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Introduction

The fatty acid profile of the diet affects the 
concentration of fatty acids (FA) present in the 
erythrocyte membrane (Baur et  al., 2000; Harris 

et  al., 2000). Erythrocytes, easily collectible cells 
for further physiological analyses, provide valu-
able insights into the FA profiles in less accessi-
ble tissues of animals and humans (Baur et  al., 
2000; Harris et  al., 2000; Muhizi and Kim, 2021; 

ABSTRACT. The objectives of our study were to enhance and evaluate an 
improved saponification method for the quantification of fatty acids (FA), with 
a specific focus on highly-unsaturated long-chain polyunsaturated FA (LPUFA) 
that are easily peroxidised in pig erythrocytes. These erythrocytes serve as  
a valuable large animal model for human studies. We implemented a modified 
saponification procedure, involving a shorter initial saponification at 95 °C 
for 2 min, followed by overnight saponification at 22–25 °C, and subsequent 
gentle base and acid-catalysed methylation of FA. These analytical procedures 
proved to be suitable for gas-chromatographic analysis of highly-unsaturated 
LPUFA, which are prone to peroxidation in processed piglet erythrocytes. The 
modified initial saponification at 95 °C, followed by overnight saponification at 
22–25 °C, and subsequent methylation, were used to assess the suitability 
of erythrocytes for the determination of FA, tocopherol and malondialdehyde 
(MDA) concentrations in monogastric mammalian tissues. The content of 
docosahexaenoic acid (DHA) in erythrocytes can serve as a marker for DHA 
bioaccumulation in animal tissues and dietary contents of n-3LPUFA (especially 
DHA). The concentrations of δ-, γ-, α-tocopherols, total cholesterol and MDA 
increased in piglet erythrocytes during 16 days of exposure to dietary fat. 
The levels of FA and tocopherols can therefore be used in erythrocytes as 
indicators of the bioaccumulation yield of these compounds in animal tissues. 
Additionally, we propose that FA and tocopherol profiles in erythrocytes may be 
used as indicators of the concentrations of these components in diets and the 
effectiveness of their bioaccumulation in animal tissues.
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Boccardo et al., 2022). Additionally, numerous pre-
vious studies have demonstrated significant associa-
tions between erythrocyte FA profiles and the meta-
bolic syndrome (MS), independent of well-known 
risk factors such as physical activity, alcohol intake, 
and smoking (Di Marino et  al., 2000; Kabagambe 
et  al., 2008; Gabriel et  al., 2013; Pastorelli et  al., 
2021). In fact, the FA profile of erythrocytes may be  
a useful biomarker for assessing medium-term dietary 
fat intake (2–3 months for humans), and for compar-
ing FA profiles in relation to their impact on cardiovas-
cular diseases, diabetes or intermediate phenotypes  
(Enriquez et  al., 2004; Poppitt et  al., 2005; Baylin 
and Campos, 2006; Sun et al., 2007; Mužáková et al., 
2019). For instance, recent prospective studies have 
shown a  positive correlation (R  =  0.44; P  <  0.01) 
between dietary trans-FA (t-FA) concentrations and 
t-FA content in erythrocytes (Sun et  al., 2007). FA 
composition of erythrocytes reflects FA consumed in 
the diet and can provide insights into certain mental 
diseases, such as schizophrenia, depression or anxi-
ety, or metabolic disorders like diabetes (Bystrická 
and Ďuračková, 2016). Higher concentrations of un-
saturated FA (UFA), especially polyunsaturated FA 
(PUFA), have shown a significant (P < 0.05) nega-
tive association in erythrocytes with systolic blood 
pressure, triglycerides and waist circumference, but 
a  positive monotonic association with high-density 
lipoprotein (HDL) cholesterol content and low-
density lipoprotein (LDL) cholesterol particle size 
(Kabagambe et  al., 2008; Detopoulou et  al., 2018; 
Ding et al., 2020). In addition, total polyunsaturated 
FA (ΣPUFA) and n-6PUFA (Σn-6PUFA), as well as 
the ratio of ΣPUFA to Σsaturated FA (ΣPUFA/ΣSFA) 
were found to be negatively correlated with the meta-
bolic syndrome (MS) or its components (Kabagambe 
et al., 2008). Fortunately, short-term changes in diet 
composition (such as FA profile) have a smaller im-
pact on the chemical composition of erythrocytes 
compared to blood plasma (Poppitt et  al., 2005). 
The composition of plasma FA tends to fluctuate 
daily, whereas their content in human erythrocytes 
reflects long-term dietary fat intake over a period of 
2–3 months. Interestingly, certain intestinal FA, es-
pecially short- and medium-chain FA and conjugat-
ed dienes, can be directly absorbed into the blood-
stream and subsequently distributed to other tissues  
(Czauderna et al., 2004; Rozbicka-Wieczorek et al., 
2014; Callahan et al., 2020; Jo et al., 2021; Trivedi 
et  al., 2021). Thus, FA levels in erythrocytes can 
serve as an indicator of the effectiveness of lipases 
in the gastrointestinal tract and the FA profile in diets 
for humans and monogastric animals, particularly for 

pigs. In fact, pigs are frequently used as a biomedical 
large animal model for human studies due to its phys-
iological and anatomical similarities to humans, es-
pecially in terms of the immune, cardiovascular and 
gastrointestinal systems (Goncharova et al., 2014).

Taking into consideration the aforementioned 
information, the primary objective of the current 
trial was to examine the variations in the levels of 
physiologically important components (like FA, 
tocopherols or cholesterol) in erythrocytes (specifi-
cally in their membrane) during an experimental pe-
riod of controlled fat feeding. The aim was to study 
the rate at which dietary supplements affect the con-
centrations of FA (particularly PUFA), tocopherols, 
cholesterol and malondialdehyde (MDA) (a marker 
of PUFA peroxidation) in erythrocytes. Addition-
ally, the study sought to determine whether a quali-
tative biomarker for dietary supplements could be 
identified when the experimental diet was supple-
mented with n-3 long-chain, highly-unsaturated 
fatty acids (n-3LPUFA). Dietary enrichment with  
n-3 LPUFA has been demonstrated to exert posi-
tive effects on the health of humans, livestock 
and domestic animals. These highly unsaturated  
n-3LPUFA have also shown a  significant positive 
impact on FA composition, oxidant-antioxidant bal-
ance, nitric oxide (NO) levels, anti-inflammatory cy-
tokine synthesis, and the nerve network responsible 
for cardiac function (Jo et al., 2021; Trivedi et al., 
2021). To this end, the concentrations of FA (es-
pecially n-3LPUFA), tocopherol, total cholesterol  
(T-Ch) and MDA were determined in erythrocytes of 
piglets fed a high fat diet (HFD) supplemented with 
fish oil (FO) rich in eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA). The aim was to 
investigate the impact of this dietary supplementa-
tion on erythrocyte composition. Quantification of 
FA in erythrocytes, as well as in other biological 
samples, is usually carried out using capillary gas-
chromatography with mass spectrometry (GC-MS). 
This analytical technique offers exceptional preci-
sion and accuracy, especially when handling small 
sample masses (Rozbicka-Wieczorek et al., 2014). 
Moreover, the extremely sensitive saponification 
and methylation method is essential for accurate and 
precise analyses of highly unsaturated long-chain 
PUFA in selectively isolated erythrocyte of piglets 
(Czauderna et al., 2007).

Therefore, the main aim of our study was to 
develop a novel pre-column method for GC analy-
sis of FA (especially highly-unsaturated LPUFA) 
in erythrocytes of healthy piglets that would be 
based on improved initial saponification at 95  °C,  
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followed by overnight saponification and subse-
quent methylation (Czauderna et  al., 2007). The 
key focus was on improving the method to prevent 
peroxidation of LPUFA, intra-isomerization and/or 
isomerization of PUFA, such as conjugated dienes 
(Czauderna et  al., 2007), or the formation of bio-
logical artefacts in the assayed erythrocytes. 

The second objective of the current study was to 
examine the effectiveness of improved pre-saponi-
fication at 95 °C, followed by saponification over-
night and final methylations (Czauderna et al., 2007) 
to quantify FA, with particular emphasis on readily 
peroxidised LPUFA in erythrocytes of a healthy and 
growing piglet fed a high fat diet (HFD-20) supple-
mented with FO (rich in EPA and DHA) for a pe-
riod of 16 days. To ensure consistency and elimi-
nate individual variations, erythrocyte samples were 
collected from a single healthy piglet under similar 
pre-prandial conditions. Saponification (Czauderna 
et al., 2007) and methylation steps were pre-tested 
on red blood cells collected from eight piglets with 
pancreatic exocrine insufficiency (EPI) (Goncharo-
va et al., 2014). These piglets were fed HFD-20 sup-
plemented with pancreatic-like microbial enzymes 
and encapsulated FO (rich in EPA and DHA) for  
4 weeks.  

Material and methods

Reagents and chemicals
Encapsulated FO (dietary supplement) was 

purchased from Nutravita Ltd. The composition 
of FO composition in terms of its main fatty acids  
(mg/g FO) was as follows: palmitic acid (C16:0) 
10.1, stearic acid (C18:0) 116.9, oleic acid 
(c9C18:1) 36.8, linoleic acid (c9c12C18:2) 27.8, 
αlinolenic acid (c9c12c15C18:3) 10.0, arachidonic 
acid (c5c8c11c14C20:4) 34.1, eicosapentaenoic 
acid (c5c8c11c14c17C20:5) 220.0; cis13docosae-
noic acid (c13C22:1) 2.2, docosapentaenoic acid 
(c7c10c13c16c19C22:5) 62.5 and docosahexaenoic 
acid (c4c7c10c13c16c19C22:6) 330. HPLC ace-
tonitrile (≥  99.9%), methanol (≥  99.9%) and GC 
nhexane (≥ 99.0%) were purchased from Lab-Scan  
(Dublin, Ireland). Nonadecanoic acid (C19:0; in-
ternal standard), cholesterol, a  mixture of conju-
gated linoleic acid isomers, an standard FA mixture  
[37 FA methyl esters (FAME) mix], α-tocopherol  
(α-T), δ-tocopherol (δ-T), γ-tocopherol (γ-T), 2,6-di-
tert-butyl-p-cresol, 25% aqueous 1,5-pentanedialde-
hyde solution, 1,1,3,3-tetramethoxy-propane (99%),  
cholesterol, 2,4-dinitrophenylhydrazine (containing 

~30% water), trichloroacetic acid and 25% BF3 in 
methanol were purchased from Sigma Aldrich (St 
Louis, MO, USA). Chloroform, dichloromethane 
(DCM), Na2SO4, NaOH and KOH were purchased 
from Avantor Performance Materials (Gliwice,  
Poland). All other reagents were of analytical grade. 
Water used  to prepare mobile phases and chemi-
cal reagents was obtained using an Elix™ Essen-
tial Water Purification System (Merck KGaA,  
Darmstadt, Germany).

Pig management, experimental design and 
feeding

All experiments involving piglets were car-
ried out at The Kielanowski Institute of Animal  
Physiology and Nutrition, Polish Academy of 
Sciences (Jabłonna, Poland). The welfare guide-
lines and handling procedures for the piglets were 
strictly followed according to the recommenda-
tions of the Second Warsaw Local Ethics Com-
mittee for Animal Experimentation (Ciszewskiego 
8 street, 02-785 Warsaw, Poland; permission num-
ber: WAW2/15/2017, February 2017) throughout 
the preliminary and experimental periods. The first 
experiment used one healthy piglet, and the sec-
ond experiment utilised eight piglets with EPI. The 
piglets used in both experiments were crossbred  
(Polish Landrace ×  Yorkshire ×  Hampshire) male 
piglets (Sus scrofa domesticus) at 10 weeks of 
age weighing ~11.1  kg at the beginning of both 
experiments. All piglets were maintained on  
a 12-hour day-night cycle, with lights on from 06:00 
to 18:00. They were housed in individual cages with 
dimensions of 130  cm (width) ×  170  cm (length) 
×  150  cm (height). Each cage was equipped with 
a  feeding trough, drinking nipple, and a  heating 
lamp (150  W). All piglets were allowed to move 
freely within their cages and had visual contact 
with other piglets. All piglets had free access to 
fresh tap drinking water throughout the initial and 
experimental periods. Analyses of the standard ce-
real-based diet and cereal-based pelleted high-fat 
diet (HFD-20) were performed at The Kielanowski 
Institute of Animal Physiology and Nutrition, Polish 
Academy of Sciences (Jabłonna, Poland). Neutral 
detergent fibre (2002.04; Mertens, 2002), as well as 
dry matter (934.01), crude protein (984.13), crude 
fibre (978.10), crude fat (920.39), ash (942.05), acid 
detergent fibre (973.13) and acid detergent lignin 
(973.13) in pigs’ feed were analysed according to 
the AOAC (2005).

The composition of the standard cereal-based 
diet (Morawski Plant, Kcynia, Poland), used as the 
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adaptation diet in the first experiment on a healthy 
piglet (without EPI), is presented in Table  1. The 
diet contained the following components: 16% 
crude protein, 34% starch, 2% crude fat, 42% 
crude fibre, 4.8% mineral-vitamin-micronutrients 
and 1.2% amino acids. HFD-20 (Morawski Plant, 
Kcynia, Poland; Table  2) contained: 17.5% crude 
protein, 3.9% crude fibre, 20% crude fat, and 5.2% 
ash, as well as 5000 IE vitamin A/kg, 500 IE vitamin 
D/kg and 85 mg vitamin E/kg. 

The supplemented FO was administered to the 
piglets in the form of capsules. Each capsule, contain-
ing 1 g of FO, was cut into several pieces prior to the 
administration of the first half of the piglets’ ration.

The first experiment was carried on a  single 
healthy and growing piglet to ensure the stability 
and uniformity of the erythrocyte samples for analy-
sis. The piglet had an initial weight of 11.2  kg at 
the start of the experiment and was fed a standard 
cereal-based diet (Table 1). The diet was provided 
at a daily amount to 4% of the piglet’s body weight, 
with the first half of the ration given in the morn-
ing (at 09:00) and the second half in the afternoon 
(at 17:00). After a  three-week adaptation period, 
the piglet was fed HFD-20 (Table  2) twice daily 
(2.0% body weight per meal), at 09:00 and 17:00 
for 16 days. The first half of the morning ration was 
supplemented with 5 g of encapsulated FO (5 g FO/
piglet/day) containing 1.10  g of eicosapentaenoic 
acid (EPA; c5c8c11c14c17C20:5) and 1.65 g of doc-
osahexaenoic acid (DHA; c4c7c10c13c16c19C22:6). 
Three blood samples (~2 ml) from the healthy piglet 
(without EPI) were collected every day (day 1 to 16) 
before morning meal in Experiment 1.

Experiment  2 involved eight piglets with EPI 
(Goncharova et al., 2014) weighing 11.1 ± 0.9 kg at 
the start of the experiment. The piglets with EPI at the 
beginning of the experiment were fed daily a ration of 
HFD-20 (Table 2) corresponding to 4% of their body 
weight; the first half of the ration was given in the 
morning (at 09:00), and the second half of the ration in 
the afternoon (at 17:00). After a four-week adaptation 
period, EPI piglets were fed HFD-20 supplemented 
with pancreatic-like microbial enzymes, including 
bacterial (Chromobacterium viscosum) L1 with 

Table 2. Ingredients, chemical composition, and nutritional value  
of cereal-based pelleted high-fat diet (HFD-20) (Morawski Plant, 
Kcynia, Poland)

Ingredients   g/kg
Barley 261.00
Wheat 274.80
Soybean meal 220.00
Rapeseed oil 200.00
Premix 0.5% grower1 5.00
Fodder salt 2.00
Zink oxide 0.17
Lysine 5.00
Methionine 2.00
Threonine 2.00
Acidifier 1.00
Chemical composition2

dry matter 905
ash 24.3
organic matter 881
crude protein 166
ether extract (fat) 216
crude fibre 33.5
starch 311
lysine 13.20
methionine 4.65
threonine 7.80
P 6.97
Ca 2.0
Na 1.14

Energy, MJ/kg 16.8 (4012.7 kcal)
Lysine / energy, g/MJ 0.79
1 contained per kg of diet: μg: vit. A 2250, vit. D3 37.5; mg: Fe 152, Zn 
231, Cu 24.9, Mn 50.7, I 0.69, Se 0.23, Co 0.08, Mg 1.24, Na 1.14, vit. 
E 63.2, vit. K3 1.1, vit. B1 4.27, vit. B2 4.46, vit. B6 5.34, vit. B12 2.71, bio-
tin 0.21, folic acid 1.87, nicotinic acid 51, calcium-D pantothenate 15.3, 
choline chloride 1300; g: Ca 2.0, P 6.97, K 6.12, S 1.56, NaCl 1.80;  
2 concentration of main fatty acids: g/kg high fat diet (HFD-20): caprylic 
acid (C8:0) – 0.402, capric acid (C10:0) – 0.043, lauric acid (C12:0) 
– 0.213; miristic acid (C14:0) – 0.236, C16:0 – 11.26, cis-9-C16:1 
(c9C16:1) – 0.265, stearic acid (C18:0) – 2.796, oleic acid (c9C18:1) 
– 77.32, linoleic acid (c9c12C18:2; LA) – 102.1, gamma-linolenic acid 
(c6c9c12C18:3) – 0.621, α-linolenic acid (c9c12c15C18:3; αLNA) – 
20.63, arachidic acid (C20:0) – 0.286, behenic acid (C22:0) – 0.215, 
arachidonic acid (c5c8c11c14C20:4; AA) – 0.06, erucic acid (c13C22:1) 
– 0.236 and eicosapentaenoic acid (c5c8c11c14c17C20:5, EPA) – 0.031

Table 1. Composition of the standard cereal-based diet (Morawski 
Plant, Kcynia, Poland)1

Ingredients   g/kg
Wheat 
Barley 
Soybean meal 
Fish flavour  
Monocalcium phosphorum 
Fodder chalk 
Fodder salt 
L-Lysine 78% 
DL-Methionine 99% 
L-Treonine 98.5% 
L-Tryptophan 98% 
Organic acids 
Zinc oxide 
Vitamin premix 
Micronutrients

402.75 
400.00 
120.00 
  30.00 
  20.00 
  10.00 
    2.70 
    5.00 
    2.70 
    2.00 
    2.00 
    1.30 
    0.42 
    0.13 
    1.00

1 Basal diet for pigs or piglets is a standard diet balanced according to 
the nutrient requirements of pigs (NRC, 2012)

https://en.wikipedia.org/wiki/Caprylic_acid
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a  specific activity of ≥  2500 units/mg (Sigma), 
and fungal (Rhizopus oryzae) L2, with a  specific 
activity of 4019.3 units/mg (Amano). The 
enzymes were added at a  concentration of 0.8 g 
per kg of HFD-20. Additionally, the piglets were 
supplemented with 5 g of encapsulated FO per day, 
which contained 1.10 g of EPA and 1.65 g of DHA.

The health status of all piglets was monitored 
on a daily basis by professional veterinary staff at 
The Kielanowski Institute of Animal Physiology 
and Nutrition, PAS (Jabłonna).  

Preparation of erythrocyte samples 
Blood samples from each piglet (without or with 

EPI) were collected via a jugular vein catheter into 
heparinized tubes, just before morning feeding (at 
08:30) on each day of the experimental period. The 
collected blood samples were immediately placed 
on ice and then centrifuged at 3000 × g for 15 min at 
4 °C. After centrifugation, the plasma layer (super-
natant) and buffy coat (white blood cells and plate-
lets) were carefully separated from red blood cells 
(residue). To obtain the residue containing erythro-
cytes, 1 ml of saline solution was added, mixed and 
centrifuged at 4000 rpm (rotor radius – 4.5 cm) for 
10 min at 4 °C. The washing procedure was repeated 
three times. Selectively isolated erythrocytes (RBC) 
were stored in sealed vials and frozen at −32 °C un-
til further chemical analyses. All piglet erythrocyte 
samples were analysed individually. 

The concentrations of FA, total cholesterol  
(T-Ch), tocopherols and MDA in erythrocytes were 
expressed on a  fresh weight basis (i.e. per 1  g of 
fresh erythrocytes).

Preparation of fatty acid methyl esters 
(FAME) in processed erythrocyte cells  

The improved saponification and extraction 
of free fatty acids from erythrocyte cell hydro-
lysates were conducted as follows: red blood cells  
(40–60 mg) were placed in a vial and treated with 
1 ml of 2 M KOH in water and 1 ml of 1 M KOH 
in methanol. Next, 25  μl of the internal standard 
solution (17  mg ×  ml−1 C19:0 in chloroform) was 
added, and the resulting mixture was protected 
from light. Subsequently, the mixture was careful-
ly flushed with argon (Ar) for 4–5 min, vigorous-
ly vortexed for 1–2 min in a  sealed vial, and then 
heated under Ar at 95 °C for 2 min. The resulting 
solution was immediately cooled on ice to room 
temperature and sonicated for 10 min. Finally, the 
resulting hydrolysate was protected from light and 
stored in a tightly sealed vial under Ar at 22–25 °C 
overnight. The next day, water (1.5 ml) was added 

to this hydrolysate, and the solution was again vig-
orously vortexed. This solution was then acidified 
with 4 M HCl to an approximate pH of 2.0, and free 
fatty acids were extracted four times with 1.5 ml of 
DCM. To avoid loss of free FA, the extraction was 
repeated four times using 1.5 ml n-hexane. The up-
per layer of n-hexane was combined with a  layer 
of DCM, and the resultant organic phase was dried 
using ~100  mg of Na2SO4. Organic solvents were 
removed under a stream of Ar at room temperature. 
The obtained residue (I) was stored at −32 °C until 
mild methylation catalysed by base or acid.
Preparation of fatty acid methyl esters 
(FAME)  

Two millilitres of 2  M NaOH in methanol was 
added to residue I, and the resulting solution was care-
fully de-aerated by a stream of Ar for ~5 min, followed 
by the reaction for 1 h at 40 °C. After cooling, 1 ml 
of 25% BF3 in methanol was added to the reaction 
mixture, and carefully flushed with a stream of Ar for 
~5 min and reheated for 1 h at 40 °C. Subsequently, 
water (2.5 ml) was added to the cooled reaction mix-
ture and FAME were extracted with 1 ml of n-hexane. 
The clear supernatant was transferred to a GC vial.

Gas chromatography
The analyses of all FAME in processed eryth-

rocytes were performed using a  GC-MS-QP2010 
Plus EI (SHIMADZU; Tokyo, Japan), equipped 
with a  BPX70 fused silica capillary column  
(120 m × 0.25 mm i.d. × 0.25 μm film thickness; 
SHIM-POL), a quadrupole mass selective (MS) de-
tector (Model 5973N; SHIMADZU; Tokyo, Japan) 
and an injection port. Helium as the carrier gas was 
operated at a constant pressure of 223.4 kPa and an 
initial flow rate of 1 ml/min. The temperature and 
split ratio of the injector were 200 °C and 1:1, re-
spectively. Injection volumes were 1–2 μl. The 
transfer line was maintained at 240 °C. The MS was 
operated in the EI mode and full scan monitoring  
(m/z 30–350). The ion-source temperature was  
set to 240 °C, and the electron energy was equal to 
70  eV. Total FAME profiles in processed samples 
were determined using the column temperature  
gradient programme. The column was initially  
operated at 70  °C for 4  min, and then the tem-
perature of the column was increased according 
to the  following temperature gradient program:  
12 °C/min to 150 °C, held for 6 min, increase at a rate  
of   8 °C/min to 168 °C, held for 27 min, increase at  
a rate of  0.75 °C/min to 190 °C, held for 10 min, 
increase at a rate of 1.8 °C/min to 210 °C, held for 
15 min, increase at a rate of 6 °C/min to 234 °C, held 
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for 4 min, increase at a rate of 6 °C/min to 236 °C, 
held for 20 min. 

The identification of FAME in erythrocyte 
samples was verified based on electron impact 
ionization spectra of FAME and compared with 
FAME standards and the NIST 2007 reference mass 
spectra library (SHIMADZU; Tokyo, Japan).

MDA analysis in processed erythrocytes 
using C18-UFLC-DAD 

MDA concentration in erythrocyte samples was 
determined after saponification, fol-lowed by de-
rivatisation according to the procedure described 
by Czauderna et  al. (2011). Separation of deriva-
tised MDA from endogenous species in processed 
erythrocytes was conducted using a  C18-liquid 
chromatographic system (Czauderna et  al., 2011). 
The concentration of MDA in erythrocytes was 
analysed using a liquid chromatographic apparatus  
(SHIMADZU; Tokyo, Japan) with two LC-20ADXP 
pumps (UFL-CXR), SIL-20 ACXR autosampler 
(LFL-CXR), CBM-20A communications bus mod-
ule, CTO-20A column oven, C18-column (Synergi, 
Hydro-RP; particle size: 2.5  μm; 100  Å; 100  mm 
×  2  mm i.d.; Phenomenex; Torrance, CA, USA), 
DGU-20A5 degasser and SPD DAD.

Analysis of tocopherols and T-Ch in 
processed erythrocytes using liquid 
chromatography 

Tocopherols (α-T, δ-T and γ-T) and T-Ch in eryth-
rocyte samples (40–60 mg) were analysed according 
to the method described by Czauderna et al. (2009). 
T-Ch, α-T, δ-T and γ-T were fractionated from endog-
enous components in processed erythrocyte samples 
using a reversed-phase (C18) liquid chromatography 
system (SHIMADZU; Tokyo, Japan). The liquid 
chromatographic instrument used consisted of an ul-
tra-fast liquid chromatography system (C18-UFLC-
DAD), containing two LC-20ADXP pumps (UFL-
CXR), SIL-20 ACXR autosampler (LFL-CXR), 
CBM-20A communications bus module, CTO-20A 
column oven, Kinetex C18-column (the particle size: 
2.6 μm; Hydro-RP, 150 mm × 2.1 mm i.d.; Phenom-
enex; Torrance, CA, USA), DGU-20A5 degasser and 
SPD photodiode array detector (DAD). 

Statistical analysis
All statistical analyses of the effects of dietary ad-

ditives were carried out using the Statistica 12.5 PL 
software package (StatSoft Inc., Tulsa, OK, USA). 
The significance of differences in the content of se-
lected lipid compounds/biomarkers during the first 
experiment (between-day) with a  healthy piglet 

was determined using the Friedman ANOVA test.  
A  P-value ≤ 0.05 was considered significant.

The statistical analysis of the effects of initial 
saponification at 95 °C for 2 min and 10 min (Table 4) 
on the concentrations of selected FA in erythrocytes of 
eight piglets with EPI was carried out using the non-
parametric Mann-Whitney U  test. Differences were 
considered significant at P ≤ 0.05.

Results
No adverse effects (like vomiting or diarrhoea) 

were observed in eight piglets with EPI and the 
healthy piglet (without EPI) fed diets with 5  g of 
encapsulated FO (5 g FO/piglet/day). Moreover, the 
analysis revealed that the levels of EPA, DPA and 
DHA contained in 5 g of FO capsules were sufficient 
to increase the concentrations of these fatty acids in 
erythrocytes above the limit of quantification (LOQ) 
(Tables 3, 4 and 5). 

Effect of initial saponification time at 95 °C 
on FA concentrations in erythrocytes 

Experiment 1 in healthy piglet. To investi-
gate the susceptibility of unstable arachidonic acid  
(AA; c5c8c11c14C20:4), EPA, DPA, and DHA in 
erythrocytes to oxidation and decomposition. We first 
attempted to quantify the methylated FA formed after 
initial saponification at 95 °C for 2, 10 and 20 min, 
followed by saponification overnight, and subsequent 
methylation (Czauderna et al., 2007). Unfortunately, 
shorter time (< 2 min) of initial saponification resulted 
in the formation of a visible precipitate derived from 
the assayed erythrocytes in the KOH solution used 
for hydrolysis. This precipitate persisted even after 
mild base and acid methylations were performed.

The results summarized in Table  4 show that 
the shortest duration (2 min) of initial saponification 
at 95  °C resulted in higher concentrations of AA, 
EPA, DPA, DHA, tetracosapentaenoic acid (c9c-
12c15c18c21C24:5; C24:5n-3) and tetracosahex-
aenoic acid (c6c9c12c15c18c21C24:6; C24:6n-3) 
in erythrocytes compared to the concentrations ob-
served with longer times (10 and 20 min) of eryth-
rocyte processing. On the other hand, the concen-
trations of other FA, i.e. saturated FA (SFA) and 
UFA containing 18 or fewer carbon atoms in UFA 
chains in the processed erythrocytes were not de-
pendent on the duration of pre-saponification (i.e. 2, 
10 or 20 min). These findings indicated that initial  
saponification at 95  °C for 2  min reduced the  
degradation efficiency of LPUFA, which are suscep-
tible to oxidative damage when compared to longer 
durations of initial saponification (10 and 20 min). 
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Table 3. Calibration equations, correlation coefficients, limits of detection (LOD) and limits of quantification (LOQ) of FA determined in erythro-
cytes and inter-assay coefficient of variations (C.V., %) from the measurements of fatty acid (FA) concentrations in three erythrocyte samples 
from piglets with pancreatic exocrine insufficiency (EPI) fed high fat diet (HFD-20) supplemented with pancreatic-like microbial enzymes and fish 
oil (FO) 

FA
Calibration  
equation1, 
y(ng) = a x Sn

Linearity, r 
Detector 
response  
to ng FA1

FA range (µg) 
in processed 
standards

LOD2,          
ng

LOQ3,     
ng

2 min 
C.V., %    

10 min 
C.V., %  

C10:0 0.00009335 x Sn 0.9996 386089   0.5–50.0 0.10 0.32 3.11 2.96
C14:0 0.00008415 x Sn 0.9998 420393   2.5–25.0 0.09 0.29 4.08 3.86
C16:0 0.00010711 x Sn 0.9999 330446 10.0–300.0 0.11 0.36 3.92 3.91
C18:0 0.00008008 x Sn 0.9999 438989 10.0–400.0 0.12 0.39 4.89 4.69
C20:0 0.00010625 x Sn 0.9987 331007   0.5–5.0 0.18 0.58 2.88 3.04
c9C14:1 0.00007820 x Sn 0.9968 447261   5.0–50.0 0.10 0.33 2.93 3.63
c9C16:1 0.00007874 x Sn 0.9978 444329   1.0–10.0 0.12 0.39 3.17 4.03
c9C18:1 0.00009036 x Sn 0.9999 387322   3.0–60.0 0.14 0.46 4.53 4.48
c15C24:1 0.00009911 x Sn 0.9985 353264   0.5–5.0 0.20 0.65 6.62 8.48
c9c12C18:2 (LA) 0.00007346 x Sn 0.9999 474061 10.0–200.0 0.17 0.56 4.48 3.58
c9c12c15C18:3 (αLNA) 0.00008411 x Sn 0.9998 414513   5.0–150.0 0.18 0.59 3.74 3.57
c5c8c11c14C20:4 (AA) 0.00007466 x Sn 0.9993 467109 10.0–100.0 0.22 0.73 3.76 4.04
c5c8c11c14c17C20:5 (EPA) 0.00005860 x Sn 0.9989 591133   2.0–20.0 0.23 0.75 2.58 4.84
c7c10c13c16c19C22:5 (DPA) 0.00007550 x Sn 0.9991 460817   1.0–20.0 0.21 0.68 2.73 4.94
c4c7c10c13c16c19C22:6 (DHA) 0.00007556 x Sn 0.9993 460556   1.0–25.0 0.27 0.88 2.97 3.69
c9c12c15c18c21C24:5 (C24:5n-3) 0.00007549 x Sn 0.9989 460842   0.5–5.0 0.54 1.77 4.32 4.86
c6c9c12c15c18c21C24:6 (C24:6n-3) 0.00007555 x Sn 0.9982 460580   0.5–5.0 0.63 2.07 5.73 6.34
Sn – peak area of the assayed fatty acid; linear regression forcing the intercept at point 0,0; r – regression coefficient; 1 Detector (MS) response to 
1 ng of assayed fatty acids in processed FA standard solutions; 2 LOD was calculated with a signal (Sn) to noise (σ) ratio of 3 (LOD = 3 x Sn / σ) 
(Shrivastava and Gupta, 2022); 3 LOQ was defined as 10 times the noise under an analytical peak (LOQ = 10 x Sn/ σ) (Shrivastava and Gupta, 
2022); FA analytical peak noise was calculated based on the noise on the left (σL) and right (σR) side of the analytical peak of FA, i.e., σ = ((σL 
+ σR)/2) (Czauderna et al., 2011); C.V. was calculated as C.V., % = (SD/µ) x 100%, where: SD is the standard of deviation of FA measurements 
in erythrocyte samples, µ is the mean value of FA measurements; 2 min C.V., % – initial saponification of lipids in erythrocytes at 95°C – 2 min; 
10 min C.V., % – initial saponification of lipids in erythrocytes at 95 °C – 10 min
C10:0 – capric acid; C14:0 – myristic acid; C16:0 – palmitic acid; C18:0 – stearic acid; C20:0 – arachidic acid; c9C14:1 – myristoleic acid; 
c9C16:1 – palmitoleic acid; c9C18:1 – oleic acid; c15C24:1 – nervonic acid; c9c12C18:2 (LA) – linoleic acid; c9c12c15C18:3 (αLNA) – αlinolenic 
acid; c5c8c11c14C20:4 (AA) – arachidonic acid; c5c8c11c14c17C20:5 (EPA) – eicosapentaenoic acid; c7c10c13c16c19C22:5 (DPA) – doc-
osapentaenoic acid; c4c7c10c13c16c19C22:6 (DHA) – docosahexaenoic acid; c9c12c15c18c21C24:5 (C24:5n–3) – tetracosapentaenoic acid; 
c6c9c12c15c18c21C24:6 (C24:6n–3) – tetracosahexaenoic acid (nisinic acid)

Table 4. Effect of duration of the initial lipid saponification at 95 °C on fatty acids (FA) in three erythrocyte samples1 from healthy piglet fed high-fat 
diet (HFD-20) supplemented with fish oil (FO) 

FA, µg/g Initial saponification of lipids in erythrocytes at 95 °C
2 min 10 min 20 min

C14:0 4.1 3.9 4.3
C16:0 32.5 34.3 33.6
C18:0 27.4 28.2 27.9
c9C16:1 1.35 1.29 1.38
c9C18:1 35.8 34.9 36.3
c15C24:1 0.871 0.883 0.879
c9c12C18:2 (LA) 0.679 0.673 0.682
c9c12c15C18:3 (αLNA) 33.8 33.1 34.3
c5c8c11c14C20:4 (AA) 1.142 0.254 0.166
c5c8c11c14c17C20:5 (EPA) 0.439 0.084 0.073
c7c10c13c16c19C22:5 (DPA) 0.645 0.119 0.071
c4c7c10c13c16c19C22:6 (DHA) 0.833 0.069 0.019
c9c12c15c18c21C24:5 (C24:5n-3) 1.057 0.594 0.247
c6c9c12c15c18c21C24:6 (C24:6n-3) 0.984 0.458 0.153
1 three blood samples were collected from the healthy piglet (without pancreatic exocrine insufficiency (EPI) fed for 16 days HFD-20 supple-
mented with 5 g of FO
C14:0 – myristic acid; C16:0 – palmitic acid; C18:0 – stearic acid; c9C16:1 – palmitoleic acid; c9C18:1 – oleic acid; c15C24:1 – nervonic acid; 
c9c12C18:2 (LA) – linoleic acid; c9c12c15C18:3 (αLNA) – αlinolenic acid; c5c8c11c14C20:4 (AA) – arachidonic acid; c5c8c11c14c17C20:5 (EPA) 
– eicosapentaenoic acid; c7c10c13c16c19C22:5 (DPA) – docosapentaenoic acid; c4c7c10c13c16c19C22:6 (DHA) – docosahexaenoic acid; 
c9c12c15c18c21C24:5 (C24:5n–3) – tetracosapentaenoic acid; c6c9c12c15c18c21C24:6 (C24:6n–3) – tetracosahexaenoic acid (nisinic acid)

https://stackoverflow.com/questions/65707721/polynomial-approximation-with-intercept-on-point-0-0
https://en.wikipedia.org/wiki/Arachidic_acid
https://en.wikipedia.org/wiki/Myristoleic_acid
https://en.wikipedia.org/wiki/Palmitoleic_acid
https://en.wikipedia.org/wiki/Oleic_acid
https://en.wikipedia.org/wiki/Nervonic_acid
https://en.wikipedia.org/wiki/Tetracosahexaenoic_acid
https://en.wikipedia.org/wiki/Palmitoleic_acid
https://en.wikipedia.org/wiki/Oleic_acid
https://en.wikipedia.org/wiki/Nervonic_acid
https://en.wikipedia.org/wiki/Tetracosahexaenoic_acid
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FA profile analysis by a modified 
saponification method in erythrocytes from 
EPI piglets – Experiment 2

The improved initial saponification was used to 
quantify FA content in lipids extracted from eryth-
rocyte samples collected from 8 piglets with EPI fed 
HFD-20 (Table  2) supplemented with pancreatic-
like microbial enzymes and FO for 4 weeks (5 g/pig/
day). FA levels in 24 red blood cell samples (3 RBC 
samples/piglet) were analysed by saponification 
at 95 °C for 2 and 10 min, followed by overnight 
saponification and methylation (Czauderna et  al., 
2007) (Table 5). The comparison of the results us-
ing both methods showed that the concentrations 
of AA, EPA, DPA, DHA, tetracosapentaenoic acid 
(c9c12c15c18c21C24:5) and tetracosahexaenoic 
acid (c6c9c12c15c18c21C24:6) in erythrocyte sam-
ples processed using the improved saponification at 
95 °C for 2 min were higher (~77%, ~81%, ~83%, 
~91%, ~43% and ~41%, respectively) than those in 
erythrocyte samples processed using the previously 
developed saponification (Czauderna et  al., 2007) 
and base and acid-catalysed methylation methods 
(Czauderna et al., 2007). As expected, the concen-
trations of other FA (i.e. SFA and UFA containing 

18 or fewer carbon atoms in UFA chains) in piglet 
erythrocytes were not affected (P > 0.05) by the du-
ration of initial saponification at 95 °C (i.e. for 2 and 
10 min). 

Effect of feeding time of HFD-20 supple-
mented with FO on the concentrations  
of FA, tocopherols and MDA in erythrocytes 
of healthy piglet – Experiment 1

The improved initial saponification method, 
followed by overnight saponification and 
methylations were used to study the effect of HFD-20  
(Table 2) supplemented with FO on FA levels in red 
blood cells of a piglet without EPI. No macroscopic 
lesions, adverse symptoms (like vomiting or 
diarrhoea) or pathological changes were observed 
in the internal organs, muscles or adipose tissues 
of the piglet. The results summarized in Figure  1  
and 2 demonstrate that HFD-20 supplemented with 
FO led to a reduction in the concentrations of caprylic 
acid (C8:0), capric acid (C10:0), atherogenic SFA, 
i.e. lauric acid (C12:0), myristic acid (C14:0) and 
palmitic acid (C16:0), myristoleic acid (c9c14:1), 
c9-palmitoleic acid (c9C16), c10-palmitoleic 
acid (c10C16:1), oleic acid c9C18:1, LA, αLNA,  
dihomo-gamma-linolenic acid (c8c11c14C20:3), 

Table 5. Effect of initial saponification time at 95 °C on the concentrations (µg/g)1 of fatty acids (FA) in three erythrocyte samples from piglets with 
pancreatic exocrine insufficiency fed a high-fat diet (HFD-20) supplemented with pancreatic-like microbial enzymes2 and fish oil (FO)3 

FA, µg/g Initial saponification of lipids in erythrocytes at 95 °C
2 min 10 min P-value

C10:0 3.72 ± 0.14 3.91 ± 0.15 0.62
C14:0 3.69 ± 0.18 3.47 ± 0.17 0.48
C16:0 37.9 ± 2.1 40.1 ± 1.9 0.39
C18:0 33.7 ± 3.1 30.8 ± 2.8 0.54
C20:0 0.35 ± 0.13 0.29 ± 0.15 0.71
c9C14:1 0.32 ± 0.14 0.38 ± 0.12 0.81
c9C16:1 0.71 ± 0.22 0.83 ± 0.19 0.76
c9C18:1 38.9 ± 2.8 37.6 ± 3.2 0.89
c15C24:1 0.40 ± 0.10 0.43 ± 0.14 0.74
c9c12C18:2 (LA) 0.69 ± 0.14 0.73 ± 0.12 0.68
c9c12c15C18:3 (αLNA) 41.3 ± 2.8 43.1 ± 3.1 0.73
c5c8c11c14C20:4 (AA) 1.48 ± 0.25 0.35 ± 0.12 0.01
c5c8c11c14c17C20:5 (EPA) 0.57 ± 0.10 0.11 ± 0.04 0.01
c7c10c13c16c19C22:5 (DPA) 0.81 ± 0.17 0.11 ± 0.05 0.01
c4c7c10c13c16c19C22:6 (DHA) 0.95 ± 0.24 0.09 ± 0.04 0.01
c9c12c15c18c21C24:5 (C24:5n-3) 1.15 ± 0.19 0.61 ± 0.13 0.01
c6c9c12c15c18c21C24:6 (C24:6n-3) 1.09 ± 0.18 0.39 ± 0.09 0.01
1 mean concentrations of fatty acids obtained from individually analysed three erythrocyte samples collected from eight piglets; data are pre-
sented as means and corresponding standard deviations (SE) of the means; 2 0.8 g enzymes/kg HFD-20; 3 5 g FO/piglets/day; 1 g FO contains 
220 mg of EPA (C20:5n-3) and 330 mg of DHA (C22:6n-3)
C10:0 – capric acid; C14:0 – myristic acid; C16:0 – palmitic acid; C18:0 – stearic acid; C20:0 – arachidic acid; c9C14:1 – myristoleic acid; 
c9C16:1 – palmitoleic acid; c9C18:1 – oleic acid; c15C24:1 – nervonic acid; c9c12C18:2 (LA) – linoleic acid; c9c12c15C18:3 (αLNA) – αlinolenic 
acid; c5c8c11c14C20:4 (AA) – arachidonic acid; c5c8c11c14c17C20:5 (EPA) – eicosapentaenoic acid; c7c10c13c16c19C22:5 (DPA) – doc-
osapentaenoic acid; c4c7c10c13c16c19C22:6 (DHA) – docosahexaenoic acid; c9c12c15c18c21C24:5 (C24:5n–3) – tetracosapentaenoic acid; 
c6c9c12c15c18c21C24:6 (C24:6n–3) – tetracosahexaenoic acid (nisinic acid)

https://en.wikipedia.org/wiki/Palmitic_acid
https://en.wikipedia.org/wiki/Arachidic_acid
https://en.wikipedia.org/wiki/Myristoleic_acid
https://en.wikipedia.org/wiki/Palmitoleic_acid
https://en.wikipedia.org/wiki/Oleic_acid
https://en.wikipedia.org/wiki/Nervonic_acid
https://en.wikipedia.org/wiki/Tetracosahexaenoic_acid
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arachidonic acid (AA), tetracosapentaenoic acid  
(c9c12c15c18c21C24:5) and tetracosahexaenoic acid 
(c6c9c12c15c18c21C24:6) in piglet erythrocytes. 
Conversely, FO added to HFD-20 increased the 
levels of heptadecanoic acid (C17:0), stearic acid 
(C18:0), c11c14-eicosadienoic acid (c11c14C20:2; 
C20:2n-6), DHA and the total concentration of 
thrombogenic SFA (i.e. C14:0, C16:0 and C18:0) in 
piglet erythrocytes. 

Figure 3 shows the effect of FO-enriched  
HFD-20 on the concentrations of tocopherols (δ-T, 

γ-T and α-T) and total cholesterol (T-Ch) in piglet 
erythrocytes throughout the 16-day experimental 
period. It was found that the concentrations of δ-T, 
γ-T, α-T and T-Ch increased in erythrocytes of the 
piglet fed the experimental diet. Figure 4 shows 
the effect of HFD-20 supplemented with FO on 
the concentration of MDA in piglet erythrocytes.  
During the 16-day experimental period, MDA 
concentrations in erythrocytes showed a  positive 
association (correlation coefficient: R  =  0.6687) 
with the duration of the dietary experiment.

Figure 1. Effect of feeding duration of HFD-20 supplemented with FO (rich in EPA and DHA) on the concentrations (µg/g) of selected SFA, total 
concentration (µg/g) of MUFA and n-3LPUFA in erythrocytes of healthy piglet without EPI (A-SFA: atherogenic saturated fatty acids (C12:0, 
C14:0 and C16:0); T-SFA: thrombogenic saturated fatty acids (C14:0, C16:0 and C18:0)
HFD-20 – high-fat diet; FO – fish oil; EPA – eicosapentaenoic acid; DHA – docosahexaenoic acid; SFA – saturated fatty acids,  
MUFA – monounsaturated fatty acids, n-3LPUFA – n-3 long-chain polyunsaturated fatty acids, EPI – pancreatic exocrine insufficiency;  
C8:0 – caprylic acid; C10:0 – capric acid; C12:0 – lauric acid; C14:0 – myristic acid; C16:0 – palmitic acid; C17:0 – margaric acid; C18:0 – stearic acid
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Figure 2. Effect of feeding time of HFD-20 supplemented with FO (rich in EPA and DHA) on the concentrations (µg/g) of monounsaturated fatty 
acids (MUFA) and polyunsaturated fatty acids (PUFA) in erythrocytes of health piglet without EPI. 
*– content of c9C14:1 at day 2, 10 and 14 was below the limit of quantification (<LOQ);
**– content of C20:3n-6 at day 2 was below the limit of quantification (<LOQ);
***– content of AA at day 8 and 11 was below the limit of quantification (<LOQ);
HFD-20 – high-fat diet; FO – fish oil; EPI – pancreatic exocrine insufficiency; EPA – eicosapentaenoic acid; DHA – docosahexaenoic acid; 
c9C14:1 – myristoleic acid; c9C16:1 – palmitoleic acid; c9C18:1 – oleic acid; c15C24:1 – nervonic acid; LA – linoleic acid; αLNA – α linolenic acid; 
C20:2n–6 – c11c14eicosedienoic acid; C20:3n–6 – c8c11c14eicosatrienoic acid; AA – arachidonic acid; C24:5n–3 – tetracosapentaenoic acid; 
C24:6n–3 – tetracosahexaenoic acid (nisinic acid)  
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Discussion

Erythrocyte samples obtained from a  single 
healthy piglet (without EPI) were obtained in similar 
pre-prandial conditions to eliminate individual 
variations and ensure homogeneity of biological 
components, which could affect the pre-column 
procedure. The findings summarised in Table 3 have 
demonstrated that the improved initial saponification 
at 95  °C for 2  min, followed by overnight 

saponification and base- and acid-methylations 
(Czauderna et  al., 2007) were better analytical 
procedures for GC analysis of highly unsaturated  
LPUFA prone to peroxidation in assayed 
erythrocytes. The duration of initial saponification 
did not affect SFA, MUFA and PUFA levels 
containing 18 or shorter carbon chains. In fact, 
these FA are more chemically stable than highly 
unsaturated LPUFA (i.e., AA, EPA, DPA, DHA, 
C24:5n-3 and C24:6n-3). Based on these results, 

Figure 4.  Effect of HFD-20 supplemented with FO (rich in EPA and DHA) on the concentration (µg MDA/g RBC) of MDA in erythrocyte cells of 
piglet without EPL; correlation coefficient (R) between Experiment 1 and MDA concentrations in RBC: R = 0.6687.
HFD-20 – high-fat diet; FO – fish oil; EPA – eicosapentaenoic acid; EPI – pancreatic exocrine insufficiency; DHA – docosahexaenoic acid;  
MDA – malondialdehyde, RBC – red blood cells
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Figure 3. Effect of feeding time of HFD-20 supplemented with FO (rich in EPA and DHA) on the concentrations (µg/g) of δ-tocopherol (δ-T), 
γ-tocopherol (γ-T), α-tocopherol (α-T) and total cholesterol (T-Ch) in erythrocytes of piglet without pancreatic exocrine insufficiency (EPI). 
HFD-20 – high-fat diet; FO – fish oil; EPA – eicosapentaenoic acid; DHA – docosahexaenoic acid
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it can be concluded that lipid saponification in 
erythrocytes occurs faster than lipid saponification 
in muscles, liver, kidneys, spleen or adipose tissues 
(Czauderna et al., 2007). Moreover, it is suggested 
that the current improved initial saponification 
followed by overnight saponification and FA 
methylation can be used to assess the fatty acid 
profiles, as well as concentrations of fatty acids, 
tocopherols, and malondialdehyde (MDA) in 
other tissues of monogastric mammals by utilising 
erythrocytes as a suitable model.

Effect of FO-enriched HFD-20 on 
FA, tocopherol and MDA contents in 
erythrocytes  

A previous study conducted by Øverland et al. 
(1999) demonstrated that during the growing, 
finishing as well as all periods combined, a  high-
fat die (HFD) resulted in a  higher average daily 
gain (ADG) of pigs and improved feed efficiency 
(expressed as kg of feed intake/kg weight gain) and 
a shorter time to market of 6.3 days in comparison 
to a  low-fat diet (LFD). Notably, there were no 
significant differences (P  >  0.05) between the 
HFD and LFD regarding backfat thickness, lean 
percentage, carcass meatiness. However, the HFD 
showed a  tendency to reduce the fat area in the 
cutlet. In conclusion, the application of the HFD 
improved growth performance with only minor 
adverse effects on carcass quality of pigs (Øverland, 
et  al., 1999). When using pigs as a  large animal 
model, it is necessary to adjust the diet composition 
to match the standards employed in human nutrition, 
which typically includes a fat content of over 20%. 
It is generally accepted that a minimum of one week 
is required for dietary adaptation in monogastric 
animals. However, in our study focusing on the 
suitability of pigs as a  large animal model for 
human studies, we extended this adaptation period 
to three weeks. The graphs presented in Figures 
1–4 confirm this methodological principle. The fat 
content in erythrocytes during the first few days of 
the experiment increased, followed by a subsequent 
stabilisation.

The present study, along with previous research 
by Takkunen et al. (2013), has demonstrated that the 
concentrations of FA and tocopherols in mammalian 
erythrocytes can be used as biomarkers of dietary FA 
and tocopherol concentrations. We were particularly 
interested in analysing n-3LPUFA (especially EPA 
and DHA), as the consumption of diets enriched with 
these fatty acids has been consistently associated 

with various health-promoting physiological effects. 
Fortunately, our current work, as well as previous 
studies (Takkunen et  al., 2013) have documented 
that DHA concentration in erythrocytes is a reliable 
marker for diets enriched with fish oil (FO), which 
is known to be particularly rich in n-3LPUFA. 
The endogenous biosynthesis of EPA and DHA 
in mammals from precursors such as αLNA is 
negligible compared to the amount of EPA or DHA 
present in a diet enriched with FO (Niedźwiedzka 
et  al., 2008; Skiba et  al., 2011). Moreover, our 
current research has revealed that short-term 
feeding (for 16 days) with HFD-20 supplemented 
with FO (enriched in EPA and DHA) resulted in an 
increase in the concentration of DHA in erythrocytes 
of a  healthy and growing piglet (without EPI). 
Interestingly, a  recent study indicated that FA 
composition in erythrocytes of humans (weighing 
70–80 kg) stabilised at a  new level 4 to 5 weeks 
after starting new diet (Kawabata et  al., 2011). In 
fact, dietary FA are incorporated as phospholipids 
into erythrocyte membranes (Takkunen et  al., 
2013). Therefore, red blood cells are widely used in 
assessing dietary fat quality, as well as in validating 
dietary questionnaires. Considering the above, we 
argued that the concentrations of FA, tocopherols 
and T-Ch in erythrocytes were better biomarkers 
of dietary lipid quality compared to nutritional 
questionnaires.

In our current research, we have observed 
that the addition of FO to HFD-20 stimulated the 
removal of A-SFA, as well as C8:0 and C10:0 from 
erythrocytes. This findings were consistent with 
our previous results (Skiba at al., 2011; Krajewska-
Bienias et  al., 2017), showing that a  diet rich in 
n-3PUFA, derived from linseed oil or FO, reduced 
the concentration of A-SFA in animal tissues. We 
were particularly interested in A-SFA, C8:0 and 
C10:0, since high levels of these SFA in diets has 
been shown to be closely associated with numerous 
disease conditions in humans and animals. On the 
other hand, the HFD-20 diet supplemented with 
FO had a beneficial effect on the concentration of 
tocopherols in erythrocytes. Indeed, tocopherols 
(mainly α-T) are present in FO, along with other 
vegetable oils (Ahmed et  al., 2011). As expected, 
HFD-20 supplemented with FO (rich in EPA and 
DHA) stimulated the formation of MDA, i.e. the 
final product of PUFA peroxidation (Czauderna 
et al., 2011) in erythrocytes. Thus, our current study 
was in line with previous research in which dietary 
oils rich in PUFA (like FO or linseed oil) stimulated 
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the accumulation of MDA in animal tissues  
(Rozbicka-Wieczorek et  al., 2014; Krajewska-
Bienias et al., 2017). Highly unsaturated long-chain 
fatty acids (derived from dietary FO) are particularly 
susceptible to oxidation and produce potentially 
harmful oxidation products, such as lipid aldehydes,  
4-hydroxy-2-alkenals and MD (Czauderna et  al., 
2011). Therefore, dietary FO (rich in EPA or DHA) 
significantly increased MDA concentrations and 
MDAindex values in mammalian tissues compared 
to diets without PUFA- or LPUFA-enriched 
supplements (Krajewska-Bienias et  al., 2017). The 
increase in MDA concentration and MDAindex values 
was influenced by the duration of feeding with a diet 
supplemented with FO, as well as the levels of FO 
added to the diet. Based on these observations, 
we propose that erythrocytes can serve as reliable 
indicators for assessing the formation of MDA not 
only in erythrocytes themselves but also in other 
animal tissues.

Conclusions

The analysis of FA, particularly LPUFA, in 
erythrocytes requires the use of a modified gentle 
saponification method. Our study have demonstrated 
that the current improved saponification method, 
involving a  brief treatment at 95  °C for 2  min, 
followed by a  mild overnight saponification at 
22–25  °C, and subsequent gentle base and acid-
catalysed methylations of free FA, is a  suitable 
analytical procedure for accurate and precise 
GC-MS analysis of highly unsaturated LPUFA, 
which are prone to peroxidation in erythrocytes. 
Short-term changes in dietary composition (like 
a FA profile) have a lesser impact on the chemical 
composition of erythrocytes compared to blood 
plasma. We propose that the impact of dietary FA on 
the profile of FA and tocopherols and MDA levels 
in erythrocytes and other animal tissues is similar. 
Notably, the DHA content in erythrocytes can serve 
as a marker for the bioaccumulation yield of DHA 
in other animal tissues, as well as reflect the levels 
of n-3LPUFA, particularly DHA, in the diets. Based 
on these findings, we suggest that the profiles of FA 
and tocopherols in erythrocytes can be employed 
as indicators of the FA and tocopherol content 
in the diet, as well as the effectiveness of their 
bioaccumulation in animal tissues. This highlights 
the potential utility of erythrocyte analysis in 
assessing dietary quality and the bioavailability of 
essential nutrients. 

Funding

We would like to acknowledge the financial 
support provided by the National Science Centre, 
Grant No. 2020/04/X/NZ9/00358 (MINIATURA 4), 
as well as the support from the statutory funds of 
The Kielanowski Institute of Animal Physiology 
and Nutrition, Polish Academy of Sciences, 
Jabłonna, Poland.

Acknowledgments

The authors would like to express their grati-
tude to Dr. Janine Donaldson for her valuable con-
tributions and feedback during the preparation of 
the manuscript. Her insights and expertise greatly 
enhanced the quality of this research.

Conflicts of interest 
The Authors declare that there is no conflict of 

interest.

References
Ahmed M., Moazzami A.A., Andersson R., Pickova J., 2011. Varying 

quality of fish oil capsules: fatty acids and tocopherol. Neuro. 
Endocrinol. Lett. 32, 37–40, https://pubmed.ncbi.nlm.nih.
gov/22101881

AOAC., 2005. Current through revision 4. AOAC International, Suite. 
In: Association of official analytical chemist, official methods of 
analysis. 18th edition. vol. 500; 2005. p. 481. North Frederick 
Avenue, Gaithersburg, Maryland 20877–2417 (USA)

Baur L.A., O’Connor J., Pan D.A., Wu B.J., O’Connor M.J.,  
Storlien L.H., 2000. Reltionships between the fatty 
acid composition of muscle and erythrocyte membrane 
phospholipids in young children and the effect of type of infant 
feeding. Lipids 35, 77–82, https://doi.org/10.1016/s0026-
0495(98)90202-5

Baylin A., Campos H., 2006. The use of fatty acid biomarkers to reflect 
dietary intake. Curr. Opin. Lipidol. 17, 22–27, https://doi.
org/10.1097/01.mol.0000199814.46720.83

Boccardo A., Compiani R., Baldi G., Pravettoni D., Grossi S.,  
Sala G., Taylor S., Neville E., Sgoifo Rossi C.A., 2022. 
Effects of a  supplemental calcareous marine algae bolus  
on blood calcium concentration in dairy heifers. J. Anim. Feed 
Sci. 31, 40–45, https://doi.org/10.22358/jafs/144919/2022

Bystrická Z., Ďuračková Z., 2016. Gas chromatography determination 
of fatty acids in the human erythrocyte membranes - 
a  review. PLEFA 115, 35–40, https://doi.org/10.1016/j.
plefa.2016.09.007 

Callahan A., Leonard H., Powell T., 2020. Nutrition: Science and 
everyday application. Powered by Pressbooks; October 14, 
2020; E-book, ISBN: 978-1-63635-003-5 

Czauderna M., Kowalczyk J., Niedźwiedzka K.M., Wąsowska I., 
Pastuszewska B., Bulska E., Ruszczyńska A., 2004. Liver 
and body mass gain, content of conjugated linoleic acid 
(CLA) isomers and other fatty acids in the liver of rats fed 
CLA isomers and selenium. J. Anim. Feed Sci. 13, 353–369, 
https://doi.org/10.22358/jafs/67419/2004

https://pubmed.ncbi.nlm.nih.gov/22101881
https://pubmed.ncbi.nlm.nih.gov/22101881
https://doi.org/10.1016/s0026-0495(98)90202-5
https://doi.org/10.1016/s0026-0495(98)90202-5
https://doi.org/10.1097/01.mol.0000199814.46720.83
https://doi.org/10.1097/01.mol.0000199814.46720.83
https://doi.org/10.22358/jafs/144919/2022
https://doi.org/10.1016/j.plefa.2016.09.007
https://doi.org/10.1016/j.plefa.2016.09.007
https://doi.org/10.22358/jafs/67419/2004


398	 Chromatographic quantification of highly-unsaturated fatty acids in erythrocytes

Czauderna M., Kowalczyk J., Korniluk K., Wąsowska I., 2007. 
Improved saponification then mild base and acid-catalyzed 
methylation is a useful method for quantifying fatty acids, with 
special emphasis on conjugated dienes. Acta Chromatogr. 
18, 59–71, Corpus ID: 26464712

Czauderna M., Kowalczyk J., Marounek M., 2011. The simple and 
sensitive measurement of malondialdehyde in selected 
specimens of biological origin and some feed by reversed 
phase high performance liquid chromatography. J. 
Chromatogr. B 879, 2251–2258. https://doi.org/10.1016/j.
jchromb.2011.06.008

Czauderna M., Kowalczyk J., Niedźwiedzka K.M., 2009. Simple HPLC 
analysis of tocopherols and cholesterol from specimens of 
animal origin. Chem. Anal. (Warsaw) 54, 203–214, https://
www.researchgate.net/publication/286535169

Detopoulou P., Fragopoulou E., Alepoudea E., Nomikos T., 
Kalogeropoulos N., Antonopoulou S., 2018. Associations 
between erythrocyte fatty acids and Mediterranean diet in 
Greek volunteers. Hell. J. Atheroscler. 9, 17–31, https://doi.
org/10.23803/HJA.V9I1.149.G121

Di Marino L., Maffettone A., Cipriano P., Sacco M., Di Palma R., 
Amato B., Quarto G., Riccardi G., Rivellese A.A. 2000. Is the 
erythrocyte membrane fatty acid composition a valid index of 
skeletal muscle membrane fatty acid composition? Metab. 
Clin. Exper. 49(9), 1164–1166, https://doi.org/10.1053/
META.2000.8616

Ding D., Li Y.H., Xiao M.L., Dong H.L., Lin J.S., Chen G.D.,  
Chen Z.Y., Tang X.Y., Chen Y.M., 2020. Erythrocyte 
membrane polyunsaturated fatty acids are associated with 
incidence of metabolic syndrome in middle-aged and elderly 
people-an 8.8-year prospective study. J. Nutr. 150(6), 1488–
1498, https://doi.org/10.1093/jn/nxaa039

Enriquez Y.R., Giri, M., Rottiers, R., Christophe A., 2004. Fatty acid 
composition of erythrocyte phospholipids is related to insulin 
levels, secretion and resistance in obese type 2  diabetics 
on Metformin. Clin. Chim. Acta 346(2), 145–152, https://doi.
org/10.1016/j.cccn.2004.02.029

Gabriel M., Azucena M., Alejandra S., Jorge M., 2013. Association 
between metabolic syndrome and erythrocyte fatty acid 
profile in Mexican adolescents: a trans fatty acid approach. 
Food Nutr. Sci. 4(9A), 51–58, https://doi.org/10.4236/
fns.2013.49A1009

Goncharova K., Pierzynowski S.G., Grujic D., Kirko S., Szwiec K., 
Wang J., Kovalenko T., Osadchenko I., Ushakova G., 
Shmigel H., Fedkiv O., Majda B., Prykhodko O., 2014. 
A piglet with surgically induced exocrine pancreatic insuffi-
ciency as an animal model of newborns to study fat diges-
tion. Br. J. Nutr. 112(12), 2060–2067, https://doi.org/10.1017/
S0007114514003286

Harris H.R., Eliassen A.H., Doody D.R., Terry K.L., Missmer S.A., 
2020. Dietary fat intake, erythrocyte fatty acids, and risk of 
uterine fibroids. Fertil. Steril. 114(4), 837–847, https://doi.
org/10.1016/j.fertnstert.2020.03.023

Jo S.H., Han S.H., Kim S.H., Eckel R.H., Koh K.K., 2021. 
Cardiovascular effects of omega-3 fatty acids: Hope or 
hype? Atherosclerosis 322, 15–23, https://doi.org/10.1016/j.
atherosclerosis.2021.02.014 

Kabagambe E.K., Tsai M.Y., Hopkins P.N., Ordovas J.M., Peacock 
J.M., Borecki I.B., Arnett D.K., 2008. Erythrocyte fatty acid 
composition and the metabolic syndrome: a National Heart, 
Lung, and Blood Institute GOLDN study. Clin. Chem. 54(1), 
154–162, https://doi.org/10.1373/clinchem.2007.095059

Kawabata T., Hirota S., Hirayama T., Adachi N., Kaneko Y.,  
Iwama N., Kamachi K., Araki E., Kawashima H., Kiso Y., 2011. 
Associations between dietary n-6 and n-3 fatty acids and 
arachidonic acid compositions in plasma and erythrocytes in 
young and elderly Japanese volunteers. Lipids Health Dis. 
10, 138, https://doi.org/10.1186/1476-511X-10-138

Krajewska-Bienias K.A., Czauderna M., Marounek M., Rozbicka-
Wieczorek A.J., 2017. Diets containing selenized yeast, 
selenate, carnosic acid and fish oil change the content of fatty 
acids, tocopherols and cholesterol in the subcutaneous fat 
of lambs. J. Anim. Plant Sci. 27(6), 1781–794, https://www.
researchgate.net/publication/321697852

Mertens D.R., 2002. Gravimetric determination of amylase-treated 
neutral detergent fiber in feeds with refluxing in beakers or 
crucibles: collaborative study. J. AOAC Int. 85(6), 1217–1240, 
PMID: 124771

Muhizi S., Kim I.H., 2021. Effect of dietary poppy (Papaver somnifer-
um L.) seed meal supplementation on growth performance, 
nutrient digestibility, faecal microbiota and blood profile in 
growing-finishing pigs. J. Anim. Feed Sci. 30, 58–63, https://
doi.org/10.22358/jafs/133958/2021

Mužáková V., Meloun M., Jindrová A., Čegan A., 2019. The effect of 
fatty acids in red blood cell membranes on the dynamics of 
inflammatory markers following the coronary stent implan-
tation. J. Pharm. Biomed. Anal. 166, 310–325, https://doi.
org/10.1016/j.jpba.2019.01.002

Niedźwiedzka M.K., Kowalczyk J., Czauderna M., 2008. Influence of 
selenate and linseed oil on fatty-acid and amino-acid profiles 
in the liver, muscles, fat tissues and blood plasma of sheep. 
J. Anim. Feed Sci. 17, 328–343, https://doi.org/10.22358/
jafs/66612/2008

National Research Council (NRC), 2012. Nutrient Requirements of 
Swine. 11th Edition, National Academies Press, Washington DC

Øverland M., Rørvik K.-A., Skrede A., 1999. High-fat diets im-
prove the performance of growing–finishing pigs. Acta 
Agric. Scand., Sect. A, Animal Sci. 49, 83–88, https://doi.
org/10.1080/090647099424132

Pastorelli G., Serra V., Salvatori G., Redaelli V., Turin L., 2021. Evalu-
ation of Boswellia serrata enriched diet on cytokine gene ex-
pression and reactive oxygen metabolites in weaning piglets. 
J. Anim. Feed Sci. 30, 119–127, https://doi.org/10.22358/
jafs/135639/2021  

Poppitt S.D., Kilmartin P., Butler P., Keogh G.F., 2005. Assessment 
of erythrocyte phospholipid fatty acid composition as 
a  biomarker for dietary MUFA, PUFA or saturated fatty 
acid intake in a  controlled cross-over intervention trial.  
Lipids Health Dis. 4, 30, https://doi.org/10.1186/1476-
511X-4-30

Rozbicka-Wieczorek A.J., Więsyk E., Brzóska F., Śliwiński B., 
Kowalczyk J., Czauderna M., 2014. Efficiency of fatty acid 
accumulation into breast muscles of chickens fed diets with 
lycopene, fish oil and different chemical selenium forms. 
Afr. J. Biotechnol. 13, 1604–1613, https://doi.org/10.5897/
AJB2013.13275

Shrivastava A., Gupta V.B., 2022. Methods for the determination of limit 
of detection and limit of quantitation of the analytical methods. 
Chron. Young Sci. 2, 21–25, https://doi.org/10.4103/2229-
5186.79345

Skiba G., Poławska E., Raj S., Weremko D., Czauderna M., Wojtasik M., 
2011. The influence of dietary fatty acids on their metabolism 
in liver and subcutaneous fat in growing pigs. J. Anim. Feed 
Sci. 20, 379–388, https://doi.org/10.22358/JAFS/66193/2011

https://doi.org/10.1016/j.jchromb.2011.06.008
https://doi.org/10.1016/j.jchromb.2011.06.008
https://www.researchgate.net/publication/286535169
https://www.researchgate.net/publication/286535169
https://doi.org/10.23803/HJA.V9I1.149.G121
https://doi.org/10.23803/HJA.V9I1.149.G121
https://doi.org/10.1053/META.2000.8616
https://doi.org/10.1053/META.2000.8616
https://doi.org/10.1093/jn/nxaa039
https://doi.org/10.1016/j.cccn.2004.02.029
https://doi.org/10.1016/j.cccn.2004.02.029
https://doi.org/10.4236/fns.2013.49A1009
https://doi.org/10.4236/fns.2013.49A1009
https://doi.org/10.1017/S0007114514003286
https://doi.org/10.1017/S0007114514003286
https://doi.org/10.1016/j.fertnstert.2020.03.023
https://doi.org/10.1016/j.fertnstert.2020.03.023
https://doi.org/10.1016/j.atherosclerosis.2021.02.014
https://doi.org/10.1016/j.atherosclerosis.2021.02.014
https://doi.org/10.1373/clinchem.2007.095059
https://doi.org/10.1186/1476-511X-10-138
https://www.researchgate.net/publication/321697852
https://www.researchgate.net/publication/321697852
https://doi.org/10.22358/jafs/133958/2021
https://doi.org/10.22358/jafs/133958/2021
https://doi.org/10.1016/j.jpba.2019.01.002
https://doi.org/10.1016/j.jpba.2019.01.002
https://doi.org/10.22358/jafs/66612/2008
https://doi.org/10.22358/jafs/66612/2008
https://doi.org/10.1080/090647099424132
https://doi.org/10.1080/090647099424132
https://doi.org/10.22358/jafs/135639/2021
https://doi.org/10.22358/jafs/135639/2021
https://doi.org/10.1186/1476-511X-4-30
https://doi.org/10.1186/1476-511X-4-30
https://doi.org/10.5897/AJB2013.13275
https://doi.org/10.5897/AJB2013.13275
https://doi.org/10.4103/2229-5186.79345
https://doi.org/10.4103/2229-5186.79345
https://doi.org/10.22358/JAFS/66193/2011


M. Czuderna et al.	 399

Sun Q., Ma J., Campos H., Hankinson S.E., Manson J.E.,  
Stampfer M.J., Rexrode K.M., Willett W.C., Hu F.B., 2007. 
A prospective study of trans fatty acids in erythrocytes and risk 
of coronary heart disease. Circulation 115 (14), 1858–1865, 
https://doi.org/10.1161/CIRCULATIONAHA.106.679985

Takkunen M., Agren J., Kuusisto J., Laakso M., Uusitupa M.,  
Schwab U., 2013. Dietary fat in relation to erythrocyte fatty 
acid composition in men. Lipids 8 (11), 1093–1102, https://
doi.org/ 10.1007/s11745-013-3832-0 

Trivedi K., Le V., Nelson J.R., 2021. The case for adding eicosapen-
taenoic acid (icosapent ethyl) to the ABCs of cardiovascular 
disease prevention. Postgrad. Med. 133 (1), 28–41, https://
doi.org/10.1080/00325481.2020.1783937 

https://doi.org/10.1161/CIRCULATIONAHA.106.679985
https://doi.org
https://doi.org
https://doi.org/10.1080/00325481.2020.1783937
https://doi.org/10.1080/00325481.2020.1783937

	_GoBack
	_Ref43718169

