibit protective effects against palmitate toxicity in cell cultures similar to 

those of oleate [41]. Compared to the most lipotoxic SFAs, TFAs induce inflammation 

and ER stress to a much lesser extent, suggesting that they are less harmful [138, 139]. 

TFAs surely exert distinct effects on metabolism and fundamental physiological 

processes compared to other dietary FAs, however, the question is whether naturally 

occurring and industrial TFAs have the same health effects. Several human studies 

indicate that the unfavorable impacts are predominantly associated with industrial TFAs 

[140, 141], while naturally occurring TFAs could be harmless or even beneficial for 

metabolic health [142, 143]. However, other epidemiological and clinical studies indicate 

no difference between the harmful effects of the two types of TFAs as both can contribute 

to metabolic and cardiovascular diseases [144, 145]. The controversy of the above in vivo 

results urged us to attempt to elucidate the potential differences between the two types of 

TFAs. We chose to compare their effects on SCD1 expression first, because any 

difference in the modulation of this key enzyme of FA metabolism would have a major 

impact on overall lipid homeostasis and thus on inflammation, stress, insulin sensitivity 

and viability in a variety of cells. It has been reported earlier that the iTFA elaidate 

increases the level of FA desaturation in HASMC, HUVEC and HepG2 cells [132, 146], 

and raises the level of SCD1 mRNA in trophoblast and HASMC cells [132, 147], while 

the rTFA vaccenate showed no similar effects [132, 146, 148]. We found it necessary to 

systematically compare the effects of the two TFAs on SCD1 expression in two cell lines 

(HEK293T and HepG2) by assessing changes in the mRNA and protein levels and in the 

promoter activity in a luciferase reporter system. Our findings were in accordance with 

the available, albeit limited, scientific data described above and supported the difference 

between the two TFAs. We found that elaidate markedly induces SCD1, which is 

reflected in all three parameters investigated, and this contrasts with the ineffectiveness 

of vaccenate (Figure 5, 6 and 7). 
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5.2. Polymorphisms of SCD1 

Even though the role of SCD1 is pivotal in both SFA-induced lipotoxicity and 

obesity, there is scarce literature addressing polymorphisms that can influence its 

expression or activity. According to the promoter region, no SNPs have been functionally 

investigated yet – except that rs670213 polymorphism has been proven to be unrelated to 

metabolic risk [102, 103]. On the other hand, M224L (rs2234970), a missense 

polymorphism in the coding region of SCD1 with a relatively high frequency in all 

studied populations to date (Leu224 allele: 24–53%) has been studied and its association 

with pathological conditions was addressed in four studies [98-101]. 

5.2.1. Promoter SNPs 

We searched for the most common promoter SNPs in silico and tested them in vitro 

in a luciferase reporter system both in the absence (Figure 8) and presence (Figure 9 and 

10) of various dietary FAs. Among the four common promoter SNPs investigated, 

rs1054411 was found to be functional in the presence of FAs and as a modifier of a TF 

binging site. Our in silico analysis identified ETS1 as a TF with allele-specific binding to 

the SCD1 promoter region carrying the SNP rs1054411 (Table 8 and Figure 11). ETS1 is 

a proto-oncogene from the ETS protein family, regulating the expression of a wide range 

of proteins. As ETS1 can affect cell development, differentiation, survival and death, it is 

not surprising that increased ETS1 expression or activity has been associated with a 

diverse set of cancers. It was shown to influence angiogenesis through the regulation of 

proteins controlling endothelial cell migration and invasion [149, 150]. In addition to its 

role in tumor progression and invasion, ETS1 has been found to be involved in cellular 

metabolism [151], as it has been revealed to up-regulate key enzymes in FA metabolism 

[152]. Since the role of FAs in regulating ETS1 has not yet been clarified, we considered 

it important to investigate this potential connection. On the one hand, our experiments did 

not reveal any effects of FAs on ETS1 expression (Figure 12), on the other hand, we 

confirmed in vitro our in silico prediction that in the presence of the rs1054411_G allele, 

ETS1 has a 20% reduced affinity to the promoter (Figure 13). Moreover, with a 

combination of co-transfection and FA treatment, we demonstrated interaction between 

TF binding and the presence of FAs, as ETS1 reduced the enhancing effect of elaidate on 
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rs1054411_G allele-specific promoter activity by about half, i.e., 73% vs 37% (Figure 

14). 

5.2.2. M224L SNP 

Studies investigating the M224L missense SNP of the coding region revealed 

association between the minor Leu224 variant and an increased risk of cardiovascular 

diseases through higher unsaturated: saturated ratio of C:18 FAs [101]. Moreover, the 

Leu224 variant has also been shown to be an aggravating factor in stage II colorectal 

cancer [100]. However, the major Met224 allele was associated with insulin resistance in 

the skeletal muscle through increased intramyocellular lipid accumulation in an Indian 

population [99], while the SNP did not show any correlation with effects of dietary DHA 

treatment in patients with the metabolic syndrome [98]. According to these studies, the 

M224L SNP appears to be linked to various medical conditions, however the molecular 

mechanisms underlying these effects are unclear. Therefore, we aimed to elucidate how 

this SNP influences the mRNA and protein levels, as well as the activity of SCD1 in a 

cellular model. 

Our experiments showed markedly higher expression and activity of the Leu224 

variant (Figure 15, 16, and 21). Since we meant to reveal whether the observed results 

can be attributed to the lack of leucine or to the appearance of methionine at the 

polymorphic position, we created an artificial, alanine-containing variant as a new amino 

acid in the investigated locus can serve as an indifferent reference in functional assays 

[153]. Regarding that the two natural variants were identical except for the A/C difference 

within the triplet coding for the 224th amino acid, the elevated mRNA level of the Leu224 

(C) variant can be explained by an increased mRNA stability. Based on literature data, a 

single nucleotide change, even a synonymous SNP, may modify mRNA stability [154]. 

The in silico analysis strengthened our hypothesis, predicting an extra hairpin loop in the 

flanking region of the polymorphic site in the minor variant (Figure 17) and we confirmed 

a hindered mRNA degradation in vitro with the actinomycin D treatment (Figure 18). 

Since the artificial Ala224 mutant did not show an elevated mRNA level (Figure 23 C), 

the increased mRNA stability can be attributed to the appearance of a C in the Leu-coding 

allele. 
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In addition to the increased mRNA stability of the Leu224 variant, the hindrance of 

protein degradation (Figure 19 A) also contributes to the higher intracellular SCD1 levels. 

Although no considerable difference can be seen in the protein structures predicted in 

silico (Figure 19 B), there is abundant evidence in the literature that missense 

polymorphisms causing different amino acid substitutions at different loci affect the rate 

of degradation [155-158]. However, since a slower protein degradation could be detected 

in case of the artificial Ala224 variant (Figure 23 A), the protein stabilizing effect seems 

to be due to the elimination of the methionine side chain. Taking all these into 

consideration, it seems that the similar intracellular amount of the major Met224 and the 

artificial Ala224 variants of the protein (Figure 22) is due to two opposite effects: the 

lower mRNA level (Figure 23 C) is compensated by a longer protein half-life of Ala224 

(Figure 23 A). The intracellular amount of the Leu224 variant can further be elevated by 

supplementation with certain FAs (Figure 20 A, B). This phenomenon seems to be a 

consequence of increased protein stability as the mRNA levels did not change (Figure 20 

C). This effect of FAs is dependent on the presence of the leucine 224 as the protein level 

of the artificial Ala224 variant showed no significant change in response to FAs (Figure 

23 B). We hypothesize that the Leu224 variant, with its decreased conformational entropy 

in the third transmembrane region (Figure 19 C), exhibits an increased sensitivity to 

various fatty acyl chains. 

5.3. Summarizing considerations 

Although neither of the investigated polymorphisms showed significant association 

with type 2 diabetes mellitus in our study (Table 9, 10), their role in the development of 

adverse metabolic conditions cannot be ruled out completely. Our association studies had 

rather low statistical power due to the small number of samples. Based on our in silico 

analysis and in vitro experiments, the potential correlation of the rs1054411 promoter 

polymorphism and M224L missense variant with diabetes would be worth investigating 

in larger populations and by involving additional phenotypic and clinical data, such as the 

composition of dietary intake and serum FA profile. Future research should also analyze 

haplotypes from both functional and associative perspectives. 
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Summing up, we demonstrated that the two most common TFAs, the industrial 

elaidate and the natural vaccenate, have significantly different, partly opposite effects on 

SCD1 expression: while vaccenate reduces or does not change the expression, a 

significant increment was observed upon elaidate supplementation in two cell lines. 

Among the promoter polymorphisms investigated, rs1054411, which did not alter the 

basal SCD1 expression, significantly influenced the effect of various dietary FAs on 

SCD1 promoter activity and also modulated the effect of the ETS1 TF (Figure 24). 

 

Figure 24. Effect of rs1054411 promoter polymorphism on SCD1 expression. In the 

presence of the G allele, FAs elevate SCD1 expression, while ETS1 binding to the 

promoter is reduced. O: oleate, P: palmitate, S: stearate, LO: linoleate, V: vaccenate, E: 

elaidate. 

The M224L SNP in the coding region influences SCD1 protein level, i.e., the Leu224 

version shows an enhanced mRNA stability and an increased protein stabilizing effect of 

FAs, and it is the lack of Met224 that causes a hindered protein degradation (Figure 25). 

Elevated SCD1 expression is linked to various health conditions, whether as a cause or a 

consequence [84, 134]. SCD1 is considered a promising target for the treatment of 

metabolic diseases, and efforts are ongoing to develop liver-specific SCD1 inhibitors 

[159]. Genetic variations significantly affect efficacy of treatment [160, 161], thus 

functional polymorphisms of SCD1 may alter the effectiveness or even the necessity of 

SCD1 inhibitors. Therefore, the development of personalized therapeutic strategies based 

on genetic profiling is a promising future direction for the management of lipid 

metabolism-related diseases. 
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Figure 25. Effect of M224L polymorphism on SCD1 function (Created in BioRender). 
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6. Conclusions 

We studied the transcriptional control and genetic polymorphisms of human stearoyl-

CoA desaturase 1, the enzyme catalyzing the rate limiting step of converting SFAs into 

UFAs. The expression of the enzyme is regulated at many levels and depends on 

numerous factors. Our main findings are the following. 

1. We investigated the impact of different types of FAs on SCD1 expression in 

HEK293T and HepG2 cells. We found a significant difference between the two TFAs: 

vaccenate decreased while elaidate markedly increased SCD1 levels, and this was due 

to transcriptional effects as consistently observed in protein and mRNA levels as well 

as in promoter activity assays. 

2. We set out to assess the impacts of the most common polymorphisms of the SCD1 

gene, thus firstly, we created four polymorphic reporter constructs to investigate the 

effects of rs1054411, rs670213, rs2275657 and rs2275656 promoter SNPs. 

a. Although the four promoter polymorphisms themselves does not influence 

the enzyme’s promoter activity, the presence of certain FAs can modify the 

SNP-containing promoter activities. While the other SNPs have more diverse 

effects, rs1054411 enhances significantly the promoter activity in the 

presence of all FAs used. 

b. We confirmed in silico and in vitro as well that compared to the wild type, 

rs1054411_G allele significantly (more than 20%) reduces ETS1 TF binding 

to the promoter. We also observed that ETS1 enhances the inductive effect 

of elaidate in the case of both alleles of the promoter. 

3. To characterize the M224L (rs2234970) missense SNP in the coding region of SCD1, 

we created expression vector constructs. We demonstrated increased mRNA stability, 

desaturation index and FA-mediated protein stability, caused by the presence of the 

minor allele, and hindered protein degradation, due to the absence of the major allele. 

4. Although neither of the examined polymorphisms showed significant association with 

T2DM, and the genotyping should be complemented with a larger sample size, the 

role of these polymorphisms in the development of metabolic conditions cannot be 

ruled out completely. 
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7. Summary 

Stearoyl-CoA desaturase 1 enzyme, which catalyzes the synthesis of unsaturated 

FAs, is a key regulator of defense against lipotoxicity. However, altered activity or 

expression of SCD1 is a potential risk factor for metabolic disorders such as type 2 

diabetes mellitus through its effect on fat storage. 

The aim of the present thesis was to determine the nutritional and genetic factors that 

influence SCD1 enzyme levels, separately and in combination. The impact of different 

saturated and cis or trans unsaturated FAs on the endogenous and transiently transfected 

SCD1 was monitored in HEK293T and HepG2 cells. Four promoter variants 

(rs1054411_G, rs670213_C, rs2275657_C and rs2275656_C) and the single missense 

polymorphism in the coding region (M224L, i.e., rs2234970) were generated by site-

directed mutagenesis. The effect of SCD1 promoter variants on the TF binding site was 

investigated in silico using the JASPAR database and in vitro with a luciferase reporter 

system. Intracellular mRNA and protein levels were determined by qPCR and 

immunoblotting, respectively. Desaturase functions were measured by GC-FID. 

SCD1 responds differently to different types of FAs at promoter, mRNA and protein 

levels. The two most common TFAs, industrial elaidate and natural vaccenate, have 

significantly different effects on SCD1 expression. The four most common promoter 

polymorphisms were found to be ineffective alone, but in the presence of FAs, they 

already modulated SCD1 promoter activity. Both in silico and in vitro analyses revealed 

that in the presence of the minor allele of the rs1054411 promoter variant, the probability 

of ETS1 TF binding to the SCD1 promoter was reduced by 20%. The Leu224 

polymorphic enzyme was more abundant in cells due to slower protein degradation and 

more stable mRNA structure, which could be further enhanced by FAs. Significantly 

increased intracellular amounts of the SCD1 enzyme products (C18:1 and C16:1) proved 

the functionality of the highly expressed Leu224 variant. 

Our results suggest that the levels of SCD1, a key regulator of lipid metabolism, may 

be influenced by a combination of common polymorphisms and available FAs. This 

highlights the need to map gene-environment interactions to understand both the normal 

function and the pathomechanism of lipid metabolism-related diseases.  
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