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Abstract 

Fatty acid composition in the body displays a high level of heterogeneity 
and can rapidly respond to changes in diet regime or to starvation. Homeo-
stasis of the level of certain fatty acids is an important factor for maintenance 
of structural integrity as well as for proper signaling within the organism. 
Hence, changes in fatty acid composition have been proposed as an im-
portant factor during the pathogenesis of many diseases. Concentration of 
polyunsaturated fatty acid (PUFA) within the body is modulated by the in-
terplay between dietary intake, endogenous de novo synthesis or mobiliza-
tion of fatty acids from tissue reservoirs. Endogenous synthesis of PUFA is 
regulated on different genetic levels as well as the level of substrate availa-
bility. Studies have reported a variation in PUFA biosynthesis between dif-
ferent developmental stages, age, gender, during pregnancy, lactation and 
under conditions of certain disorders.  

A member of the enzymatic machinery involved in PUFA synthesis is the 
elongase Elongation of very long-chain fatty acids 2 (ELOVL2) that controls 
the elongation of PUFA with 22 carbons to produce 24 carbons precursors 
for the production of the omega-3 PUFA docosahexaenoic acid (DHA, 
22:6n3) and the omega-6 PUFA docosapentaenoic (DPAn6, 22:5n6). Dele-
tion of Elovl2 in a mouse model (Elovl2KO) leads to systemic DHA defi-
ciency at different physiological and early life stages, and is related to cer-
tain metabolic dysfunctions. Mitochondria of Elovl2KO mice display struc-
tural and functional impairment. Compared to wild-type littermates, 
Elovl2KO mice do not gain as much weight after high-fat diet treatment and 
do not develop hepatic steatosis, despite having a higher level of the positive 
regulator of de novo lipogenesis, nuclear transcription factor SREBP1c. Re-
sistance to high fat diet-induced obesity in Elovl2KO mice is abolished by 
DHA supplementation together with high sucrose content in the background 
diet. In conclusion, deletion of Elovl2 in mice leads to systemic DHA defi-
ciency that has pleiotropic effect on mouse energy metabolism. 
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1. Polyunsaturated fatty acids (PUFA) 

Carboxylic acids with at least two double bonds and the carbon chain 
length starting from 18 to 24 carbons are called polyunsaturated fatty acids 
(PUFA). The position of the first double bond from the methyl terminus (n) 
determines if the fatty acid belongs to the omega-3 (n3) or omega-6 (n6) 
family. The main fatty acids in the omega-3 family are α-linolenic acid 
(ALA, 18:3n3), eicosapentaenoic acid (EPA, 20:5n3) and docosahexaenoic 
acid (DHA, 22:6n3). In the omega-6 family, the most predominant fatty ac-
ids are linoleic acid (LA, 18:2n6) and arachidonic acid (AA, 20:4n6). The 
following overview will focus mainly on the role of DHA, as it is the princi-
pal PUFA for the studies performed in our laboratory, however other mem-
bers of omega-3 and omega-6 families will be discussed where relevant. 

 

 

Figure 1. Sources of PUFA in mammals. PUFA in the mammalian organism origi-
nate from dietary intake, endogenous synthesis or mobilization from adipose tissue 
reservoirs. Endogenous conversion of ALA and LA occurs mainly in the liver and 
requires supply of parent fatty acids from the diet. Consumption of fish-oil based 
products negatively regulates rate of the endogenous PUFA synthesis. Dietary 
or/and endogenously produced PUFA can be store in the adipose tissue and use 
when required.   
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In mammals, PUFA can be obtained from the diet, by de novo endoge-
nous synthesis or by mobilization from the body stores previously ingested 
or synthesized PUFA (Figure 1). PUFA are present in the body in the form 
of either non-esterified free fatty acids or fatty acids esterified to mainly sn-2 
position of triacylglycerol (TG), diacylglycerol (DAG), cholesteryl ester 
(CE) and phospholipids (PL). The chemical form of fatty acids determines 
their cellular metabolism (metabolic fate) and physiological role. Bound in 
phospholipids, the fatty acids are responsible for the formation of cell mem-
brane structure and can be secondary messengers. The amount of DHA in 
membranes can modulate electron transport and permeability to protons in 
mitochondria and consequently affect whole body energy metabolism (Hul-
bert, 2003). PUFA incorporation into phospholipids species varies a lot be-
tween different fatty acids. DHA is mainly incorporated into the phosphati-
dylethanolamine (PE) and phosphatidylserine (PS), whereas the majority of 
AA is incorporated into phosphatidylinositol (PI) (Knapp and Wurtman, 
1999). Moreover, the half-life of DHA varies between the type of tissues and 
nutritional conditions. In the plasma, DHA has a rather short half-life calcu-
lated to be around 20 hours (Pawlosky et al., 2001). On the other hand, the 
half-life of DHA in rat brain total phospholipids have been reported to be 33 
days and was increased, due to modulation of phospholipase A2 activity, 
when animals were fed a PUFA- deficient diet for 15 weeks (DeMar et al., 
2004). Analysis of PUFA incorporation and consumption rate in humans 
showed that DHA has a half-life of 773 days in the human brain (Rapoport 
et al., 2007).  

As PUFA are constitutional components of lipids, they are good isolators 
and a source of energy. The majority of PUFA that are taken by the organ-
ism is immediately processed and serves as energy substrates and therefore 
60-85% of ALA and 65% of DHA obtained from the diet is β-oxidized 
(Poumes-Ballihaut et al., 2001a). In addition, fatty acids including PUFA are 
also important molecules in signal transduction and gene transcription. 
PUFA can modulate gene expression via direct interaction with transcription 
factors such as peroxisome proliferator-activated receptor α, β, γ (PPAR) or 
sterol regulatory element-binding transcription factor 1 (SREBP1) and the 
liver X receptor (LXR) (Jump et al., 2013; Nakamura et al., 2014). In signal 
transduction, PUFA has been found to interact with receptors. For example, 
G-coupled protein receptors (GPR) such as GPR120 are known to have 
DHA as an agonist (Oh et al., 2010). Furthermore, PUFA are involved in the 
formation of lipid mediators. They can serve as precursors for either eico-
sanoids, prostaglandins, thromboxenes and leukotriens on the site of in-
flammation (Calder, 2006) or in the resolution of inflammation as precursors 
for the synthesis of specialized pro-resolving mediators (SPM) including 
resolvins, protectins and maresins (Dalli et al., 2013).  

In a comprehensive study by Salem and co-workers, the distribution of 
omega-3 and omega-6 fatty acids in the 25 compartments of rat body was 
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described (Salem et al., 2015). The proportion of omega-6 and omega-3 
PUFA in the whole body was calculated to be 12% and 2,1% of total fatty 
acids, respectively. The most dominant fatty acid within the omega-3 family 
was ALA 18:3n3 (59%), followed by DHA 22:6n3 (32%), and the lowest 
fraction was EPA 20:5n3 (2,1%). The omega-6 family consisted mainly of 
LA 18:2n6 (84%) and AA 20:4n6 (12%). Fatty acid composition of each 
compartment revealed that 18:2n6 formed 12% of fatty acids in the heart, 
18:3n3 was highly enriched in the skin, white adipose tissue and fur (1,3%) 
and 21-25 % of fatty acids in the circulation, kidney, and spleen came from 
AA. DHA was highly present in the brain (12%), heart (7,9%), liver (5,9%) 
and spinal cord (5,1%). Interestingly, regarding total amount of PUFA for 
each studied compartment 1,5g of 18:2n6 LA and 0,2 g of 18:3n3 ALA was 
found in the white adipose tissue, 60 mg of AA 20:4n6 and 46 mg of DHA 
in the muscle and 57 mg of AA and 27 mg of DHA in the liver. In the brain, 
the amount of DHA and AA was 6,3 mg and 4,3 mg respectively. A study of 
fatty acid composition in different fractions of human blood showed that the 
most abundant PUFA in the plasma total fatty acid is LA 18:2n6 (30,4%), 
followed by AA 20:4n6 (5,4%) and DHA 22:6n3 (2,4%) (Hodson et al., 
2008). However, the distribution of fatty acids varies between the studied 
fractions of blood and lipids. For example DHA equals 0,4 % of total fatty 
aids in the plasma non-esterified fatty acids (NEFA), triacylglycerol (TG) 
and cholesteryl esters (CE) fractions whereas in plasma and erythrocyte total 
phospholipids (PL) forms 3,3% and 3,9 % of total fatty acids, respectively 
(Hodson et al., 2008). On the global scale, the distribution of EPA+DHA in 
the human blood has been recently reported (Stark et al., 2016). Regions 
with the highest level of EPA and DHA (>8% of total fatty acids in erythro-
cyte equivalents) are countries such as Sea of Japan (Japan, South Korea, 
and Primorsrky Krai region of Russia), Scandinavia (Denmark, Norway) as 
well as regions that were not introduced to Western diet habits (Greenland, 
Northern Russia, Alaska, Papua New Guinea, Fiji, Nigeria, and the St. Hele-
na Bay region of South Africa). Countries with the lowest blood levels of 
EPA and DHA (≤ 4%) are Canada, USA, Guatemala, Brazil, Ireland, UK, 
Italy, Greece, Serbia, Turkey, Iran, Bahrain, India and Kenya. 
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2. Dietary PUFA 

Dietary intake of PUFA-enriched products is considered a major source 
of PUFA for humans. Many interventional and observational studies in hu-
mans, as well as dietary supplementations in rodents, showed that intake of 
PUFA from the diet in the form of supplements or natural food sources leads 
to enrichment of certain fatty acids in tissues (Arterburn et al., 2006; Sjovall 
et al., 2015). ALA and LA cannot be synthesized de novo due to fact that 
animals do not posses Δ-12 and Δ-15 desaturases for introduction of omega-
3 and omega-6 double bonds and therefore these fatty acids are essential in 
mammalian diet. ALA is found in green leafy vegetables, flaxseed, rapeseed, 
and walnuts. Sunflower seed oil, corn oil, soybean oil and safflower are good 
sources of LA. Meat is highly enriched in AA. EPA and DHA are found in 
oily fish like sardines, mackerel, trout, salmon and herring, as well as in 
seaweed. One portion of fish (150 g) can contain as much as 2 g of EPA + 
DHA (Tvrzicka et al., 2011).  

As recently reviewed, intake and absorption of PUFA can be modulated 
by genetic variation within the population (Minihane, 2016). There is evi-
dence that preference for certain types of food and sensory perception of 
consumed products can be the result of genotype (Feeney et al., 2011; Men-
nella and Bobowski, 2015). Response to DHA intake can vary with genotype 
for example for the lipid transporter Apolipoprotein E (APOE). In the study 
conducted by Vandal and co-workers, uptake of radio-labeled DHA into the 
mice brain was lower when animals expressed human ApoE4 (Vandal et al., 
2014) and human carrier of ApoE4 also exhibit disturbed metabolism of 13C 
DHA (Chouinard-Watkins et al., 2015). Intake of PUFA varies worldwide, 
with the highest consumption of omega-3 PUFA in Iceland (0,44% of ener-
gy), Japan (0,37%), Malaysia (0,34%) and the lowest intake in Bulgaria, 
Romania and Hungary (0,02-0,04%). In Sweden and Norway energy coming 
from omega-3 PUFA equal 0,14% and 0,24%, respectively (Hibbeln et al., 
2006). Moreover, intake of PUFA differs also between dietary-habit groups. 
Lakin and co-workers reported that pregnant vegetarian women consume 
around 9 mg/d of DHA whereas omnivore pregnant women consume on 
average 173 mg/d of DHA (Lakin et al., 1998). In line with this study, DHA 
intake was 150 mg/d in-fish-eaters and 20 mg/d or less in meat-non-fish-
eaters, vegetarians and vegans (Welch et al., 2010). 

As PUFA are important nutrients in human diet, recommendations for 
daily intake have been proposed. The following are recommendations from 
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International Society for the Study of Fatty Acids and Lipids (ISSFAL) for 
daily intake of PUFA:  LA 2% of energy intake, ALA 0,7% of energy and 
minimum of 500 mg/d of EPA and DHA to support cardiovascular health 
(International Society for the Study of Fatty Acids and Lipids, June 2004). In 
the recommendation from World Health Organization (WHO) and Food and 
Agriculture Organization of the United Nations (FAO) the intake of omega-3 
PUFA should correspond to 1-2% of energy intake and 250 mg/d of EPA 
and DHA should be consumed (WHO/FAO Expert Consultation, 2002, Ge-
neva, Switzerland; Food and Agriculture Organization of the United Nations, 
2010). In addition, recommendation for pregnant and lactating woman is 200 
mg/d of DHA (Koletzko et al., 2007). Severe cases of DHA deficiency in 
human beings occur rarely, and have been observed in subjects with low 
ALA intake. Physiological consequences of reduced DHA were mostly ob-
served in the nervous system and were manifested by impaired vision, 
numbness and paresthesia (Holman et al., 1982). Similarly PUFA depriva-
tion in animals results in visual, sensory and memory deficits (Salem et al., 
2001) and is linked to a decrease in neuron size, lower glucose uptake in the 
rat brain and impaired signaling in the photoreceptor outer segment (Ahmad 
et al., 2002; Ximenes da Silva et al., 2002; Niu et al., 2004). In rodent stud-
ies, deficiency in dietary DHA can be obtained by feeding animals diet with-
out ALA and EPA/DHA. To obtain full DHA deficiency it is important to 
subject animals to dietary regime for several generations, since maternal 
transfer of PUFA, especially DHA, can contribute to the fatty acid accretion 
in offspring (Moriguchi et al., 2000, Paper III). However, in the study of the 
animal model Fads2KO with disruption of PUFA endogenous synthesis, 
Fads2KO mice, liver phospholipids were depleted from DHA already after 
140 days on a EPA and DHA-deficient diet (Monteiro et al., 2013). Morigu-
chi and co-workers studied DHA recovery in tissue in Long-Evans rats ex-
posed to omega-3 deficiency for two generations (Moriguchi et al., 2001). 
Interestingly, after one week on diet containing DHA and ALA, the level of 
DHA in rat liver was fully recovered. DHA repletion in the brain was slower 
and reached 100 % recovery after 8 weeks. The authors pointed out that 27% 
of ingested DHA by the rats was deposited in liver, serum, brain and retina 
and 96% of this accretion occurred in the liver. Repletion of dietary n-3 
PUFA has also been studied during gestation in n-3-deficient mice. Maternal 
diet was enriched with ALA on embryonic day 1 or 15. As a result, re-
searchers found increased DHA levels in maternal serum and fetal liver and 
brain. Moreover, higher recovery was observed when treatment was per-
formed directly after conception (Harauma et al., 2010). Similarly, in our 
study on DHA-deficient Elovl2KO mice, we reported high enrichment of 
DHA in liver and serum after 2 weeks of treatment with DHA (Paper I) as 
well as in liver, serum, mammary glands and adipose tissue of lactating and 
non-pregnant Elovl2KO females and in the liver and serum of their offspring 
(Paper III). 
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Dietary PUFA coming from different marine sources can be found in var-
ious chemical forms that can determine their bioavailability. In fish oil, fatty 
acids are bound in the form of triacylglycerol (TG) and in krill oil as phos-
pholipids (PL) and free fatty acids (FFA) (Schuchardt and Hahn, 2013). 
Studies imply that fatty acids from krill oil are better absorbed, digested in 
the intestines and have higher efficiency of incorporation into the tissue 
(Maki et al., 2009; Tou et al., 2011). In Sprague-Dawley rats fed for 6 weeks 
with either krill oil or fish oil, researchers observed a greater deposition of 
DPA and DHA in the krill oil group and the effect was due to difference in 
the metabolic fate of PUFA. Authors of this study pointed out that the chem-
ical form of PUFA influences how much of the fatty acids is incorporated in 
the tissue and deposited in the body and how much is used as a source of 
energy in β-oxidation (Ghasemifard et al., 2015).  

How fast the fatty acids are absorbed, deposited or utilized by the organ-
ism is also regulated by the dietary macronutrients that fatty acids are deliv-
ered with. It has been proposed that a complex of linoleic acid with carbohy-
drate amylose might serve as a delivery system and facilitate release of 
PUFA into the small intestine. The enzymatic hydrolysis of amylase plays an 
important role here (Lalush et al., 2005). Moreover, presence of carbohy-
drates might also affect the functional significance of fatty acids and the 
outcome of treatment. Effects of supplementation of DHA together with high 
dietary content of sucrose have been studied in C57Bl/6J mice (Ma et al., 
2011; Hao et al., 2012). Interestingly, in those studies researchers observed 
an increased body weight of animals and elevated insulin secretion in re-
sponse to glucose moiety of sucrose. Based on those results Madsen and 
Kristiansen proposed that anti-obesity effect of fish oil administration might 
be abrogated by high level of carbohydrates in the background diet (Madsen 
and Kristiansen, 2012). In addition, a study conducted in our laboratory sup-
ports this hypothesis (Paper II). Supplementation of Elovl2KO mice with 
high sucrose DHA-enriched diet enhanced weight gain as compared to when 
DHA was supplemented in a low sucrose diet. Therefore, we conclude that 
DHA delivered with high carbohydrate diet modulates lipid metabolism and 
metabolic efficiency in Elovl2KO mice.  

Consumption of fish oil based products is mainly associated with benefi-
cial effects such as lowering of triacylglycerol (TG) levels and prevention of 
cardiovascular diseases (Jump et al., 2012; Shearer et al., 2012), but possible 
unfavorable effects have also been discussed (Villani et al., 2013; Poniedzi-
alek-Czajkowska et al., 2014). The major concern is that fish consumption 
can increase exposure to contaminants such as dioxins, mercury or polychlo-
rinated biphenyl (PCBs). In addition, as PUFA are susceptible to oxidation 
they might be a source of chemical derivate with negative effect and cause 
rancidity and off-flavor of fish based products. Moreover, the presence of 
EPA in fish oil supplements can be a cause of prolonged bleeding time after 
labor in fish oil consumers (Villani et al., 2013; Juan and Sametz, 1989; 
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Lichtenstein, 2005). In our supplementation studies, we used fish oil as the 
source of DHA, which contained not only 14.5% DHA, but also other poly-
unsaturated fatty acids such as 0,71% EPA (Paper II and Paper III). In our 
Elovl2KO model system, we observed a high systemic accumulation of EPA 
in liver, serum, WAT and mammary glands due to insufficient conversion of 
EPA into DHA, which became even higher in both mothers and non-
pregnant females fed DHA-enriched diet (Paper III). Moreover, fish oil sup-
plementation in mothers and non-pregnant females of all genotypes led to 
reduced levels of AA, which is in agreement with earlier observations (Paper 
I). This finding can be explained by the down regulation of the enzymatic 
machinery for AA synthesis in the presence of high dietary DHA and EPA 
level. Beside this, it has been proposed that EPA can compete with AA for 
incorporation into phospholipids and therefore high EPA consumption has 
been correlated with lower AA level and consequently growth retardations 
(Hadley et al., 2016). In our study, Elovl2KO mothers treated with fish oil 
had lower level of successful pregnancies, which implies that high levels of 
EPA in the Elovl2KO mothers may have adverse effect on pregnancy and 
offspring survival. This observation requires further investigation.  

In addition, dietary DHA plays an important role in the satiety signaling 
and is a mediator of the energy intake itself. Rats maintained on PUFA-
deficient diet during perinatal development tend to show elevated appetite 
when exposed to 2-deoxyglucose or beta-mercaptoacetate (Mathai et al., 
2004). Increase in food intake and body weight has been also observed when 
PUFA-depleted adult rats were exposed to flaxseed oil-enriched diet (Sener 
et al., 2009). In the study conducted by Dunlap and Heinrichs, rats fed 
PUFA- deficient diet choose to eat flaxseed oil over soybean oil in a food 
preference test. This self-selection might imply compensatory mechanism to 
restore and deposit PUFA in animals (Dunlap and Heinrichs, 2009). Fur-
thermore, fish oil supplementation has been suggested as a therapeutic and 
appetite stimulator for patients with anorexia and cancer-cachexia (Ramos et 
al., 2005; Goncalves et al., 2006).  
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3. Endogenous synthesis of PUFA 

Conversion of dietary ALA (in omega-3 family) and LA (in omega-6 
family) to longer and more desaturated fatty acids, such as AA, EPA and 
DHA, is carried out by the sequential reactions of elongation and desatura-
tion by the enzymatic machinery of elongases (ELOVL2, ELOVL5) and 
desaturases (FADS1, FADS2) (Figure 2). The majority of the biosynthesis 
takes place in the endoplasmic reticulum (ER) and only the β-oxidation step 
requires an interplay with the peroxisomal enzyme machinery. This pathway 
has been described by Sprecher (Sprecher et al., 1995) and also been named 
the microsomal-peroxisomal pathway. The same enzymatic machinery is 
utilized for the production of both omega-3 and omega-6 fatty acids and 
therefore competition at the substrate level can occur. The Δ-5 desaturase 
(Fads1) introduces one double bond to 20:3n6 and 20:4n3 fatty acids. Sub-
strates for Δ-6 desaturase (Fads2) are LA (18:2n6) and ALA (18:3n3) as well 
as 24:4n6 and 24:5n3. Two carbon atoms are built into the carboxyl end of 
the fatty acid by the elongases. Elongase 5 (ELOVL5) catalyzes the elonga-
tion of 18 and 20 carbon substrates whereas elongase 2 (ELOVL2) is re-
sponsible for elongation of 22:4n6 and 22:5n3 to form 24:4n6 and 24:5n3, 
respectively. Those products are after desaturation and peroxisomal β-
oxidation shortened into 22:5n6 and 22:6n3 (DHA). Recently, Park and co-
workers reported a Δ-4 destauration activity of Fads2 in human cells, which 
could possibly result in direct desaturation of 22 carbon to the final 22:5n6 
and 22:6n3 DHA (Park et al., 2015). 

The Fads and Elovl gene repertoire evolved in the vertebrate linage (Cas-
tro et al., 2016). Fads1 and Fads2 emerged from tandem duplication and 
Elovl2 and Elovl5 from whole genome duplication in a vertebrate ancestry 
(Monroig et al., 2016). The presence of the enzymatic machinery for PUFA 
biosynthesis has been reported in mammals such as rats, hamsters, rabbits, 
piglets, cattle, guinea pigs, baboons, monkeys and human beings (Barcelo-
Coblijn and Murphy, 2009). Interestingly, lack of Δ-6 desaturase activity and 
inability to synthetize PUFA has been reported in carnivores cats (Sinclair et 
al., 1979). Wang and co-workers compared expression and activity of elon-
gases and desaturases in the liver of human, rat and mouse (Wang et al., 
2006). In all three species, mRNA of Elovl5 showed higher abundance as 
compared to Elovl2, and both desaturases were expressed at a comparable 
level. Interestingly, expression of Elovl2 was highest in mouse liver and  
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Elovl5 was highly enriched in both rat and mouse liver. Another species 

Figure 2.  Pathways of omega-3 and omega-6 PUFA biosynthesis. Dietary ALA 
and LA are subsequently elongated and desaturated by the enzymes indicated in the 
pathway. The elongation reaction is adding two atoms of carbon to the fatty acid 
carbon chain and is carried out by elongase 2 and 5 (Elovl2, Elovl5). Desaturation 
is the introduction of double bond into the chain and is catalyzed by the Δ-5 and Δ-6 
desaturase (Fads1, Fads2). The final step, to obtain DHA and DPAn6, is the peroxi-
somal β-oxidation. However, a possible and alternative pathway of direct Δ-4 desat-
uration has been recently reported in human cells.   
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difference was a high expression of Δ-5 desaturase in rat samples. Further-
more, a study by Antueno and co-workers revealed variation in Δ-5 and Δ-6 
desaturase activity between Wistar, Long-Evans and Sprague-Dawley rat 
strains (de Antueno et al., 1994).  

Liver is the major place for PUFA synthesis, however conversion of par-
ent fatty acids and presence of elongases and desaturases has been reported 
in many other tissues including brain (Dhopeshwarkar and Subramanian, 
1976). The enzymes involved in DHA synthesis are expressed in a tissue-
specific manner (Jakobsson et al., 2006; Guillou et al., 2010) and therefore 
determine differences in the endogenous synthesis in different parts of the 
body. In tissues that do not posses one of the members of enzymatic machin-
ery, endogenous synthesis seems to be impaired. For example lack of Elovl2 
has been reported in the rat heart (Igarashi et al., 2008; Gregory et al., 2011).  

Investigation of PUFA synthesis in humans is based on two main non-
invasive approaches. Researchers use either stable isotope tracer technique 
or long-term dietary deprivation/supplementation of the precursory fatty 
acids. Metabolic conversion rate of essential dietary fatty acids to longer 
PUFA in humans has been proposed to be rather low and therefore recom-
mendations for dietary supplementation has been advised. From the stable 
isotope tracer studies in humans, the highest reported conversion rate of par-
ent fatty acid to longer PUFA was less than 4% in males (Emken et al., 
1994) and up to 9% in females (Burdge and Wootton, 2002). The physiolog-
ical relevance of endogenously produced PUFA and their contribution to 
meet body necessities for certain fatty acids remains an open question. Stud-
ies on vegetarian subjects, maintained on fish free diet, indicated that despite 
lower intake of PUFA studied subjects did not show alter PUFA composition 
and DHA depletion (Welch et al., 2010; Mann et al., 2006). In addition, from 
the evolutionary perspective, ancient diet of our homide ancestors that our 
genome evolved from, consisted of PUFA rich food. This could imply an 
adaptation mechanism and a decrease in the expression of enzymatic ma-
chinery and PUFA biosynthesis itself (Muskiet et al., 2004; Bradbury, 2011). 
On the other hand, expansion of the brain and improved eye function corre-
lates with progression of ability for endogenous DHA synthesis (Monroig et 
al., 2016). Moreover, studies in rodents based not only on the dynamic of 
fatty acids in the circulation, but also whole-body synthesis rate reported that 
endogenous synthesis of PUFA is sufficient to meet body demands (Valen-
zuela et al., 2004; Domenichiello et al., 2015). Furthermore, the physiologi-
cal significance of endogenous production of PUFA can be manifested by 
the regulation of the process in response to physiological and dietary chang-
es. Impact of various factors on the endogenous PUFA synthesis is described 
further below (Figure 3). 
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4. Mobilization of PUFA from tissue 
reservoirs 

Dietary derived as well as endogenously synthetized PUFA are deposited 
in storage tissues and mobilized when required. Adipose tissue, with a great 
accumulation of lipids, serves as an important pool of fatty acids. The great 
majority of human subcutaneous adipose tissue is formed by oleic acid 
(18:1n9) 40-60% and palmitic acid (16:0) 20%. LA (18:2n6) is the most 
abundant PUFA in adipose tissue, whereas AA (20:4n6), EPA (20:5n3) and 
DHA (22:6n3) form less than 1% of all fatty acids (Seidelin, 1995; Hodson 
et al., 2008). Interestingly, the DHA concentration varies among populations 
from different parts of the world. In Western countries, adipose tissue con-
tains around 0,1 % of DHA of total fatty acids, whereas in Japanese subjects 
DHA has been reported to be as much as 2,2% (Seidelin, 1995). This varia-
tion is attributed to the dietary habits of different populations since the com-
position of adipose tissue reflects long-term dietary intake of fatty acids (bi-
omarker) (Hodson et al., 2008).  

Regulation of PUFA accretion and release from body stores is still a 
largely unknown field. It has been proposed that PUFA from the diet are 
taken up and incorporated with a slower rate into the body storage than satu-
rated and monounsaturated fatty acids (Summers et al., 2000). In addition, 
individual PUFA are deposited and mobilized from adipose tissue in a highly 
selective manner. For example, 22:5n3 and 22:6n3 (DHA) are preferentially 
stored in adipose tissue as compared to 20:5n3 (EPA) and 18:4n3. In addi-
tion, 20:5n3 (EPA) has the highest relative mobilization from adipose tissue 
among analyzed fatty acids (Raclot and Groscolas, 1994). Moreover, a study 
performed in rats showed difference in the metabolism and incorporation 
(accumulation) of fatty acids across the body. Radiolabeled ALA is accumu-
lated in 18% of initial dosage in adipose tissue, skin and muscle. Around 6 
% of labeled fatty acid dosage undergoes elongation and desaturation to 
form longer metabolites and 78% is catabolized in β-oxidation process. Me-
tabolites originated from ALA elongation, like DHA is preferentially depos-
ited in the brain, spinal cord, heart, testis and eye. In skin, AA is the most 
abundant PUFA of the omega-6 series (Lin and Salem, 2007). On the other 
hand, dietary preformed DHA has been found to preferentially accumulate in 
visceral fat and digestive tract (DeMar et al., 2008). Furthermore, a study by 
Katan and colleagues showed a different rate of deposition of fatty acids 
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between various adipose depots. After supplementation of human beings 
with fish oil, a greater accumulation of 22:5n3 and 22:6n3 (DHA) was found 
in abdominal subcutaneous fat tissue than in gluteal adipose tissue (Katan et 
al., 1997). White adipose tissue in rats account for 50% of the storage of 
dietary ALA accumulated in the body, of which 21% is in subcutaneous 
WAT and 29% in visceral fat. Only 5% of deposited DHA is incorporated 
into the adipose tissue. The great majority is deposited in the carcass, brain 
and liver (Poumes-Ballihaut et al., 2001). Therefore ALA in adipose tissue 
can be used as reservoir of substrate for PUFA biosynthesis.  

There are also indications of synthetic activity of adipose tissue itself. In a 
recent publication, researchers reported DHA production in the cultured cells 
of brown but not white adipose tissue (Qin et al., 2016). In addition, elevated 
PUFA synthesis and Elovl2 activity has been described in vivo for maternal 
adipose tissue of rats during the first half of lactation when fed a lipid-
deficient diet (Rodriguez-Cruz et al., 2011).  

Mobilization of fatty acids from fat storages is also of certain importance 
during pregnancy and lactation. In general, females have higher concentra-
tion of DHA than men in their adipose tissue (Tavendale et al., 1992). In 
addition, with advancing pregnancy a rapid increase in the size of adipose 
tissue occurs, which results in accumulation of fat equivalent to 3,5 kg (Hyt-
ten, 1974). In the last period of pregnancy, stores are mobilized to serve the 
developing fetus and are also used as an energy source for milk production. 
It has been proposed that during lactation, up to 70% of the fat in the milk 
originate from adipose tissue stores (Sauerwald et al., 2001).  

Moreover, accretion of DHA in the fetal adipose tissue plays an important 
role for proper early life development. During postnatal development in rats, 
accumulation of triacylglycerol (TG) with highly unsaturated fatty acids has 
been reported (Chen and Cunnane, 1992). In the last trimester of pregnancy, 
the size of human fetal adipose tissue increases dramatically by 1246% and 
50 to even 65% of total DHA in the fetus is deposited in the storage tissue as 
compared to brain (23 %) or muscle (21%). At birth, DHA forms 1,6 % of 
total fatty acids in the newborn adipose tissue and AA as much as 9,1%, 
which is a highly elevated value when compared to 0,1% in adult human 
beings (Clandinin et al., 1981). However, stored DHA is consumed rapidly 
during the first two months of life (Farquharson et al., 1993). Contribution of 
the tissue stores to the brain DHA accretion during development of rat pups 
has been described in a study performed by Lefkowitz and co-workers 
(Lefkowitz et al., 2005). The researchers fed 8 days old rats with a formula 
enriched in labeled ALA as precursor for DHA formation. After 3 weeks of 
feeding, 40% of newly acquired DHA was unlabeled, which suggest that this 
accreted DHA was derived from tissue storage rather than from synthesis 
from ALA. One should also take into consideration the absolute amount of 
DHA per tissue deposit. In adult human beings, white adipose tissue forms 
around 20% of body weight storing around 20-50g of DHA (Luxwolda et al., 
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2014), whereas in infants the weight of DHA in fat tissue can reach as much 
as 1-4 g (Clandinin et al., 1981). 
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5. Genetic regulation of PUFA synthesis 

5.1 Genetic polymorphisms 
 

Enzymatic activity of the elongases and desaturases have been reported to 
be in direct relation to the expression of the genes encoding enzymes. There-
fore, PUFA biosynthesis is mainly regulated on the genetic level. Single 
nucleotide polymorphisms (SNP) in the PUFA desaturase (Fads1, Fads2) 
and the elongase (Elovl2, Elovl5) genes have been identified. Studies on 
genetic variations of the PUFA enzymatic machinery include genome-wide 
association studies (GWAS) and candidate gene studies (reviewed in Zhang 
et al., 2016, Glaser et al., 2010). In all these studies researchers pointed out a 
high association between gene variants for particular enzymes and the blood 
level of PUFA (Schaeffer et al., 2006; Tanaka et al., 2009; Lemaitre et al., 
2011). Analysis of genomic data from human populations revealed the pres-
ence of two distinct FADS haplotypes, type A and type D. Carriers of haplo-
type D have significantly higher expression of Fads1, and 24% higher level 
of DHA than individuals homozygous for haplotype A (Ameur et al., 2012). 
SNP variations in the Elovl2 gene has been found to be a factor that modu-
lates the fatty acid level after fish oil supplementation. Moreover, specific 
Elovl2 haplotypes in humans correlated with the presence of functional con-
sequences such as cardiovascular disorders, inflammation, cognitive im-
pairment, atopic eczema (reviewed in Tosi et al., 2014). Genetic variations in 
the Fads gene cluster has been identified as highly adaptive to a dietary re-
gime in Greenland Inuit population maintained on PUFA rich diet. A study 
by Fumagalli and co-workers reported an effect of genetic variations in the 
desaturases on the height of indigenous people in Greenland. In this case, the 
genetic background affected fatty acids composition and consequently 
growth hormone formation (Fumagalli et al., 2015).  
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In addition to single nucleotide polymorphism (SNP), insertion-deletion 
(INDEL) polymorphism has been reported as another source of genetic vari-
ation in the Fads2 gene. Small INDEL has been found in the intron 1 region 
of Fads2 and in proximity to the sterol regulatory element (SRE) motif that 
can affect binding of the transcription factor SREBP-1c and thus gene ex-
pression (Reardon et al., 2012). Recently, a positive selection for a regulato-
ry INDEL has been identified among a vegetarian Indian population and 
could be an example of adaptive genetic polymorphism in order to increase 
endogenous PUFA synthesis (Kothapalli et al., 2016). 

5.2 Nutritional regulation  
 

Certain dietary conditions modulate the conversion rate of ALA and LA 
into longer PUFA. Several studies pointed out that the mRNA levels of de-
satuarses and elongases as well as their activity can be affected by substrate 
availability and presence of end products of the conversion pathway. As a 
consequence the fatty acid profile is also affected.  

Figure 3. Factors known to affect endogenous synthesis of PUFA. Endogenous 
biosynthesis of PUFA occurs in the endoplasmatic reticulum (ER) and peroxisomes. 
The level of activity of the elongases and desaturases influences the rate of PUFA 
biosynthesis. There is enzyme expression control on different genetic levels and in a 
tissue-specific manner. Moreover, the conversion rate of dietary ALA and LA to 
longer PUFA is regulated by the diet, the physiological stage and other factors. 

Figure 3. Factors known to affect endogenous synthesis of PUFA. Endogenous 
biosynthesis of PUFA occurs in the endoplasmatic reticulum (ER) and peroxisomes. 
The level of activity of the elongases and desaturases influences the rate of PUFA 
biosynthesis. There is enzyme expression control on different genetic levels and in a 
tissue-specific manner. Moreover, the conversion rate of dietary ALA and LA to 
longer PUFA is regulated by the diet, the physiological stage and other factors. 
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Diets enriched in fish oil suppress PUFA synthesis, which is a well-
described example of nutritional regulation and negative feedback effect of 
PUFA synthesis. DeMar and co-workers performed a study of young rats fed 
for 20 days with deuterium labeled ALA or together with unlabeled DHA. 
They observed that dietary DHA decreased conversion rate of labeled ALA 
into DHA by 2-5 fold (Lefkowitz et al., 2005; DeMar et al., 2008). In anoth-
er study, microsomal activity of Δ-5 desaturation (Fads1) decreased in rats 
fed with fish-oil (Garg et al., 1988). In a trial subjects fed fish oil also had 
lower capacity for endogenous synthesis of PUFA as compared to beef-
eaters (Pawlosky et al., 2003). In line with a negative feedback on PUFA 
enzyme activity, gene expression of Elovl2, Elovl5, Fads1 and Fads2 are 
down regulated in rats fed with fish oil (Wang et al., 2006; Cho et al., 1999). 
In our laboratory, wild-type and Elovl2KO mice were exposed to a DHA-
enriched diet for 7 days. Analysis of hepatic gene expression revealed a sig-
nificant decrease or tendency for lower expression of enzymatic machinery 
involved in de novo lipogenesis and PUFA synthesis. Only Elovl5 was not 
affected by DHA treatment. Interestingly, both wild-type and Elovl2KO 
responded to DHA administration in the same way and no compensatory 
expression of genes encoding other enzymes involved in the pathway were 
observed in the Elovl2KO animals (Figure 4, Paper III). 

On the other hand, in the condition of exogenous PUFA deprivation, ele-
vated PUFA biosynthesis has been reported. In human HepG2 cells under 
condition of essential fatty acids deficiency, Δ-5 and Δ-6 destaurases are 
upregulated (Melin and Nilsson, 1997). In addition, Hofacer and co-workers 
reported elevated expression and activity of hepatic Fads2 enzyme in Long-
Evans rats depleted from ALA that was restored upon repletion. In this 
study, Fads1 and Elovl5, Elovl2 activity did not change by different ALA 
content in the diet (Hofacer et al., 2011). In another study, rats deprived from 
n-3 PUFA for 15 weeks displayed a higher hepatic expression of Elovl2, 
Elovl5, Fads1 and Fads2 genes and elevated enzymes activities (Igarashi et 
al., 2007). In line with this finding, upregulation of Fads2 and Elovl2 expres-
sion in the liver has been reported for rats treated with low PUFA diet as 
compared to animals maintained on high PUFA diet (Tu et al., 2010). 
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Figure 4. Effect of DHA-enriched diet on the gene expression of hepatic lipogenic 
and PUFA synthesizing enzymes. Expression of lipogenic genes (Fas and Scd1) 
and genes of PUFA synthesizing enzymes (Fads1, Fads2, Elovl2, Elovl5) in the liver 
of Elovl2KO and wild-type mice fed for one week either control or DHA enriched 
diet. 
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Since both omega-3 and omega-6 pathways utilize the same enzymes, 
competition exists on the substrate level. The ratio of ALA/LA in human diet 
has changed dramatically over the last 100 years, from 1/1 to 1/15-1/20, and 
has been discussed as one of the factors responsible for the occurrence of 
metabolic diseases (Simopoulos, 2006). Feeding animals with different rati-
os of LA and ALA revealed that high dietary intake of LA, as the parent 
fatty acid in omega-6 series, might inhibit synthesis in the omega-3 series 
(Emken et al., 1994; Lands et al., 1990). Ratio of ALA/LA in the diet has 
been found to have an effect on the level of PUFA and their endogenous 
synthesis (Jensen et al., 1997; Blank et al., 2002; Liou et al., 2007). Apart 
from the effect on the synthesis rate, elevated level of LA in the diet has also 
been reported as a possible source of lower incorporation of n-3 PUFA into 
phospholipids (McMurchie et al., 1990; Gronn et al., 1991). However, in 
another study researchers emphasized the importance of the absolute intake 
of ALA and LA in the diet rather than their ratio. They found that lower 
intake of LA led to higher conversion of ALA to EPA and higher content of 
ALA in the diet resulted in increased conversion to DHA (Goyens et al., 
2006). Therefore, in recent guidelines for dietary intake, a decreased level of 
LA and an increased intake of ALA have been advised (Wood et al., 2015).  

Not only the type and amount of certain fatty acids in the diet influences 
the PUFA enzymatic machinery, but also the relative content of fat, protein 
and carbohydrates are important factors. In a study conducted in our labora-
tory, 8 weeks of high fat diet treatment resulted in elevated expression of 
Elovl2 in mouse liver. However, other members of enzymatic machinery 
were not affected (Zadravec, 2010). Similarly, in the study performed by 
Rodriguez-Cruz and co-workers, administration of dietary lipids in Sprague-
Dawley rats led to elevated expression of Elovl2 and Elovl5 (Rodriguez-
Cruz et al., 2012). On the other hand, decreased expression of the Δ-5 and Δ-
6 desaturases in the liver as well as PUFA depletion from liver and extra 
hepatic tissues has been reported in C57Bl6/6J mice maintained for 12 
weeks on high fat diet (60%) (Valenzuela et al., 2015). Moreover, suppres-
sion of Elovl5 was reported in C57Bl6/6J fed high fat diet for 10 weeks 
(Wang et al., 2006) and 12 weeks (Tripathy et al., 2010). In addition, the 
amount of proteins in the diet has also been proposed as a regulatory factor 
of PUFA biosynthesis. Studies demonstrated alternation in PUFA biosyn-
thetic machinery under condition of changed protein content (Peluffo and 
Brenner, 1974; Koba et al., 1993). Furthermore, high carbohydrate content 
has been reported as factor modulating hepatic microsomal activity. Addi-
tion of 30% sucrose to the drinking water of rats resulted in a reduction of Δ-
5 desaturase activity (El Hafidi et al., 2001). Presence of specific dietary 
micronutrients has also been linked to the rate of endogenous PUFA synthe-
sis. Not surprisingly, deficiency in zinc, magnesium or calcium has been 
reported to affect fatty acid desaturation and composition in rats (Clejan et 
al., 1982; Mahfouz and Kummerow, 1989; Marra and de Alaniz, 2000).  
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Recently, in a study by Wu and co-workers, supplementation of Sprague-
Dawley rats with curcumin together with ALA resulted in higher level of 
DHA in the brain and liver relative to the control (Wu et al., 2015). The ele-
vated DHA levels were accompanied by an increase of Fads2 and Elovl2 
mRNA levels. 

5.3 Transcriptional regulation 
 

The protein levels and enzymatic activity of elongases and desaturases 
correlate with their mRNA abundance, and to my knowledge, only regula-
tion on the pre-translational level has been reported (Jakobsson et al., 2006). 
Nevertheless, regulation of the other member of elongase family, Elovl3 
comprised post-translational glycosylation (Tvrdik et al., 1997). Therefore, 
post-translational modification of other elongases cannot be excluded. On 
the other hand, Tu and colleagues suggested that the level of endogenous 
synthesis of PUFA depends on the substrate supply rather than the gene ex-
pression regulation (Tu et al., 2010). 

Two transcription factors, SREBP1c and PPARα, have mainly been at-
tributed to the regulation of PUFA synthesis in response to nutritional, hor-
monal or feeding regime changes. SREBP1c belongs to the family of basic 
helix-loop-helix leucine zipper transcription factors that consists of 
SREBP1a, SREBP1c and SREBP2 proteins. SREBP1c is mainly expressed 
in the liver and adipose tissue where it regulates transcription of the genes 
involved in de novo lipogenesis. In order to activate its target genes, 
SREBP1c requires maturation in the ER. The mature nuclear form of 
SREBP1 binds to the SRE region of the promoter of the target genes (Horton 
et al., 2002). Importantly, dietary PUFA can suppress SREBP1c activity (Xu 
et al., 1999; Nakatani et al., 2003). DHA has been proposed to be involved in 
the degradation of the mature, nuclear form of SREBP1 (Worgall et al., 
1998; Botolin et al., 2006). In addition, PUFA can modulate the stability of 
the SREBP1c transcript (Xu et al., 2001) and have a negative effect on acti-
vation of the promoter of SREBP1c by modulating LXR binding (Ou et al., 
2001; Yoshikawa et al., 2002). The Δ-5 and Δ-6 desaturase genes have been 
proposed to be target genes for SREBP. In a study performed by Matsuzaka 
and co-workers, transgenic mice overexpressing the nuclear form of SREBP 
(1a, 1c and 2) showed elevated hepatic expression of Fads1 and Fads2 
(Matsuzaka et al., 2002b). Moreover, feeding animals overexpressing 
SREBP with fish oil did not result in suppression of Fads1 or Fads2 gene 
expression, which is an elegant evidence for SREBP-dependent PUFA me-
diated regulation of desaturases expression. In an study using HepG2 cells, 
an E-box like SRE motif in the promoter region of Fads2 was found to be 
responsible for SREBP1c mediated activated transcription as well as for 
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suppression of Fads2 in response to PUFA treatment (Nara et al., 2002). 
Recently, two SRE motifs for SREBP binding have been identified in the 
enhancer region of human Elovl5 promoter (Shikama et al., 2015). An 
SREBP independent regulation mechanism for Elovl2 and Elovl5 in re-
sponse to dietary lipids has been also proposed (Rodriguez-Cruz et al., 
2012).  

PUFA synthesis is also affected by the action of peroxisome proliferators 
(PPAR). PPARα, a member of peroxisome proliferator-activated receptor 
(PPARs) family, is a nuclear hormone receptor that plays an important role 
in the regulation of hepatic lipid metabolism (Clarke et al., 1999). This tran-
scription factor is activated by endogenous agonists such as PUFA or exoge-
nous fibrate drugs and can stimulate expression of genes responsible for 
mitochondrial and peroxisomal fatty acids oxidation, especially under condi-
tion of starvation (Leone et al., 1999). Feeding mice with PPARα activator 
(WY14643) led to stimulation of Elovl5, Fads1 and Fads2 in the liver. This 
positive effect was not detected in the liver of PPARαKO mice (Wang et al., 
2006). Similarly, administration of fenobifrate, a ligand for PPARα, led to 
higher abundance of hepatic Fads1 and Fads2 mRNA in C57Bl6 mice. On 
the other hand, treatment with the PPARγ agonist, troglitazone, had no effect 
on desaturase expression (Matsuzaka et al., 2002). Deletion of PPARα in 
mice caused impaired activation of Fads1 and Fads2 in response to fasting, 
fat free diet, triolein and exogenous PPARα agonist. Therefore, PPARα me-
diated regulation of destaurase expression has been suggested to be crucial 
under condition of fat deficiency (Li et al., 2005). Kitson et al., reported an 
interaction of estrogen and PPARα-dependent gene transcription. A positive 
effect of estrogen on PUFA synthesis might therefore be mediated by an 
increase of PPARα phosphorylation in response to estrogen receptor signal-
ing (Kitson et al., 2010).  

Involvement of other transcription factors, such as liver X receptor 
(LXR), was reported for the regulation of desaturation activity by SREBP 
and PPARα. Qin and co-workers have studied the contribution of LXR in the 
regulation of endogenous PUFA synthesis. In the hepatoma cells and liver 
from mouse treated with LXR agonist (T0901317), researchers observed 
stimulation of Elovl5 and Fads2 expression and this activation was abolished 
by deletion of LXRα in mice (Qin et al., 2009). In addition, mRNA levels of 
Fads1 and Fads2 in lactating mammary glands were modulated by the action 
of SREBP and the PPAR cofactor PPAR gamma coactivator 1 (PGC1), 
whereas no involvement of PPARα was observed (Rodriguez-Cruz et al., 
2006). From the studies on transcriptional regulation of PUFA synthesis, it 
seems like expression of Elovl2 is not controlled by most of the analyzed 
factors. Stimulation of Elovl2 transcription has been detected only in prima-
ry rat hepatocytes overexpressing SREBP1c. However, this up-regulation 
was suggested to be of little physiological relevance (Wang et al., 2006). In 
addition, other analyzed factors such as glucose, carbohydrate regulatory 
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element binding protein (ChREBP) or MAX-like factor X (MLX) seem to 
not be involved in the control of hepatic PUFA synthesis (Wang et al., 
2006).  
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6. Physiological regulation of PUFA synthesis 

Endogenous synthesis of PUFA is regulated as a consequence of physio-
logical adaptations to developmental and metabolic requirements of age, 
gender, diet or pregnancy. Activity of the enzymatic machinery for PUFA 
synthesis has been detected in human beings as early as at 17 weeks of ges-
tation (Rodriguez et al., 1998). In the study by Wang and co-workers tran-
scripts of elongases and desaturases were analyzed in Sprague-Dawley rat 
fetal liver (18-19 days after coitus) and 10 and 30 days postpartum. Elovl2 
mRNA remained stably expressed during prenatal development, whereas 
transcription of Elovl5, Fads1 and Fads2 increased after birth (Wang et al., 
2005). In addition, in the same study researchers investigated hepatic elonga-
tion activity in the microsomes isolated from fetal rats and 10, 30 and 90 
days postpartum. Consistent with mRNA abundance, fatty acids substrates 
were poorly elongated at the fetal stage and elongation activity increased 
rapidly during early postnatal development (Wang et al., 2005). A study 
conducted in broiler chickens is in line with the findings of Wang and co-
workers. Fads1 and Fads2 transcription in the liver rapidly increased after 2 
days post-hatching and Elovl2 and Elovl5 transcripts showed a moderate 
increase during bird maturation (Jing et al., 2013). On the other hand, in the 
study of preterm infants from age 1 to 7 months, Carnielli et al., reported a 
reduced PUFA synthesizing activity with rising gestational age (Carnielli et 
al., 2007). Furthermore, another evidence for reduced synthesis of PUFA 
with advancing gestational age comes from study by Uauy and co-workers. 
Formation of AA and DHA from injected labeled precursors at 26th week of 
gestation was found to be higher in the plasma of pre-term infants as com-
pared to a control group (Uauy et al., 2000). Analysis of hepatic Elovl5, 
Fads1 and Fads2 gene expression in suckling pigs at postnatal day 0, 4, 8 
and 16 revealed a major decrease in mRNA abundance from birth to day 4. 
The reduced transcription of enzymatic machinery was accompanied by 
lower desaturation rate of labeled parent fatty acids with increasing postnatal 
age (Jacobi et al., 2011). Bourre and Piciott recorded time patterns of Δ6-
desaturation activity in brain and liver of Swiss mouse. The highest desatura-
tion activity in the liver was observed at day 11 after birth. From day 3 be-
fore delivery to day 11, desaturation activity increased 7-fold and subse-
quently decreased down to 50% before weaning time and then further during 
aging. On the other hand, the highest activity for ∆-6 desaturation in the 
brain was found at the beginning of analyzed time scale (fetal day 18) and 



 31 

was systematically reduced during pre- and postnatal development (Bourre 
and Piciotti, 1992).  

Moreover, age seems to contribute to the regulation of PUFA synthesis in 
the organism not only on the early developmental stage but also in the adult-
hood. In a study conducted by Crowe and co-workers, increased consump-
tion of fish products was identified as a strong cofounder in studies regard-
ing age-related PUFA concentration in human (Crowe et al., 2008). There-
fore, in the studies on the effect of advancing age on PUFA level, adjustment 
for dietary impact as well as variation in the fatty acids kinetics should be 
taken into consideration. It has been proposed that increased age might mod-
ulate metabolism and rate of incorporation of fatty acids into tissues (Vandal 
et al., 2008). A high concentration of PUFA in the elderly has been reported 
in several studies (Bolton-Smith et al., 1997; Sands et al., 2005; de Groot et 
al., 2009; Walker et al., 2014). Balton-Smith and colleagues stated that ele-
vation in PUFA with increasing age is independent of dietary factors (Bol-
ton-Smith et al., 1997) and suggested a possible increase of endogenous fatty 
acid synthesis by age. Nevertheless, from an in vivo conversion study in >60 
years old and <35 years old humans no effect of age on PUFA synthesis rate 
was detected (Vermunt et al., 1999). Furthermore, a study in aging rats re-
vealed a 60% decrease of desaturation activity in liver microsomes of 25 
months old animals as compared to 1 month old (Hrelia et al., 1989). Simi-
larly, an investigation of ALA conversion rate in mouse liver and brain con-
firmed the reduction of desaturation activity with advancing age (Bourre and 
Piciotti, 1992). In a study by Babin and co-workers, defects in PUFA biosyn-
thesis in elderly subjects (75 years old) have also been proposed (Babin et 
al., 1999). Interestingly, a study regarding the Elovl2 gene reported a high 
correlation of DNA methylation in CpG sites of the Elovl2 promoter with 
advancing age (Garagnani et al., 2012) and methylation status of Elovl2 has 
been introduced as a potential marker of age in the forensic science (Johans-
son et al., 2013; Zbiec-Piekarska et al., 2015; Park et al., 2016). Some re-
searchers speculate that this elevated methylation might have an effect on 
enzymatic activity and contribute to the lower PUFA concentration in age-
related diseases (Garagnani et al., 2012).  

DHA concentration in the blood (Crowe et al., 2008; Nikkari et al., 1995; 
Bakewell et al., 2006) as well as in the adipose tissue (Tavendale et al., 
1992) of female subjects has been found to be higher than in men. The ex-
planation for the gender related DHA variation is the difference between 
men and women in the rate of β-oxidation, adipose tissue composition and 
mobilization as well as PUFA biosynthesis rate (Childs et al., 2008). The 
specific up-regulation of PUFA synthesis in women is linked to the action of 
estrogen (Giltay et al., 2004; Extier et al., 2010) and has been described in 
the context of metabolic significance of endogenous PUFA synthesis during 
pregnancy and lactation (Kitson et al., 2010). In addition, elevated DHA 
status has been detected in subjects after hormone replacement therapy, in-
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take of oral contraceptives and hormone administration in transsexuals 
(Giltay et al., 2004).  

Physiological regulation of elongase and desaturase expression has been 
studied in mouse liver with regards to circadian regulation. From the analy-
sis conducted in our laboratory, it is clear that the Elovl5 gene displays a 
diurnal variation with the lowest expression level at the beginning of dark 
phase (ZT=12). This finding is in line with a study performed by Oishi and 
co-workers (Oishi et al., 2005). Interestingly, Fads2, Fads1 and Elovl2 were 
stably expressed during the day and night (Zadravec, 2010). The physiologi-
cal condition of fasting and re-feeding plays a crucial role in the hepatic lipid 
metabolism and has therefore also been studied in the regulation of PUFA 
synthesis (Rodriguez-Cruz et al., 2012; Wang et al., 2005; Matsuzaka et al., 
2002). Hepatic lipogenic enzymes respond to the state of starvation, with 
reduced expression and are rapidly induced under feeding condition. In a 
study of 24 hours fasting followed by 4 hours feeding in rats, researchers 
observed elevated expression of desaturases (Fads1 and Fads2) in the liver in 
response to dietary challenge. In addition, Elovl2 and Elov5 transcription 
was not affected by feeding regime (Wang et al., 2005). Similarly, only an 
increase in Fads2 expression of the PUFA enzymatic machinery was ob-
served in rat liver during 120 min post initial feeding (Wang et al., 2005). 
The stimulation effect of feeding on desaturases has been attributed to the 
hormonal regulation via insulin action (Wang et al., 2005; Montanaro et al., 
2007) and SREBP1c contribution (Wang et al., 2005). In the study per-
formed by Matsuzaka and colleagues, no effect of 24 hours fasting followed 
by 12 hours re-feeding with high sucrose/fat free diet on Fads1 and Fads2 
expression in wild-type mice liver was reported. In the same experiment, the 
level of desaturases was reduced in SREBP1KO mice, which implies a role 
of this transcription factor in the regulation of PUFA synthesis at the fed 
stage (Matsuzaka et al., 2002).   
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7. Other factors affecting PUFA synthesis 

Deregulation of PUFA biosynthesis has been reported in certain patholog-
ical conditions and in response to stress stimuli. However, since most of 
those studies are observational and do not imply any molecular mechanism, 
it is not clear whether altered endogenous synthesis contributes to the patho-
genesis (cause) or rather is the consequence of the analyzed disorders. Yaw 
and co-workers (Yaw et al., 2015) reported a lower expression of Elovl5 in 
rats exposed to long-term (28 days) stress caused by light. However, the 
authors pointed out that the decreased expression of the elongase did not 
result in lower concentration of AA or DHA. Pharmacological inhibition of 
endogenous PUFA synthesis was detected in HepG2 cells after administra-
tion of SoraphenA, an inhibitor of acetyl CoA carboxylase (ACC) activity 
and de novo lipogenesis (Jump et al., 2011), as well as after treatment with 
CP-24879, an inhibitor of ∆-5 and ∆-6 desaturases, and one specific for ∆-6, 
SC-26196 (Tosi et al., 2014). A lower conversion rate of radio labeled fatty 
acid substrate into DHA has been identified in patients with X-linked retini-
tis pigmentosa (Tosi et al., 2014). Furthermore, patients suffering from 
Zellweger syndrome (a peroxisome biogenesis disorder) (Martinez et al., 
1994) or peroxisomal fatty acids β-oxidation enzymes deficiencies have a 
lower rate of DHA synthesis in their fibroblasts (Su et al., 2001). Deficiency 
in desaturase activity has been reported in diseases that cause liver damage 
and destruction, such as the end stage liver disease (ESLD) (Burke et al., 
2001), liver cirrhosis (Watanabe et al., 1999) or non-alcoholic steatohepatitis 
(NASH) (Lopez-Vicario et al., 2014). In rats with streptozotocin-induced 
diabetes, researchers observed deficiency in certain PUFA as well as lower 
level of mRNA for Fads1 (Holman et al., 1983) and Fads2 (Rimoldi et al., 
2001). In addition, the suppression of PUFA synthesis in those diabetic rats 
was restored by insulin administration (Rimoldi et al., 2001). In the retina of 
streptozotocin treated rats Tikhonenko et al. reported that diabetes induced a 
decrease of Elovl2 and Elovl4 expression (Tikhonenko et al., 2010). Re-
duced expression of the elongases was accompanied by a lower concentra-
tion of DHA in the blood as well as reduced very long PUFA (32:6n3) in 
retina. Besides, impaired insulin sensitivity (resistance to insulin) has been 
reported in human muscles together with alternation in endogenous PUFA 
synthesis (Borkman et al., 1993). It was shown that patients with type 2 dia-
betes have impaired PUFA status and ∆-5 desaturase activity (Imamura et 
al., 2014). Another evidence for physiological implication of endogenous 
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PUFA synthesis in pancreas and insulin secretion comes from the study of 
deletion of liver kinase B1 (LKB1) and AMP kinase (AMPK) in the pancre-
atic B-cells. In this study, transcriptomic analysis revealed elevated expres-
sion of Elovl2 in response to the genetic modifications (Kone et al., 2014).  

Moreover, variation in PUFA synthesis has been associated with psycho-
logical disorders. A post-mortem study of prefrontal cortex in patients with 
major depressive disorder indicated lower expression of the Fads1 gene and 
a tendency for down regulation of Fads2 expression as compared with non-
psychiatric controls (McNamara and Liu, 2011). On the other hand, studies 
from the same researchers reported an increase of Fads2 mRNA level in the 
prefrontal cortex in patients with schizophrenia (Liu et al., 2009) and bipolar 
disorder (Liu and McNamara, 2011). Recently, lower concentration of 
PUFA in the serum together with reduced expression of liver Fads1, Fads2 
and Elovl2 enzymes was described in rats exposed to valproic acid as a 
model of autism (Zhao et al., 2015).  

Smoking behaviour and alcohol intake are other factors related to modula-
tion of PUFA synthesis. However, studies on the effect of smoking provided 
inconsistent conclusions. A negative effect on the metabolism of essential 
fatty acids has been reported in some studies (Pawlosky et al., 1999; Maran-
goni et al., 2004). On the other hand analysis of the concentration and bioa-
vailability of PUFA revealed higher values in smokers in comparison to non-
smokers (Pawlosky et al., 2007). Reduced activity of the desaturases and 
elongases has been associated with elevated consumption of alcohol in hu-
mans and rats (Salem et al., 1996; Pawlosky et al., 2009). In addition, studies 
of miniature pigs as a model of alcoholism showed a reduced concentration 
of certain PUFA (Nakamura et al., 1992) and a lower activity of the ∆-5 and 
∆-6 desaturases in their liver after 12 months of ethanol administration 
(Nakamura et al., 1994). 
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8. Endogenous PUFA synthesis during 
pregnancy and lactation 

8.1 Maternal PUFA  
 
Maternal mobilization of fatty acids is an important feature during preg-

nancy and lactation in order to support the requirements of the developing 
fetus and neonate. Elevated concentrations of PUFA have been described in 
sexually mature females as compared to male subjects. In addition, increas-
ing stages of pregnancy are related to greater concentration of fatty acids in 
potential mothers (Stewart et al., 2007).  

Figure 5. Maternal and fetal DHA transport during the perinatal development. 
During pregnancy the fetus is supplied with DHA from maternal sources via the 
placenta. Fetal synthesis of DHA is also an important source of DHA in utero. After 
parturition, sources of DHA in the neonate are endogenous DHA synthesis and 
maternal DHA delivered with the milk. Dash arrows indicate potential synthesis of 
DHA in the placenta and mammary glands.            
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During pregnancy, fatty acids are transferred to the fetus via the placenta 
and the maternal milk serves as a source of nutrients for the neonate during 
postpartum stage (Figure 5). Placental transport is carried out with selectivity 
towards certain fatty acids and results in the enrichment of fetal circulation 
with PUFA in the order DHA>ALA>LA>AA (Haggarty et al., 1997). There-
fore, in cord blood plasma phospholipids there is as much as 6,6 % of DHA 
as compared to 1,7 % in the maternal phospholipid fraction of blood (Otto et 
al., 1997). Milk originates from the mammary glands, which during the 
course of the pregnancy overcome adaptational changes. Lipoprotein lipase 
activity, as oppose to adipose tissue in the mammary epithelial cells, is rather 
low and increases rapidly after parturition (Ramirez et al., 1983). During 
transition from pregnancy to lactation adipocytes within mammary glands 
become depleted. Therefore, the lipid stores of the mammary glands are 
replenished shortly after delivery (Elias et al., 1973). A study performed on 
human subjects with deuterium labeled fatty acids, by Hachey and co-
workers, suggested that 60% of the fat in the milk originates from maternal 
stores (Hachey et al., 1987). Similarly, the contribution of the adipose reser-
voir and the diet in human milk formation was analyzed in a study by 
Saurewald et al. Analysis of 13C ALA recovery revealed that 70% of the 
fatty acids in the milk was derived from maternal adipose storage and the 
rest originated directly from diet (Sauerwald et al., 2001). Moreover, in a 
dietary DHA supplementation study, 20% of the up-taken DHA was secreted 
into the milk, supporting the previous analysis on the dietary impact in milk 
formation (Fidler et al., 2000). Long-term dietary intake of PUFA is reflect-
ed in the adipose tissue fatty acid composition (Hodson et al., 2008). There-
fore, the milk composition is influenced by dietary intake through both fat 
stores and directly from diet. Variation in the maternal dietary habits world-
wide impacts DHA content of human milk. On average DHA forms 0,37% 
of total fatty acids in human milk. The highest concentration of DHA has 
been reported in mothers with habitual seafood intake from Japan, Tanzania 
and Malaysia (0,80%-0,99%) and the lowest values were reported in mothers 
in Sudan, Argentina and Brazil (0,10-0,15%). Remarkably, the content of 
AA was the lowest in mothers with high DHA level (Fu et al., 2016).  

Besides maternal diet and adipose tissue mobilization, endogenous syn-
thesis of PUFA is another supplier for DHA formation during pregnancy and 
lactation. In pregnant rats, an increased hepatic ∆-6 desaturase activity was 
observed along with elevated levels of progesterone (Childs et al., 2012). 
Moreover, apart from the liver, synthesis of PUFA during pregnancy has 
also been identified in lactating mammary glands, placenta and white adi-
pose tissue (Rodriguez-Cruz et al., 2011; Rodriguez-Cruz et al., 2016). Dur-
ing the course of pregnancy and lactation, mRNAs of Fads1 and Fads2 as 
well as of Elovl5 in mammary glands, increased at late pregnancy and lacta-
tion period. Expression of Elovl2 gene was stimulated in the liver at day 20 
of pregnancy and in the adipose tissue at the beginning of lactation (Rodri-
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guez-Cruz et al., 2011). Analysis of placental expression of the elongases 
and desaturases at day 14, 16 and 20 of rat pregnancy revealed that the 
mRNA level of genes involved in PUFA synthesis is reduced with advance 
gestation age (Rodriguez-Cruz et al., 2016). Human population studies have 
shown that genetic variations of the genes of the PUFA enzymatic machin-
ery is linked to the level of DHA formation. The most pronounced effect is 
the association between carriers of Fads1 and Fads2 haplotypes and the 
DHA level in mothers during pregnancy and lactation (Xie and Innis, 2008; 
Koletzko et al., 2011; Lattka et al., 2013; Molto-Puigmarti et al., 2014). A 
maternal genetic variation in PUFA synthetizing enzymes has also been re-
ported in relation to the offspring outcomes, such as birth weight (Gonzalez-
Casanova et al., 2016) and cognition abilities (Morales et al., 2011) or aller-
gy development (Barman et al., 2015). On the other hand, association analy-
sis of single nucleotide polymorphism of the Elovl2 gene and the DHA level 
in human milk did not show any relation (Xiang et al., 2015). A study con-
ducted in our laboratory implies that gene variants of Elovl2 in mothers and 
offspring contribute to the pool of PUFA during pregnancy and at an early 
life stage (Paper III). 

Over time during pregnancy and lactation, the circulating levels of DHA 
in mothers go through dynamic changes. In the study performed by Otto and 
co-workers, maternal plasma and erythrocyte phospholipid DHA concentra-
tion starts to increase at early pregnancy stage (6 weeks) and continues to 
increase throughout pregnancy (Otto et al., 2001). In a recently published 
study, researchers observed an increase in the DHA level in the maternal 
plasma by 29 days post frozen embryo transfer (Meyer et al., 2016). During 
pregnancy, the level of DHA in the maternal plasma increased by 52%. Yet, 
from day 5 until 6th week postpartum, 30% of plasma DHA is depleted (Al 
et al., 1995). In addition, the maternal DHA level is significantly reduced 
with subsequent number of times the female has given birth (Al et al., 1997; 
Ozias et al., 2007), and the concentration of DHA in the umbilical blood 
from multiple pregnancies is lower than from singleton (Zeijdner et al., 
1997). The postpartum decline in DHA content was significantly stronger for 
lactating than non-lactating subjects and was correlated with the length of 
breastfeeding period (Otto et al., 1999). Therefore, pregnancy might be asso-
ciated with a condition of maternal DHA deficiency (Holman et al., 1991). 
Furthermore, depletion of maternal brain DHA content was reported for 
Long-Evans female rats under a reduced dietary PUFA condition and it was 
proposed as a possible risk factor for development of postpartum depression 
syndrome (Levant et al., 2006). In addition, several complications related to 
pregnancy might affect the level of DHA synthesis. Elevated desaturation 
activity and increased amount of PUFA in maternal plasma at delivery has 
been reported in the condition of pregnancy-induced hypertension (PIH) (Al 
et al., 1995). On the other hand, lower PUFA concentration and decreased 
expression of Fads1, Fads2 and Elovl2 in the subcutaneous adipose tissue of 
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mothers with pre-eclampsia (PE) has been observed as compared to healthy 
pregnancies (Mackay et al., 2012).  

8.1 Fetal programming of PUFA synthesis 
 

Recently, a lot of attention has been brought to maternal nutrition during 
pregnancy and lactation, and its effect on the metabolism of offspring. It has 
been suggested that the amount and type of fat in the maternal diet affects 
DNA methylation of offspring genes and contribute to so-called fetal pro-
graming (reviewed in Mennitti et al., 2015). Epigenetic regulation has been 
reported as a factor modulating the expression of PUFA synthesizing en-
zymes. Negative effect of maternal high fat diet on arterial PUFA synthesis 
and vascular function in their offspring has been linked to hyper-methylation 
of the Fads2 transcription start site (Kelsall et al., 2012). Hoile and co-
workers reported that feeding female Wistar rat with diet containing 21% fat 
from 14 days pre-conception until weaning, resulted in methylation of the 
promoter region of the Fads2 gene in the adult offspring (Hoile et al., 2013). 
This methylation was associated with a down regulation of Fads2 mRNA 
expression in the liver of the 77-day-old offspring.  Moreover, when preg-
nant C57Bl/6J mice, during the lactation period, were exposed to ALA (flax-
seed oil containing 50% ALA), an increased methylation of the Fads2 pro-
moter and intron1 was observed in the mother. An increased methylation of 
the Fads2 promoter was also observed in the offspring at postnatal day 19 
(P19) (Niculescu et al., 2013). In addition to the rodent studies, researchers 
reported that interventional PUFA supplementation of Mexican pregnant 
women leads to changes in global methylation in the infants (Lee et al., 
2013). In addition, also dietary intake of certain fatty acids (fish oil or olive 
oil) by adult humans can have an effect on the methylation of genes encod-
ing PUFA synthesizing machinery and has been associated with increased 
abundances of Fads2 and Elovl5 transcripts (Hoile et al., 2014). 
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9. Functional consequences of PUFA 
deficiency  

Fatty acid composition within the organism can change in a tissue-
selective as well as developmental stage dependent manner. It has been 
shown that the lipid profile reflects dietary habits and can be modulated by 
pathological conditions. One of the sources of fatty acid heterogeneity is 
endogenous synthesis. In the previous chapters control of endogenous PUFA 
synthesis has been described (Figure 3) and the focus of the following chap-
ters will be on the consequences of enzymatic machinery deficiencies.  

There are few studies reported regarding physiological implications of 
endogenously produced PUFA in human beings. Recently, a great variety of 
studies from different fields found an association between the genetic variant 
of the genes encoding enzymes involved in PUFA synthesis and onset of 
cardiovascular diseases, immunological disorders or metabolic syndromes 
(Tosi et al., 2014). Similarly to symptoms of dietary PUFA deficiency, muta-
tions in desaturases in humans are manifested by mental retardation or skin 
abnormalities (Tosi et al., 2014). To my knowledge, no genetic modification 
has been identified for the human Elovl2 gene. Mutations of Elovl5 gene in 
human subjects have been related to lower concentration of AA and DHA 
and occurrence of neurological disease spinocerebellar ataxia 38 (SCA38) 
that is manifested by incoordination of movements (Di Gregorio et al., 
2014).  

More comprehensive data regarding consequences of altered endogenous 
PUFA synthesis is coming from studies of animal models with deletion of 
one of the members of the enzymatic machinery (Table 1). The significance 
of Elovl2 deletion is the subject of the following chapter. The phenotype of 
the Elovl5KO mouse is described as leading to reduction of all the main 
PUFA (AA, EPA and DHA) and the occurrence of fatty liver. In the liver of 
those animals, elevated levels of the lipogenic transcription factor SREBP1c 
together with a high rate of de novo lipogenesis has been described (Moon et 
al., 2009). Deletion of Elovl5 leads to a compensatory up-regulation of 
Elovl2 expression. Hence, in the absence of Elovl5 Elovl2 might display 
elongation activity towards 20 and 18 carbons fatty acids. Moreover, studies 
on the overexpression of Elovl5 in the obese C57Bl6/6J mice revealed a role 
of its products in the control of carbohydrate and triacylglycerol metabolism. 
An increased expression of Elovl5 resulted in stimulation of the adipocyte 
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TG lipase and its co-regulator comparative gene identification 58 (CGI58) 
(Tripathy et al., 2014) and has been connected to lower accumulation of TG 
in the liver (Tripathy et al., 2010). In addition to the elongation of unsaturat-
ed fatty acids, Elovl5 is also involved in the processing of mono-unsaturated 
fatty acids and formation of cis-vaccenic acids. This non-PUFA product of 
Elovl5 activity has been reported to play an important role in mTORC2-Akt- 
FoxO1 pathway and gluconeogenesis (Tripathy et al., 2014).  

 

 
Table 1. The overview of animal models in studies on enzymes involved 
in the endogenous fatty acid synthesis.  

 
Ablation of Fads1 in mice led to lower concentration of arachidonic acid 

(AA) and higher dihomo-γ-linolenic acid (DHGLA) and decreased viability 
of these animals. In addition, a disorder in the formation of 1- and 2-series of 
prostaglandins and impaired immune cells homeostasis are also significant 

Animal 
model 

Fatty acids  
alteration 

Phenotype References 

Fads1-/- ↓20:4n6 and ↑20:3n6 
 
 
 
 
 

reduced viability, re-
duced sensitivity to in-
flammatory challenge 
 
 
 

Fan et al., 
2012 
 
 
 
 

↓20:4n6 and ↑20:3n6 
↓20:5n3 and ↑20:4n3 

lean, improved glycemic 
control, less artheroma-
tous plaque on ApoEKO 
background 

Powell et al., 
2016 

Fads2-/- absence of PUFA 
↓20:4n6, ↓22:6n3 
 
 
 
 

male and female sterili-
ty, resistance to obesity 
 
 

 
 

Stoffel et al., 
2008 
 
 
 
 

↑18:2n6 ↓20:4n6, 
↓22:6n3 in liver and 
testis 
mild FA deficiency in 
brain 

male and female sterili-
ty, dermal and intestinal 
ulceration, splenomeg-
aly 

Stroud et al., 
2009 

Elovl2-/- ↑22:5n3 and 22:4n6 
↓22:6n3 and 22:5n6 

male infertility, re-
sistance to obesity 

Zadravec et 
al., 2011 

Elovl5-/- ↑18:3n6 
↓20:4n6, and 22:6n3 

fatty liver, induction of 
SREBP1c 

Moon et al., 
2009 
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features of Fads1KO mice (Fan et al., 2012). Furthermore, recently 
Fads1KO mice were reported to have elevated levels of DHGLA and re-
duced levels of AA (Powell et al., 2016). Interestingly, this animal model 
displayed a lean phenotype, an improved glycemic control and a reduced 
formation of atheromatous plaque, hence suggesting a possible function of 
Fads1 in the development of atherosclerotic cardiovascular disease.  

Deletion of Fads2 gene has also been performed in two distinct laborato-
ries. Male and female Fads2KO mice generated in the Stoffel laboratory 
were sterile and had a severe PUFA deficiency. Lack of the Fads2 gene had 
a negative effect on the production of eicosanoids, platelet aggregation and 
thrombus formation (Stoffel et al., 2008). In a further study of Fads2KO 
animals, published by the same group, they reported auxotrophy and obesity 
resistance in these animals (Stoffel et al., 2014). Similarly, Fads2KO mice 
created by Stroud and co-workers displayed male sterility. In addition, abla-
tion of Fasd2 was phenotypically expressed as dermal and intestinal ulcera-
tion and splenomegaly (Stroud et al., 2009). 
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10. Role of Elovl2 in the endogenous PUFA 
homeostasis  

Elovl2 encodes the PUFA elongase 2, which is responsible for the pro-
duction of 24 carbon chain fatty acids from 22 precursors. Overexpression 
on ELOVL2 in fat cell lines results in accumulation of triacylglycerols (TG) 
(Kobayashi et al., 2007). In our laboratory, we have generated an Elovl2KO 
mouse in order to study the functional consequence of Elovl2 deletion (Za-
dravec et al., 2011). Fatty acid composition analysis in the testis of 
Elovl2KO males showed absence of important very long PUFA 
(VLCPUFA), 26:5n6, 28:5n6 and 30:5n6 that are derived from Elovl2 prod-
uct 24:5n6 (Zadravec et al., 2011). In addition, in the liver and serum of 
Elovl2KO mice, the concentration of downstream products of Elovl2 activi-
ty, 22:6n3 (DHA) and 22:5n6 (DPAn6) were significantly lowered and the 
level of the Elovl2 substrates 22:5n3 and 22:4n6 were elevated. Therefore, 
the fatty acid profile in our model organism displays a deficit in the products 
of Elovl2 together with an accumulation of the enzyme substrates, which 
confirmed for the first time the in vivo existence of the Sprecher pathway 
(Paper I). An altered endogenous fatty acid composition can also be reflected 
in a greater concentration of 20:4n6 (AA) and 20:5n3 (EPA) in the 
Elovl2KO animals, as compared with wild-type littermates (Paper I, Paper 
III). From fatty acid analysis in the retina of Elovl2KO mice we can also 
show that phospholipid species that contain DHA, 44:12 (22:6/22:6), and 
very long PUFA 54:12 (22:6/32:6) and 56:12 (22:6/34:6), are significantly 
reduced in the Elovl2KO animals (Figure 6). 

Moreover, structural analysis of Elovl2KO liver mitochondria revealed a 
similar PUFA deficiency as described on the systemic level. Decreased DHA 
concentration was observed in the total fatty acid profile as well as in the 
analysis of distinct phospholipids classes. Interestingly, deficit in DHA in 
the cardiolipin class was not as severe as for the phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC) phospholipids, suggesting a possible 
alternative way for DHA synthesis in mitochondria (Paper IV). Furthermore, 
the levels of certain lipid mediators involved in inflammatory processes that 
are derived from DHA were also affected by the altered endogenous PUFA 
profile in these mice (Chiurchiu et al., 2016). Fatty acid composition was 
also analyzed in the liver, serum, mammary glands and white adipose tissue 
of Elovl2KO lactating mothers and in the liver and serum of their offspring. 
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At early developmental stages and during pregnancy and lactation, 

Figure 6. DHA deficiency in retina of Elovl2KO. Fatty acid composition in phos-
phatidylcholine (PC) of retina isolated from wild type and Elovl2KO animals. A: 
long chain polyunsaturated fatty acid species and B: very long chain polyunsaturat-
ed fatty acid species expressed as % of total. 
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Elovl2KO animals remained DHA-deficient. However, we were able to de-
tect DHA in Elovl2KO offspring delivered by heterozygous mothers, which 
implies an important role of maternal DHA transfer during pregnancy and 
lactation (Paper III). From this we concluded that Elovl2 is essential for the 
systemic DHA synthesis at different developmental and physiological stages.  

Supplementation of Elovl2KO mice with DHA-enriched diet restored the 
DHA concentration in the liver and serum to the wild-type level (Paper I). 
Furthermore, Elovl2KO mothers fed DHA-enriched diet deposited DHA in 
all analyzed tissues and were capable to transfer DHA to their offspring in 
order to fulfill their developmental requirements (Paper III). In contrast to 
dietary PUFA deprivation that requires an experimental set-up of several 
generations and affects the level of PUFA including ALA and LA, systemic 
DHA deficiency in Elovl2KO mice, together with maintained level of ALA 
and AA, make our animals a unique model system for studies of endogenous 
DHA function as well as on the physiological role of DHA in general.  

Phenotypically, Elovl2 deletion is manifested by male hypogonadism and 
sterility. Absence of 24-30 carbon atoms very long PUFA in the testis of 
Elovl2KO mice leads to arrest of spermatogenesis and as a consequence 
impaired fertility (Zadravec et al., 2011). Female fertility seems to be not 
affected by the lack of Elovl2 (Paper III). Nevertheless, histological analysis 
of the uterus revealed occurrence of endometrium hyperplasia in the KO 
mice (unpublished). In addition, rate of successful pregnancies and offspring 
survival in Elovl2KO females seemed to be influenced by the dietary fish oil 
supplementation, most likely due to elevated EPA level (Paper III). 

Endogenous DHA deficiency altered the composition of phospholipid 
classes in the membrane of Elovl2KO liver mitochondria and led to a de-
crease of double bond index (DBI), peroxidizability index (PI) as well as 
reduced lipid oxidation based on the marker of protein modification MDAL 
(malondialdehyde lysine) analysis (Paper IV). However, on the functional 
level, mitochondrial efficiency was declined. Analysis of mitochondrial ox-
ygen consumption rate in Elovl2KO mitochondria showed a higher oxidative 
phosphorylation together with lower respiratory capacity as compared to 
wild-type mitochondria. Elevated oxidative phosphorylation was most likely 
the result of mitochondrial membrane proton leak (Paper IV). Mitochondrial 
functional impairment might be of certain importance for whole body me-
tabolism. Even so, resting metabolic rate of Elovl2KO mice maintained on 
regular chow diet seems to not be affected. Nevertheless, respiratory quo-
tient (RQ) recorded during the dark period was significantly lower in 
Elovl2KO mice suggesting a higher lipid oxidation capacity (Paper I). In 
response to high fat diet, Elovl2KO mice did not gain as much weight as the 
wild-type littermates and did not develop hepatic steatosis. This was espe-
cially interesting since Elovl2KO mice displayed increased SREBP1c activa-
tion and upregulation of lipogenic gene expression (Paper I). Feeding 
Elovl2KO mice with DHA-enriched diet abolished the resistance to diet-
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induced obesity. However, the effect of DHA supplementation was related to 

Figure 7. Physiological roles of Elovl2 deletion in the mouse. Lack of Elovl2 leads 
to systemic DHA deficiency and metabolic dysfunctions in the Elovl2KO mouse 
model.   
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the sucrose content in the background diet (Paper II). In addition, DHA de-
livered with high sucrose influenced metabolic efficiency and lipoprotein 
metabolism in Elovl2KO mice. Moreover, from unpublished work on isolat-
ed pancreatic islets of Elovl2KO mice we know that deficiency in DHA 
leads to impaired insulin secretion in response to glucose stimulus (stimula-
tory glucose concentration of 16.7mM). This function of β-cells seems to be 
recovered in isolates from Elovl2KO animals fed DHA-enriched diet (Bellini 
et al., unpublished).  

In conclusion, Elovl2- dependent systemic DHA deficiency has an impact 
on the lipid and carbohydrate metabolism (Paper I and II) and seems to play 
an important role for the proper function of mitochondria (Paper IV) as well 
as in maintaining systemic levels of DHA during pregnancy and at the early 
developmental stages of life (Paper III) (Figure 7). The DHA produced in the 
organism from ALA, as compared to consumed DHA, has most likely a dis-
tinct kinetic and a specific individual distribution within the body. Hence, 
the question that remains for further investigation is if there is a physiologi-
cal difference between endogenously produced DHA as compared to dietary 
delivered DHA? An interesting and not well-studied matter is also the cross 
talk between diet, tissue reservoirs, genetic conditions and consequently the 
level of PUFA and the resulting phenotype. 
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11. Sammanfattning på svenska 

Fettsyrasammansättningen i kroppen visar en hög grad av heterogenitet 
och kan snabbt reagera på förändringar av kost eller svält. Rätt balans av 
fettsyror är en viktig faktor för bevarande av strukturell integritet samt för 
korrekt signalering inom organismen. Därför har förändringar i fettsyrakom-
positionen föreslagits som en viktig faktor under utvecklandet av många 
sjukdomar. Koncentrationen av fleromättade fettsyror (PUFA) i kroppen 
moduleras av samspelet mellan kostintag, endogen de novo-syntes eller ut-
nyttjande av fettsyror från vävnadsreservoarerna. Endogen syntes av PUFA 
regleras på olika genetiska nivåer samt graden av substrattillgänglighet. 
Studier har rapporterat en variation i PUFA-biosyntes mellan olika utveck-
lingsstadier, kön, under graviditet, amning och vissa sjukdomsförhållanden.  
En viktig medlem av det enzymatiska maskineriet inblandade i PUFA-syntes 
är proteinet ”Elongation of very long-chain fatty acids 2” (ELOVL2) som 
styr förlängningen av PUFA med 22 kolatomer för att producera 24 kola-
tomer långa PUFA-prekursorer för framställning av omega-3 fettsyran do-
cosahexaensyra syra (DHA, 22:6n3) och omega-6 fettsyran docosapentae-
noic (DPAn6, 22:5n6). 

Vi visar att mekanisk inaktivering av Elovl2-genen i en musmodell 
(Elovl2KO) leder till systemisk DHA-brist under alla livsstadier men kan 
komplementeras med moderssupplementering alt. dietsupplementering av 
DHA. Vi visar även att DHA-brist genom inaktivering av Elovl2-genen ock-
så kan relateras till vissa metaboliska dysfunktioner. Mitokondrier i 
Elovl2KO-möss visar en strukturell och funktionell försämring. Jämfört med 
vildtyps-möss, så lagrar inte Elovl2KO-mössen lika mycket fett och går inte 
upp så mycket i vikt efter fettrik kost behandling. Mössen utvecklar inte 
heller leversteatos, trots att de har en högre nivå av positiva regulatorer av de 
novo lipogenes. Resistensen mot fettrik kostinducerad fetma i Elovl2KO 
mössen upphävdes genom tillskott av DHA tillsammans med hög sacka-
roshalt i dieten. Sammanfattningsvis leder radering av Elovl2 i möss till sys-
temisk DHA-brist som har pleiotropiska effekter på energimetabolismen. 
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