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Abstract

The objective of our research was to determine the effects of five different diets as a source of various groups of fatty acids 
on mice adipose tissue lipid content, phospholipid composition and fatty acid composition of adipose tissue total lipids and phos-
pholipids. Beside the standard diet, diets enriched either with pumpkin-seed, olive or fish oil or lard were used for feeding wild 
type C57Bl/6 male mice aged 8-10 weeks for 3 weeks. In mice fed with diets enriched with oils/lard, relative adipose tissue mass 
decreased, comparing to standard diet fed mice. Adipose tissue total lipid content decreased significantly in olive and fish oil diet 
comparing to pumpkin-seed oil and standard diet. Analysis of the phospholipid classes showed that phosphatidylcholine, phos-
phatidylethanolamine, phosphatidylserine and sphingomyelin were common components in all diet types. The dominant storage 
form of fatty acids in adipose tissue total lipids were unsaturated fatty acids (oleic and linoleic acid prevailed), while in phos-
pholipids, C18 acids prevailed (stearic acid was the main fatty acid) in all diets. Enrichment of the diet with specific oil or lard 
significantly changed the n-6/n-3 ratio. Fish oil diet provoked the highest reduction of that ratio, both in adipose tissue total lipids 
and in phospholipids. Obtained results imply that diet modification has an influence on adipose tissue lipid content and composi-
tion as well as remodelling process occurring in the adipose tissue phospholipids.
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Sažetak

U ovom se istraživanju pratio utjecaj pet tipova prehrana obogaćenih različitim masnim kiselinama na sadržaj lipida i sas-
tav fosfolipida masnog tkiva te masnokiselinski sastav ukupnih lipida i fosfolipida masnog tkiva miševa. Uz standardnu prehranu 
korištena je prehrana obogaćena bučinim, maslinovim ili ribljim uljem, ili svinjskom mašću za prehranu divljeg tipa mužjaka 
miševa C57Bl/6, starosti 8-10 tjedana u periodu od tri tjedna. U svim obogaćenim prehranama, smanjila se masa masnog tkiva. 
U odnosu na standardnu prehranu i prehranu obogaćenu bučinim uljem, udjel ukupnih lipida masnog tkiva značajno se smanjio 
kod prehrana obogaćenih maslinovim ili ribljim uljem. U svim analiziranim prehranama identificirani su fosfatidilkolin, fosfati-
diletanolamin, fosfatidilserin i sfingomijelin. U ukupnim lipidima masnog tkiva prevladavaju nezasićene masne kiseline (oleinska 
i linoleinska), dok u fosfolipidima prevladavaju C18 (prvenstveno stearinska) masne kiseline. U svim obogaćenim prehranama 
značajno je promjenjen omjer n-6/n-3 masnih kiselina. Kod prehrane obogaćene ribljim uljem taj je omjer značajno smanjen i u 
ukupnim lipidima i u fosfolipidima masnog tkiva. 

Dobivenim se rezultatima potvrđuje da se prehranom može utjecai na sadržaj i sastav lipida masnog tkiva kao i procese 
remodeliranja u fosfolipidima masnog tkiva.

Ključne riječi: masno tkivo, prehrana, lipidi, masne kiseline

Introduction

Adipose tissue (AT) is a specialized connective tissue 
that functions as the major storage site for lipids. 60-85% of 
the mass of white AT are lipids, with 90-99% being triacyl-
glycerols (TAG), with small amounts of free fatty acids, di-
glycerides, cholesterol, phospholipids (PL) and cholesterol-
esters  (Albright, 1998). Each adipocyte is filled with a single 
large droplet of TAG that occupies most od the cell volume. 

As every other cell, adipocyte is enclosed by the plasma mem-
brane (PM). The major structural lipids in eukaryotic PM are 
glycerophospholipids: phosphatidylcholine (PtdCho), phos-
phatidylethanolamine (PtdEtn), phosphatidylserine (PtdSer), 
phosphatidylinositol (PtdIns) and phosphatidic acid (PtdOH). 
All of them have a common structure including a polar phos-
phate head and two hydrophobic hydrocarbon chains derived 
from fatty acids (FA) and numbered sn-1 and sn-2. The FA are 
usually between 14 and 24 carbon atoms in length, whilst the 
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chain at the sn-2 position is usually unsaturated. PtdCho and 
PtdEtn are two major phospholipids that are asymmetrically 
distributed in PM: the majority of PtdCho is localized in the 
outer leaflet, whereas PtdEtn can mostly be found in the inner 
leaflet. Membrane is spontaneously self-organized as planar 
bilayers in which each PtdCho has a nearly cylindrical mo-
lecular geometry, with the polar head groups interfacing with 
the aqueous phase and the lipid tails facing each other. PtdEtn 
assumes a conical molecular geometry due to small size of its 
polar head group. The sphingolipids constitute another class 
of membrane structural lipids, with sphingomyelin (CerPCho) 
as the major one. Because of the saturated tails, they are able 
to form taller and narrower cylinders than PtdCho lipids of the 
same chain length and pack more tightly, adopting solid-like 
phases. Sphingolipids are fluidized by sterols, the major non-
polar lipids of the cell membrane  (van Meer et al., 2008).

FA composition of membrane PL is determined by both 
the de novo pathway and the remodelling pathway. In the de 
novo pathway, originally described by Kenedy and Weiss, 
glycerol-3-phosphate is sequentially acylated to form PtdOH, 
which serves as a general precursor for all PL. The newly 
synthesized PL possess saturated and monounsaturated FA 
(MUFA) at sn-1 position and mono- or di-unsaturated FA at 
sn-2 position. These PL receive polyunsaturated FA (PUFA) 
to form mature membrane PL by the remodelling pathway 
(Lands cycle) in which the sn-2 acyl chain is replaced with 
PUFA by deacylation (phospholipases) and reacylation 
(lysophospholipid acyltransferases) reactions. Mammals 
possess a number of lysophospholipid acyltransferases that 
exhibit distinct acyl-CoA donor and lyso-PL acceptor spe-
cificities. In the last few years, enzymes involved in Lands' 
remodelling cycle have been identified, contributing to the 
knowledge of membrane asymmetry and diversity (reviewed 
in Shindou & Shimizu, 2009). According to Hulbert et 
al.  (2005), some classes of PL are more responsive than the 
others to alterations in the FA profile and the response varied 
between different tissues (liver PL are the most, while AT PL 
is the least diet-responsive tissue), suggesting the existence 
of sophisticated regulation of FA composition mechanism in 
membrane bilayers. 

Six FA, myristic, palmitic, palmitoleic, stearic, oleic and 
linoleic acid (LNA), make up app. 90% of total adipocyte li-
pids. AT FA have been known to reflect, to a certain degree, the 
type of dietary fed FA. Varying the composition of FA in diet 
can vary the AT FA’ and PL’ profile  (Albright, 1998). Multiple 
factors can influence the incorporation of dietary FA into the 
PL of the cell membrane. Growth, the type of tissue and dif-
fering energy levels in the diet are some of these factors  (So-
riguer et al., 2000). Besides the composition, the quantity of 
different FA in AT is also subject to change.

According to Hulbert et al. (2005; 2014), much attention 
has to be given to both, n-3 and n-6 PUFA, because mammals 
cannot synthesise them de novo. The content of these PUFA in 
the diet has a greater influence on membrane composition and, 
consequently, on membrane function and metabolism than do 
either saturated or monounsaturated dietary fatty acids. 

Proposed model of the “membrane pacemaker theory” 
of the metabolism considers PM as the peacemaker site and 
the membrane associated processes as a determinant of over-
all metabolic rate. Both the amount of membranes and their 

acyl composition, especially the relative balance between 
monounsaturated and long-chain polyunsaturated acyl-chains 
in membrane bilayers, are important for metabolic homeosta-
sis. Special emphasis is done on docosahexaenoic acid (DHA) 
– its high content is associated with increased activity of the
membrane-associated processes  (Hulbert, 2003; Hulbert et al., 
2014). The key is in the DHA molecular structure and its abil-
ity to alter bilayer elastic properties  (Hulbert, 2003; Bruno et 
al., 2007)

The aim of this study was to determine the effects of five 
different diets, as a source of different groups of FA, on mice 
AT PL content and composition and investigate their possible 
role in membrane PL remodeling. For that purpose, beside the 
standard diet, the pumpkin-seed oil (as the source of n-6 and 
n-9 FA), olive oil (n-9 FA), lard (n-9 and saturated FA) and fish 
oil (MUFA and n-3 FA) enriched diets were used. The content 
of total AT lipids, composition of total AT PL, different classes 
of PL and the composition of the FA chains of total AT lipids 
and PL were analysed in mice groups fed with different types 
of diets. 

Material and methods

Chemicals and reagents
The used chemicals and reference compounds for gas 

chromatography were purchased from Sigma (St. Louis, MO, 
USA) and J.T.Baker (Phillipsburg, NJ, USA) and were of the 
highest reagent grade available.

The compound used for the formulation of diets, pump-
kin-seed oil, lard and extra-virgin olive oil were obtained from 
individual producers while fish oil was Cod Liver Oil (Child-
Life Essentials, CA, USA). 

Animals
Wild type C57Bl/6 male mice from our breeding colony 

(Laboratory Mouse Breeding and Engineering Centre, Univer-
sity of Rijeka, School of Medicine), aged 8-10 weeks, weigh-
ing between 21-25 g were used in the experiment. All experi-
ments were approved by the Ethical Committee of the School 
of Medicine and conducted in accordance with the international 
guidelines for animal care and experimental use. The animals 
were housed in five groups of 4-6 animals, in plastic cages and 
fed experimental diets in a period of three weeks. The control 
group named standard diet (SD) was fed a standard mice diet 
obtained from Mucedola (Italy), containing 3 % of lipids (3270 
Kcal/kg). All experimental diets were designed in a way that 
5 % (w/w) of pumpkin-seed, olive and fish oil or lard were 
added to the standard chow to obtain four different enriched di-
ets: pumpkin-seed oil enriched diet (PSOD), olive oil enriched 
diet (OOD), fish oil enriched diet (FOD) and lard enriched diet 
(LD). The diets enriched with specific oils/lard contained 8 % 
of lipids (approximately. 3720 Kcal/kg). Table 2 shows the FA 
analyses for all of the experimental diets. All diets were pre-
pared weekly and stored under nitrogen atmosphere at 4 °C. 
The animals were maintained under 12 hours light/dark cycle, 
in a constant temperature (20 ± 1 °C) and humidity (50 ± 5 %) 
in a controlled facility. After three weeks of feeding, all five 
groups of animals were sacrificed under anesthesia by cervical 
dislocation. Epididymal AT (abdominal fat in the lower part 
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of abdomen, connected to the epididymis) were removed and 
washed with saline solution, weighted and stored at -75 °C un-
til analysis.

Lipid analysis
Total lipids extracted from experimental feed and AT to-

tal lipids were prepared according to Folch et al. (1957) with 
chloroform-methanol (2:1 v/v) containing 0,01 % butylated 
hydroxytoluene as antioxidant. AT PL were separated and pu-
rified by solid phase extraction using an aminopropylsilica col-
umn, according to the method of Giacometti (2002).

Phospholipid analysis
PL classes were separated by two-dimensional thin-layer 

chromatography on silica gel 60 plates, 20 x 20 cm, 0.2 mm. 
Chloroform:methanol:ammonia (13:7:1, v/v/v) was used as 
the first solvent system and chloroform:acetone:methanol:
acetic acid:water (10:4:2:2:1, v/v/v/v/v) as the second one. 
PL were visualised by iodine staining, scraped off the plate 
and quantified spectrophotometrically (Cary 100 Bio, UV-
Vis Spectrophotometer, Varian Medical systems, Inc., CA, 
USA) as inorganic phosphorous, according to the method of 
Broekhuyse (1968).

Fatty acid analysis
FA composition of AT lipid fractions, as well as of li-

pids extracted from diets used in the study, was determined 
by gas chromatography (GC) analysis of the corresponding 
methyl esters. FA of total lipids were transmethylated with 
methanol:n-hexane:sulphuric acid (75:25:1, v/v/v) at 90 ºC 
for 90 minutes, extracted in petrolether and analysed by GC. 
GC analyses of fatty acid methyl esters (FAMEs) were car-
ried out using an Auto System XL from Perkin-Elmer with 
flame-ionization detection (FID). Chromatography Soft-
ware from Perkin-Elmer Nelson (Turbochrom 4) was used 
for data acquisition. An SP-2330 capillary column (Supelco, 
USA), 30 m x 0.32 mm x 0.2 μm was used. Hydrogen was 
obtained with a hydrogen gas generator (Parker domnick 
hunter, Parker Hannifin LTD, England). Helium was used 
as the carrier gas with split injection (100:1). The analy-
ses were carried out in the programmed temperature mode 
from 140 ºC to 220 ºC at 5 ºC/min and then isothermal for 
25 min. The temperature of the injector and detector were 
300 ºC and 350 ºC, respectively. FAMEs were identified 
by comparison with the standard mixture obtained by add-
ing individual FAME-standards to the commercial standard 
mixture (Lipid standard FAMES mixture, cat. no. 189-18, 
Sigma-Aldrich Chemie Gmbh, Germany). The results were 
expressed as percentage of particular FA in total identified 
FA in each lipid fraction.

The degree of unsaturation was expressed as unsaturation 
index (UI) and represents the sum of the percentages of each 
FA x number of double bonds. The UI was calculated accord-
ing to following expression: UI = [%monoenes + 2 (%dienes) 
+ 3 (%trienes) + 4 (%tetraenes) +5 (%pentaenes) + 6 (%hex-
aenes)] / 100 

Fatty acid analysis of oils/Fats
Pumpkin-seed oil, was characterized with high propor-

tion of linoleic acid (LNA) (54% app.), oleic acid (32%, app.) 

and palmitic acid (10%). Analysis of lard showed that it con-
tained 45% of oleic acid and 38% of total SFA (mainly palmitic 
acid, comprising 21% of total FA). Dietary olive oil, used in 
the study mainly contained oleic acid (76% of total FA), and 
equal amounts of LNA and palmitic acid (10% app.). Analysis 
of fish oil showed that it contained more than 50% (of total FA) 
of MUFA, comprised of oleic, 20:1 n-9 and palmitoleic acid 
and that the content of Σn-3 PUFA was 24% app., comprised 
mainly of DHA and eicosapentaenoic acid (EPA).

Statistical Methods
The collected data were statistically evaluated using the 

data analysis software system Statistica, version 8.0.  (Woiss, 
2007). The results are shown as mean ± standard deviation. 
Differences among groups were tested by Fisher’s Least Sig-
nificant Difference (Fisher LSD) test, and the level of signifi-
cance was set at p < 0.05.

Results and discussion

Diets enriched with the specific oils or lard were well tol-
erated and the animals gained mass at a steady and comparable 
rate during the experimental course. Comparing with SD, rela-
tive AT mass decreased in diets enriched with oil/lard, with the 
lowest value in FOD (Table 1). In Table 1, the values of mass 
percent of total AT lipids for all experimental diets are also pre-
sented. OOD and FOD had the lowest and significantly altered 
values, compared to SD and PSOD. In AT total PL content, 
there were significant changes in all diets when compared to 
each other, with the lowest value in PSOD, and the highest in 
OOD.

Consumption of PUFA of marine sources rich in n-3 long-
chain FA reduces mice AT growth and adipocyte lipid content, 
which can explain the lowest value of relative AT mass in 
FOD  (Raclot, 1997; Fickova et al., 1998; Hynes et al., 2003). 
Dietary fish oil reduction in rat AT growth resulted in part from 
the inhibition of fat cell proliferation through the reduction in 
hyperplasia of AT cells and hypertrophy of adipocytes  (Parrish 
et al., 1990; 1991). Additionally, n-3 PUFA, particularly from 
marine sources, provokes preferential partitioning of ingested 
energy towards oxidation at the expense of storage  (Flachs et 
al., 2005). 

PL composition of AT for all experimental diets (expressed 
in percents of total PL) is presented in Figure 1. Analysis of the 
PL classes showed that PtdCho, PtdEtn, PtdSer and CerPCho 
were common components in all diet types. In the SD group as 
in FOD group, PtdOH was also determined. PtdIns was found 
in all tested diets, except in the FOD. The main constituents of 
all analyzed diet types were PtdCho and PtdEtn. Clandinin et 
al. (1991) discussed that membrane polar lipid composition, as 
well as membrane cholesterol content, is carefully regulated 
by the cell and that the content of these constituents varies in 
the response to a variety of stimuli or changes in environment 
and physiological state, as it is the diet. Regarding individual 
PL classes, presented in this work, they respond to dietary FA 
manipulation to different degrees and some classes of PL are 
more responsive than others to diet variations. Both, PtdCho 
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and CerPCho (choline-containing, predominant constituents of 
the outer leaflet of the bilayer) were more responsive to vari-
ation in dietary SFA+MUFA content than to other dietary ad-
ministered FA. LD is characterized with the highest level of 
CerPCho and the lowest level of PtdCho, comparing to other 
diets. According to Barenholz and Thompson (1980), although 
the total amount of those two lipids is constant, the membrane 
content of each of them may vary greatly and they are in cer-
tain measure interchangeable as membrane lipid components. 
As LD is characterized with the highest level of SFA, one of 
the cellular answers could be the synthesis of higher amounts 
of CerPCho, due to the fact that the CerPChos in biological 
membranes are mainly more saturated than PtdChos  (Brown, 
1998). Moreover, in LD the content of PtdEtn significantly in-
creased when compared to other diets, resulting with the low-
est ratio of PtdCho/PtdEtn in that diet (Figure 2). That ratio 
is crucial for membrane integrity maintenance. Recalculating 
the results as the ratio of two choline-containing PL (PtdCho 
and CerPCho) to PtdEtn, the decreasing of the ratio in LD is 
not so fatal. The highest PtdCho/PtdEtn, (PtdCho+CerPCho)/
PtdEtn and significantly altered ratio were noticed in FOD, 
mainly as a consequence of the lowest content of PtdEtn, com-
paring to other diets (Figure 2). According to Li et al.  (2006) 
and his research on rat liver PtdCho/PtdEtn ratio, changes in 
membrane structure induced by increased level of PtdEtn and 
consequently lowered ratio, caused a loss of membrane integ-
rity. An increased content of cone-shaped lipid, PtdEtn, in the 
outer leaflet of the PM may result in membranes that are not 
as closely packed as those formed by cylindrically shaped Pt-
dCho. As a consequence of altered liver PM PtdCho/PtdEtn 
ratio, the progression of steatosis to steatohepatitis and liver 
failure occurred  (Li et al., 2006). Regarding AT PM, where 
insulin receptor was embedded, the changes in PtdCho/PtdEtn 
ratio may also result with some severe sickness or metabolic 
disorder. Field et al. (1989a) reported that the relationship be-
tween insulin receptor binding and insulin action with mem-
brane alterations exist. Increasing PUFA content of the diet en-
hances adipocyte insulin binding by changing the surrounding 
lipid environment and improving insulin-stimulated action in 
AT.

Dietary fat composition influences the fatty acyl composi-
tion of PM through several mechanisms: 1) changing the rate 
of de novo PL synthesis, 2) influencing the redistribution of 
FA chains via phospholipases or acyltransferases and methyl-
transferases,  (Field et al., 1989a; Hulbert et al., 2014) and 3) 
by direct desaturation of membrane PL-linked FA  (Field et al., 
1989a). 

AT total lipids, represented mainly by TAG, contain a 
complex mixture of FA which largely reflects the dietary in-
take of FA that are not synthesised de novo. Thus, dietary FA 
are an important source of AT FA and have a significant ef-
fect upon both the composition and the quantity of different FA 
in AT  (Fernandez-Quintela et al., 2007; Hulbert et al., 2014). 
This is consistent with the results obtained in our work because 
each diet mainly reflects the FA composition of administered 
food (Table 3). Comparing the SD, total AT lipids in PSOD had 
lower value of palmitic acid and total SFA and higher value of 
oleic acid, LNA and total n-6 FA. LD, OOD and FOD showed 
similar pattern with lower value of SFA, LNA and total n-6 FA 
and higher value of oleic and total MUFA content, compared 

to the standard diet. AT total lipid fraction in FOD is charac-
terised with the highest value of EPA and DHA, comparing all 
diets, which is consistent with the highest values of these two 
FA in fish oil added to the feed. Opposite to that, a discrepancy 
exists in LD, regarding the proportion of palmitic and stearic 
acid and total SFA, because their values are much lower in total 
lipids extracted from the AT than are in feed enriched with lard. 
One of the explanations could be the existence of AT TAG in 
a dynamic state: they are continuously formed by an influx of 
FA from the TAG-rich plasma lipoproteins and are also con-
tinuously hydrolysed to efflux FA into the plasma bound to al-
bumin. Under conditions of stimulated lipolysis, FA stored as 
TAG in AT are selectively mobilised. The mobilisation of indi-
vidual FA is specific for each FA, influenced by their molecular 
structure, more than their content in AT: it depends on chain 
length, unsaturation and cis-positional isomerism  (Raclot and 
Groscolas, 1993). The mobilisation generally correlated posi-
tively with unsaturation and negatively with the chain length 
of the FA. According to that, SFA are mobilised the least and 
PUFA the most, MUFA remaining intermediate. Highly mo-
bilised FA include those with 16-20 carbon atom chains and 
4-5 double bonds, whereas weakly mobilised FA include those 
with 20-24 carbon atom chains and 0-1 double bond  (Raclot, 
1997; Fernandez-Quintela et al., 2007; Hulbert et al., 2014). 
Taking that into consideration, each diet administration in this 
research possesses different sets of FA for incorporation in cel-
lular lipids, as well as for mobilization (which depend on cur-
rent metabolic state), so the incorporation of dietary specific FA 
in cell lipids is expected. Moreover, incorporation of healthier 
n-3 FA in cell lipids by diets can be fulfilled. Another possible 
reason for lower content of SFA than is expected in LD AT 
total lipids and generally the highest values of MUFA in AT 
total lipids in all types of diets used in the study, could be the 
conversion of SFA to MUFA by the action of stearoyl-CoA de-
saturase. Stearoyl-CoA desaturase introduces a single double 
bond into its substrates, palmitic and stearic acid and generate 
palmitoleic and oleic acid, the major MUFA in AT (Miyazaki 
and Ntambi, 2003). According to Tallman and Taylor (2003), 
AT total lipids also work as a reservoar of essential FA, LNA 
and alpha-linolenic acid. High proportion of these two FA in 
AT total lipids in all tested diets is expectable and consistent 
with the literature. LNA and alpha-linolenic acid are also pre-
cursors for the synthesis of other highly unsaturated n-3 and 
n-6 FA. In contrast to MUFA and precursor PUFA, all highly 
unsaturated FA are poor substrates for TAG synthesis and are 
mainly incorporated into PL, contributing to maintenance of 
membrane fluidity. However, maintaining membrane fluidity 
is not the main function of these FA in mammals. They are re-
quired for many other functions, such as eicosanoid signaling, 
pinocytosis and ion channel modulation  (Nakamura and Nara, 
2004). n-3 and n-6 PUFA, play a key role in the progression or 
prevention of human diseases such as obesity, diabetes, neuro-
logical and heart disease and cancer, mainly by affecting cellu-
lar membrane lipid composition, signal-transduction pathways 
and by direct control of gene expression. Gene expression is 
regulated by PUFA in several tissues, including AT (Ntambi 
and Bene, 2001).

Regarding FA profile in AT phospholipids (Table 4), pre-
sented in our study, it does not correlate with administered diet 
in so far as is noticed in AT total lipids. Relative MUFA and 
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PUFA proportion varied more within diets than did SFA pro-
portion. In the fraction of SFA (comprising more than 41% in 
all diets), stearic and palmitic FA were the main acids and their 
proportion slightly varied with the administered diet. Regard-
ing UFA, n-3 FA varied the most, particularly in FOD. The re-
sults are consistent with results of Soriguer et al. (2000). They 
found that AT PL was not very sensitive to dietary changes, ex-
cept for n-3 FA, and correlate with the higher affinity of the n-3 
for AT with higher oxidative and lipolytic capacity and lower 
fat mass in diets enriched with long chain PUFA. As is referred 
in Catta-Preta et al. (2012) PL FA composition of membranes 
seems to be a direct determinant of the metabolic rate in ro-
dents. Increasing levels of PUFA/SFA ratio in experimental 
food resulted with increased level of PUFA in AT total lipids 
as well as PL. According to Field et al. (1989b) increasing the 
PUFA content of the diet enhances adipocyte insulin binding 
by changing the surrounding lipid environment, thereby dem-
onstrating a clear physiological mechanism by which a high 
PUFA/SFA ratio may improve insulin-stimulated action in AT. 
It is known that the amount of insulin binding increases with 
the content of PUFA in membrane PL, while insulin binding 
decreases with increasing content of SFA and MUFA (Fernan-
dez-Quintela et al., 2007). 

Conclusions

Obtained results imply that diet modification has an influ-
ence on AT lipid content and composition as well as remodel-
ling process occurring in the AT PL. With healthier diet assort-
ment, highly unsaturated PUFA from marine origin, mediate 
their beneficial effects by reducing AT lipid content, increas-
ing PtdCho/PtdEtn and (PtdCho+CerPCho)/PtdEtn ratio and 
decreasing n-6/n-3 ratio in both, AT lipids and phospholipids.
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Table 1.  Effects of diets on food intake, mice body weight, relative adipose tissue weight, the content of adipose tissue total lipids 
and phospholipids of mice fed with standard diet (SD), pumpkinseed oil enriched diet (SPOD), lard enriched diet (LD), 
olive oil enriched diet (OOD) and fish oil enriched diet (FOD). 

SD PSOD LD    OOD   FOD  

Relative AT weight (g/100g) 1.68 ± 0.12 c,d,e, 1.44 ± 0.12 1.33 ± 0.06 a 1.35 ± 0.03 a 1.17 ± 0,15 a

AT total lipids
wlipids  (mg/100 mg tissue)

77.71 ± 1.57 d,e 77.10 ± 0.85 d,e 74.87 ± 1.77 72.94 ± 3.05 a,b 72.07 ± 1.36 a,b

AT phospholipids
Wphospholipids (µmol/ g tissue)

31.69 ± 2.69 d,e 30.15 ± 1.31 c,d,e 35.41 ± 1.20 b,d,e 39.81 ± 3.23 a,b,c 37.67 ± 2.83 a,b,c

Data are shown as means ± SD. The level of significance was set to p<0.05. ap<0.05 versus SD (standard diet); bp<0.05 versus 
PSOD (pumpkin-seed oil enriched diet; cp<0.05 versus LD (lard enriched diet); dp<0.05 versus OOD (olive oil enriched diet); 
ep<0.05 versus FOD (fish oil enriched diet)

Table 2.  Fatty acid composition of total lipids extracted from standard diet (SD) feed and feed enriched with pumpkin-seed oil 
(PSOD), lard (LD), olive oil (OOD) and fish oil (FOD).

FAME

TOTAL FATTY ACIDS (%)

SD PSOD LD OOD FOD

12:0 0.01 0.23 0.26 0.37 0.05

14:0 0.93 0.39 1.54 0.51 2.96

15:0 0.08 0.08 0.05 0.05 0.30

16:0 16.21 11.12 25.07 14.35 12.65

17:0 0.31 0.26 1.03 0.19 0.28

18:0 2.20 2.13 8.61 1.25 1.56

20:0 0.93 0.91 1.13 0.08 0

22:0 0.33 0.12 0.04 0.23 1.62

24:0 0.07 0.06 0.03 0.02 0.09

Σ SFA 21.07 15.25 37.77 17.04 19.51

14:1 0 0 0 0 0.39

16:1 n-7 1.51 1.06 2.82 1.17 8.41

17:1 n-7 0.02 0.04 0.33 0.05 0.11

18:1 n-9 21.37 28.93 43.05 52.27 23.67

20:1 n-9 1.00 1.09 0 2.22 10.02

24:1 n-5 0 0 0.02 0.03 0.08

ΣMUFA 23.90 31.12 46.22 55.74 42.69

18:2 n-6 46.72 48.02 14.89 23.82 20.16

20:2 n-6 0.87 2.25 0.29 0.99 0.16

20:3 n-6 0.11 0 0.03 0 0

20:4 n-6 0.06 0.04 0 0 0.18

Σ n-6 47.76 50.31 15.21 24.81 20.50

18:3 n-3 5.27 2.44 0.66 1.50 1.50

20:5 n-3 1.23 0.50 0.12 0.53 8.63

22:5 n-3 0 0 0 0 0.65

22:6 n-3 0.77 0.38 0.03 0.38 6.51

Σ n-3 7.27 3.32 0.81 2.41 17.29

Σ PUFA 55.03 53.63 16.01 27.22 37.79

Σ PUFA/ Σ SFA 2.61 3.52 0.42 1.60 1.94

n-6/n-3 6.57 15.16 18.88 10.31 1.18

FAME – fatty acid methyl esters; MUFA – monounsaturated fatty acids; PUFA – polyunsaturated fatty acids; SFA – saturated fatty 
acids; IU – index of unsaturation
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Table 3.  Fatty acid composition of adipose tissue total lipids in mice fed with standard diet and diets enriched with specific oil 
or lard. Values are area per cent. Data are shown as means ± SD. The level of significance was set to p<0.05. ap<0.05 
versus SD (standard diet); bp<0.05 versus PSOD (pumpkin-seed oil enriched diet; cp<0.05 versus LD (lard enriched 
diet); dp<0.05 versus OOD (olive oil enriched diet); ep<0.05 versus FOD (fish oil enriched diet)

FAME

TOTAL FATTY ACIDS (%)

SD PSOD LD OOD FOD

12:0 0.06 ± 0.01 b,c,d 0.12 ± 0.03 a,d,e 0.11 ± 0.04 a 0.09 ± 0.01 a,b 0.09 ± 0.02 b

14:0 1.13 ± 0.12 b,c,d,e 0.92 ± 0.07 a,c,e 1.11 ± 0.09 b,d,e 0.97 ± 0.11 a,c,e 1.30 ± 0.22 a,b,c,d

16:0 20.68 ± 0.71 b,c,d,e 17.52 ± 0.95 a,c 18.85 ± 1.42 a,b,d 17.72 ± 0.54 a,c 18.09 ± 0.69 a

18:0 1.68 ± 0.22 d 1.62 ± 0.14 d 1.79 ± 0.34 d,e 0.76 ± 0.78 a,b,c,e 1.36 ± 0.45 c,d

22:0 0.04 ± 0.06 b,c,e 0.01 ± 0.01 a 0.00 a 0.01 ± 0.01 0.00 a

Σ SFA 23.59 ± 0.92 b,c,d,e 20.19 ± 1.05 a,c 21.85 ± 1.81 a,b,d 19.54 ± 1.09 a,c,e 20.84 ± 0.97 a,d

14:1 n-5 0.08 ± 0.05 e 0.07 ± 0.02 e 0.09 ± 0.01 e 0.07 ± 0.02 e 0.13 ± 0.05 a,b,c,d

16:1 n-7 8.90 ± 0.59 b,c,d 6.42 ± 0.93 a,c,e 8.17 ± 0.90 a,b,d 6.79 ± 0.84 a,c,e 8.68 ± 0.35 b,d

18:1 n-9 34.28 ± 0.73 b,c,d,e 35.88 ± 0.99 a,c,d 39.67 ± 0.78 a,b,d,e 43.71 ± 1.73 a,b,c,e 35.79 ± 1.37 a,c,d

20:1 n-9 0.50 ± 0.24 e 0.59 ± 0.33 e 0.49 ± 0.29 e 0.69 ± 0.42 e 2.03 ± 0.61 a,b,c,d

22:1 n-9 0.01 ± 0.03 e 0.01 ± 0.02 e 0.00 e 0.00 e 0.21 ± 0.08 a,b,c,d

24:1 n-9 0.01 ± 0.02 0.00 ± 0.00 0.01 ± 0.01 0.00 0.00 ± 0.00

Σ MUFA 43.78 ± 0.79 b,c,d,e 42.98 ± 0.62 a,c,d,e 48.43 ± 0.49 a,b,d,e 51.24 ± 0.95 a,b,c,e 46.84 ± 0.94 a,b,c,d

18:2 n-6 29.33 ± 1.23 b,c,d,e 34.12 ± 1.31 a,c,d,e 26.85 ± 1.51 a,b 25.58 ± 2.00 a,b,e 27.77 ± 1.28 a,b,d

20:2 n-6 0.52 ± 0.19 d 0.40 ± 0.21 d 0.79 ± 0.43 d 1.48 ± 1.05 a,b,c,e 0.66 ± 0.67 d

20:4 n-6 0.14 ± 0.08 0.19 ± 0.04 0.19 ± 0.12 0.21 ± 0.12 0.18 ± 0.08

22:3 n-6 0.04 ± 0.04 d,e 0.03 ± 0.02 d,e 0.06 ± 0.02 d 0.10 ± 0.05 a,b,c 0.09 ± 0.05 a,b

Σ n-6 30.01 ± 1.16 b,c,d,e 34.75 ± 1.20 a,c,d,e 27.89 ± 1.33 a,b 27.38 ± 1.25 a,b,e 28.69 ± 0.58 a,b,d

18:3 n-3 2.03 ± 0.18 b,c,d 1.76 ± 0.30 a,c 1.50 ± 0.33 a,b,e 1.56 ± 0.31 a,e 1.85 ± 0.36 c,d

20:5 n-3 0.10 ± 0.04 e 0.04 ± 0.01 e 0.04 ± 0.02 e 0.03 ± 0.02 e 0.50 ± 0.13 a,b,c,d

22:5 n-3 0.08 ± 0.02 b,c,d,e 0.05 ± 0.01 a,e 0.05 ± 0.01 a,e 0.04 ± 0.01 a,e 0.15 ± 0.02 a,b,c,d

22:6 n-3 0.37 ± 0.11 b,c,d,e 0.23 ± 0.05 a,e 0.25 ± 0.04 a,e 0.20 ± 0.04 a,e 1.12 ± 0.21 a,b,c,d

Σ n-3 2.57 ± 0.23 b,c,d,e 2.08 ± 0.28 a,e 1.83 ± 0.36 a,e 1.83 ± 0.31 a,e 3.62 ± 0.56 a,b,c,d

Σ PUFA 32.62 ± 1.27 b,c,d 36.84 ± 1.22 a,c,d,e 29.72 ± 1.61 a,b,e 29.21 ± 1.43 a,b,e 32.32 ± 0.95 b,c,d

ΣUFA/ ΣSFA 3.24 ± 0.17 b,c,d,e 3.97 ± 0.26 a,c 3.61 ± 0.40 a,b,d 4.13 ± 0.30 a,c,e 3.81 ± 0.22 a,d

ΣPUFA/ ΣMUFA 0.75 ± 0.03 b,c,d,e 0.86 ± 0.04 a,c,d,e 0.61 ± 0.03 a,b,d,e 0.57 ± 0.04 a,b,c,e 0.69 ± 0.03 a,b,c,d

Σ n-6/ Σ n-3 11.74 ± 0.86 b,c,d,e 16.92 ± 2.10 a,e 15.65 ± 2.55 a,e 15.26 ± 2.26 a,e 8.08 ±1.19 a,b,c,d

IU 1.13 ± 0.02 b,e 1.20 ± 0.02 a,c,d 1.11 ± 0.04 b,e 1.13 ± 0.03 b,e 1.20 ± 0.02 a,c,d

Standard diet (SD), pumpkinseed oil enriched diet (PSOD), lard enriched diet (LD), olive oil enriched diet (OOD) and fish oil 
enriched diet (FOD)
FAME – fatty acid methyl esters; MUFA – monounsaturated fatty acids; PUFA – polyunsaturated fatty acids; SFA – saturated fatty 
acids; UFA – unsaturated fatty acids, IU – index of unsaturation
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Table 4.  Fatty acid composition of adipose tissue phospholipids in mice fed with standard diet and diets enriched with specific 
oil or lard. Values are area per cent.
Data are shown as means ± SD. The level of significance was set to p<0.05. ap<0.05 versus SD (standard diet); 
bp<0.05 versus PSOD (pumpkin-seed oil enriched diet; cp<0.05 versus LD (lard enriched diet); dp<0.05 versus OOD 
(olive oil enriched diet); ep<0.05 versus FOD (fish oil enriched diet)

FAME

TOTAL FATTY ACIDS (%)

 SD PSOD LD OOD FOD

14:0 1.02 ± 0.34 d 0.97 ± 0.17 0.79 ± 0.22 0.65 ± 0.13 a 0.82 ± 0.07 

16:0 18.50 ± 0.86 19.93 ± 0.73 c,d,e 17.92 ± 1.71 b 18.17 ± 0.60 b 17.66 ± 1.05 b

18:0 20.12 ± 0.90 d 18.68 ± 3.26 d 20.86 ± 2.05 24.44 ± 3.51 a,b 22.13 ± 2.15

20:0 0.29 ± 0.08 0.29 ± 0.14 0.17 ± 0.09 0.26 ± 0.01 0.25 ± 0.14

24:0 2.20 ± 0.83 d 1.89 ± 0.46 1.68 ± 0.60 1.21 ± 0.66 a 1.73 ± 0.50

Σ SFA 42.14 ± 1.40 41.77 ± 2.23 d 41.41 ± 0.70 d 44.72 ± 2.13 b,c 42.59 ± 1.81

14:1 n-5 0.04 ± 0.02 0.03 ± 0.01 0.04 ± 0.04 0.02 ± 0.00 e 0.06 ± 0.02 d

16:1 n-7 0.94 ± 0.11 0.79 ± 0.41 c 1.42 ± 0.76 b 0.97 ± 0.03 0.95 ± 0.23

18:1 n-9 15.58 ± 2.58 15.71 ± 2.65 16.67 ± 1.19 17.07 ± 1.53 14.50 ± 0.99

20:1 n-9 0.32 ± 0.09 e 0.33 ± 0.21 e 0.20 ± 0.04 e 0.42 ± 0.17 e 0.76 ± 0.39 a,b,c,d

22:1 n-9 11.34 ± 1.36 c 7.94 ± 2.56 c,d 15.05 ± 4.41 a,b,e 13.81 ± 0.41 b,e 8.71 ± 1.87 c,d

24:1 n-9 4.91 ± 0.33 c 4.07 ± 0.88 c,e 6.40 ± 0.52 a,b,d 4.67 ± 0.50 c 5.45 ± 1.13 b

Σ MUFA 33.13 ± 2.43 c 28.87 ± 4.17 c,d 39.79 ± 3.77 a,b,e 36.95 ± 1.24 b,e 30.44 ± 3.18 c,d

18:2 n-6 10.76 ± 0.74 12.55 ± 3.27 c,d,e 8.76 ± 1.73 b 7.91 ± 0.33 b 8.26 ± 1.56 b

20:2 n-6 1.07 ± 0.64 1.93 ± 1.03 c 0.55 ± 0.28 b,d,e 1.78 ± 1.08 c 1.72 ± 0.27 c

20:3 n-6 0.60 ± 0.47 0.25 ± 0.08 0.49 ± 0.20 0.40 ± 0.15 0.36 ± 0.23

20:4 n-6 11.08 ± 1.99 13.35 ± 1.26 c,d 8.14 ± 2.52 b,e 7.28 ± 1.46 b,e 13.90 ± 4.79 c,d

Σ n-6 23.51 ± 1.09 c,d 28.07 ± 4.91 c,d 17.95 ± 3.66 a,b,e 17.36 ± 0.84 a,b,e 24.24 ± 5.07 c,d

18:3 n-3 0.65 ± 0.14 0.92 ± 0.53 c 0.43 ± 0.13 b,e 0.67 ± 0.24 0.91 ± 0.21 c

22:6 n-3 0.59 ± 0.06 e 0.37 ± 0.09 e 0.42 ± 0.12 e 0.29 ± 0.21 e 1.82 ± 0.42 a,b,c,d

Σ n-3 1.24 ± 0.12 e 1.29 ± 0.47 c,e 0.85 ± 0.15 b,e 0.96 ± 0.22 e 2.73 ± 0.39 a,b,c,d

Σ PUFA 24.74 ± 1.05 c,d 29.36 ± 5.12 c,d 18.80 ± 3.55 a,b,e 18.32 ± 0.77 a,b,e 26.97 ± 4.95 c,d

ΣUFA/ ΣSFA 1.38 ± 0.08 1.40 ± 0.13 d 1.42 ± 0.04 d 1.24 ± 0.11 b,c 1.35 ± 0.10

ΣPUFA/ΣSFA 0.59 ± 0.01 d 0.71 ± 0.14 c,d 0.45 ± 0.08 b,e 0.41 ± 0.04 a,b,e 0.64 ± 0.14 c,d

Σ n-6/Σ n-3 19.15 ± 2.50 e 23.42 ± 4.47 e 22.23 ± 5.94 e 18.70 ± 4.25 e 9.09 ± 2.37 a,b,c,d

ΣPUFA/ΣMUFA 0.75 ± 0.08 b 1.05 ± 0.31 a,c,d 0.48 ± 0.14 b,e 0.50 ± 0.01 b,e 0.91 ± 0.25 c,d

IU 1.08 ± 0.04 c,d 1.17 ± 0.09 c,d 0.96 ± 0.07 a,b,e 0.90 ± 0.06 a,b,e 1.21 ± 0.14 c,d

Standard diet (SD), pumpkinseed oil enriched diet (PSOD), lard enriched diet (LD), olive oil enriched diet (OOD) and fish oil 
enriched diet (FOD)
FAME – fatty acid methyl esters; MUFA – monounsaturated fatty acids; PUFA – polyunsaturated fatty acids SFA – saturated fatty 
acids; UFA – unsaturated fatty acids, IU – index of unsaturation
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Figure 1. Phospholipid composition of adipose tissue expre-
ssed as mass percent of main phospholipids in mice 
fed with standard diet and diets enriched with speci-
fic oil or lard

Data are shown as means ± SD. The level of significance was 
set to p<0.05. ap<0.05 versus SD (standard diet); bp<0.05 versus 
PSOD (pumpkin-seed oil enriched diet; cp<0.05 versus LD 
(lard enriched diet); dp<0.05 versus OOD (olive oil enriched 
diet); ep<0.05 versus FOD (fish oil enriched diet)

Figure 2.  Mass ratio of PtdCho/PtdEtn and (PtdCho+SM)/
PtdEth in adipose tissue phospholipids in mice fed 
with standard diet and diets enriched with specific 
oil or lard

Data are shown as means ± SD. The level of significance was 
set to p<0.05. ap<0.05 versus SD (standard diet); bp<0.05 versus 
PSOD (pumpkin-seed oil enriched diet; cp<0.05 versus LD 
(lard enriched diet); dp<0.05 versus OOD (olive oil enriched 
diet); ep<0.05 versus FOD (fish oil enriched diet)
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