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Abstract 

Fish oil-derived fatty acid ethyl ester (EE) has been widely utilized as a supplement in Europe and United States. 
However, few studies have assessed the apparent absorption of docosahexaenoic acid (DHA) between 
non-purified DHA-EE (L-DHAEE) and highly purified DHA-EE (H-DHAEE). This study evaluated the effects 
of L-DHAEE and H-DHAEE on lipid metabolism and apparent absorption of DHA in rats. Groups of male 
Wistar rats were fed AIN93G diet containing 2.8% L-DHAEE or 1.0% H-DHAEE for 4 or 8 weeks. As 
parameters of lipid metabolism and apparent absorption of DHA-EE, serum and liver lipid contents, fecal EE 
excretion, lipid-metabolizing enzyme activities, and organ fatty acid composition were measured. The 
L-DHAEE diet increased fecal DHA-EE and total EE excretion compared with the H-DHAEE diet. In rats fed 
DHA-EE for 4 weeks, H-DHAEE was more efficacious than L-DHAEE at increasing liver DHA content, partly 
owing to the enhancement of apparent absorption. In addition, rats fed the H-DHAEE diet had higher fatty acid 
β-oxidation activity in peroxisomes than rats fed the L-DHAEE diet for 8 weeks. These results suggest that 
H-DHAEE supplementation may have beneficial functions in the prevention of lifestyle-related diseases as 
compared with L-DHAEE supplementation. 
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List of abbreviations: A/G, albumin/globulin; ACC, acetyl-CoA carboxylase; ACOX, Acyl-CoA oxidase; ALT, 
alanine aminotransferase; ANOVA, analysis of variance; AST, aspartate aminotransferase, BW, body weight; 
CES-II, carboxyl esterase-II; CPT-II, carnitine palmitoyl transferase-II; DHA, docosahexaenoic acid; EE, ethyl 
ester; EPA, eicosapentaenoic acid; FAS, fatty acid synthase; G6PDH, glucose-6-phosphate dehydrogenase; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GLC, gas-liquid chromatography; H-DHAEE, highly 
purified docosahexaenoic acid-ethyl ester; H-EE, highly purified docosahexaenoic acid-ethyl ester-containing 
diet; H-EE1.0, 1.0% highly purified docosahexaenoic acid-ethyl ester-containing diet; L-DHAEE, non-purified 
docosahexaenoic acid-ethyl ester; L-EE, non-purified docosahexaenoic acid-ethyl ester-containing diet; L-EE1.0, 
1.0% non-purified docosahexaenoic acid-ethyl ester-containing diet; L-EE2.8, 2.8% non-purified 
docosahexaenoic acid-ethyl ester-containing diet; ME, malic enzyme; N.D., not determined; PL, phospholipid; 
PUFA, polyunsaturated fatty acid; SEM, standard error of the mean; SUN, serum urea nitrogen; TG, 
triacylglycerol; WAT, white adipose tissue. 

 

1. Introduction 

n-3 polyunsaturated fatty acids (PUFAs), such as and eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), contained in fish oil have health-promoting effects, including anti-thrombotic, anti-atherogenic, and 
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anti-hyperlipidemia effects (Hosomi et al., 2012). Based on their health-promoting effects, the intake of EPA and 
DHA has been recommended by national and international societies (Kris-Ethetron et al., 2003; Kris-Ethetron et 
al., 2002). EPA and DHA are sold as supplements contained in purified fish oil (triacylglycerol (TG)-form, 
phospholipid (PL)-form) or fish oil-derived fatty acid ethyl ester (EE). On the market, TG-form and EE-form are 
mainly supplied as supplements with fish oil. The advantage of the TG-form containing EPA and DHA is that it 
is a natural component of the human diet; however, with the TG-form it is difficult to concentrate specific fatty 
acids, such as EPA and DHA. Meanwhile, with the EE-form it is easy to obtain highly purified levels of specific 
fatty acids, but the EE-form is not a natural product. Moreover, there are some questions regarding the 
absorbability, effectiveness, and safety of the EE-form. The EE-forms of EPA and DHA showed lower intestinal 
absorption than the TG-forms and the free acid forms (Ikeda et al., 1993). The low absorbability of the EE-form 
in the intestinal lumen was because this form is hard for pancreatic lipase for digest (Ikeda et al., 1995). There 
are also opposing opinions that the EE-form and the TG-form of n-3 PUFAs exhibited the same effect as 
increased n-3 PUFAs concentrations in human plasma (Krokan et al., 1993). In addition, the effects of the 
TG-form, EE-form, free acid-form, and PL-form of EPA and DHA on lipid metabolism in animals have been 
compared and examined (Tang et al., 2012). The effects of different dietary forms of EPA and DHA on 
bioavailability are still controversial. 

The food industry already supplies many kinds of food products fortified with n-3 PUFAs. The EE-form of fish 
oil is used as supplements in Europe, the United States, and elsewhere, and various degrees of purified n-3 
PUFAs-EE are on the market. Various public organizations have been recommending an intake of 1 g/day of 
long-chain n-3 PUFAs for anti-atherosclerotic and anti-arrhythmic purposes, or 2-4 g/day for a lipid lowering 
effect (Kris-Ethetron et al., 2003; Kris-Ethetron et al., 2002). Therefore, to intake the desired quantity of 
long-chain n-3 PUFAs using a low concentration n-3 PUFA supplement, it is necessary to consume a large 
quantity of such a supplement. However, there is no definitive information concerning the effects of different 
degrees of purified DHA-EE on fatty acid metabolism. Therefore, we evaluated the effects of non-purified 
DHA-EE (L-DHAEE) and highly purified DHA-EE (H-DHAEE) on lipid metabolism and apparent absorption 
of DHA. In experiment 1, serum and liver lipid contents, fatty acid compositions of liver and brain, excretion of 
fecal fatty acid-EE, and mRNA expression levels of carboxyl esterase-II (CES-II) in rats fed experiment diets for 
4 weeks were analyzed. In experiment 2, serum and liver lipid contents, excretion of fecal fatty acid-EE, fatty 
acid compositions of liver and white adipose tissue (WAT), and liver fatty acid-metabolizing enzyme activities in 
rats fed experiment diets for 8 weeks were analyzed. 

2. Method 

2.1 Materials 

L-DHAEE, H-DHAEE, and soybean oil were supplied as a commercial product from Bizen Chemical Co., Ltd. 
(Okayama, Japan). EE purified forms of L-DHAEE and H-DHAEE were greater than 99% pure. Cornstarch, 
dextrinized cornstarch, cellulose, sucrose, AIN-93 vitamin mixture, AIN-93G mineral mixture, and casein were 
purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). Choline bitartrate, L-cystine, acetyl-CoA, 
palmitoyl-CoA, glucose-6-phosphate, malonyl-CoA, L-carnitine, L-malic acid, flavin adenine dinucleotide, 
nicotinamide adenine dinucleotide were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). 
All other chemicals were obtained from commercial sources and were of reagent grade. 

2.2 Animal Care and Diets 

Male, 5-week-old Wistar rats obtained from Japan SLC, Inc. (Shizuoka, Japan). Rats weighting approximately 
130 g (experiment 1) and 140 g (experiment 2) were kept in an air-conditioned room (humidity, 60±5%; 
temperature, 22±1 °C; lights on, 08:00-20:00) with free access to feed and water. The animal experimental 
protocol was examined and approved by the Animal Ethics Committee of Kansai Medical University and 
followed the “Guide for the Care and Use of Experimental Animals” issued by the Prime Minister’s Office of 
Japan. Rats were divided to three dietary groups (experiment 1) and four dietary groups (experiment 2) of seven 
animals per group. Table 1 shows the composition of each experimental diet prepared based on the AIN-93G 
formulation. Table 2 shows the composition of fatty acids EE in the L-DHAEE- (L-EE) and H-DHAEE 
(H-EE)-containing diets, as determined by analysis using an Omegawax 250 column (Supelco; Bellefonte, PA, 
USA) with a gas-liquid chromatography (GLC) system (GC-14B, Shimadzu Co.; Kyoto, Japan). Table 3 shows 
the composition of fatty acids in the experimental diets, determined by GLC after methylation with sodium 
methoxide (Prevot & Mordret, 1976). Injection and detection temperatures were 250 °C and 260 °C, respectively. 
The temperature of the column was increased from 120 °C to 240 °C at a rate of 2 °C /min. The amounts of 
individual fatty acids in the liver and brain (experiment 1) were quantified using C17:0 as an internal standard. 
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Fatty acid species were identified by the retention time of standards (Supelco® 37 Component FAME Mix, 
Sigma-Aldrich Japan Co. Ltd.). The DHA-EE contents of the L-EE and H-EE diets (experiment 1) or 2.8% L-EE 
(L-EE2.8) and 1.0% H-EE (H-EE1.0) diets (experiment 2) and the EE contents of 1.0% L-EE (L-EE1.0) and 
H-EE1.0 diets (experiment 2) were equal. The differences between the fatty acid compositions of the two 
experiments were caused by technical dispersion at the time of the preparation of EE. 

 

Table 1. The composition of the experimental diets in experiments 1 and 2 (g/kg diet) 

 Experiment 1 Experiment 2 

Components Control L-EE H-EE Control L-EE1.0 L-EE2.8 H-EE1.0 

Soybean oil 70.0 41.7 60.0 70.0 60.0 42.2 60.0 
L-DHAEE - 28.3 - - 10.0 27.8 - 

 - - 10.0 - - - 10.0 

tert-Butylhydroquinone 0.014 0.014 0.014 0.014 0.014 0.014 0.014 

Choline bitartrate 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

Dextrinized corn starch 132 132 132 132 132 132 132 

Corn starch 397.5 397.5 397.5 397.5 397.5 397.5 397.5 

Sucrose 100 100 100 100 100 100 100 

Casein 200 200 200 200 200 200 200 

L-cystine 3 3 3 3 3 3 3 

Cellulose 50 50 50 50 50 50 50 

AIN-93G mineral mixture 35 35 35 35 35 35 35 

AIN-93 vitamin mixture 10 10 10 10 10 10 10 

Diets were prepared based on the AIN-93G formulation. 
 

Table 2. Fatty acid ethyl ester composition of L-DHAEE and H-DHAEE in experiments 1 and 2 (wt%) 

 Experiment 1 Experiment 2 

Fatty acid L-DHAE
E

H-DHAEE L-DHAEE H-DHAEE 

C16 : 0 26.3  24.6  
C16 : 1 n-7 5.1  5.2  

C18 : 0 7.1 1.3 6.6  

C18 : 1 n-9 13.9 2.1 12.8  

C18 : 1 n-7 3.3  2.6  

C18 : 2 n-6 2.2  1.8  

C18 : 3 n-3 0.6  1.1  

C20 : 4 n-6 1.0 2.0 2.3 2.3 

C20 : 5 n-3 3.0 3.0 6.8 7.2 

C22 : 5 n-3 2.2 5.8 2.0 6.0 

C22 : 5 n-6 1.2 3.0 2.1 3.6 

C22 : 6 n-3 26.7 75.4 27.6 76.9 

Others 7.4 7.4 4.5 4.0 

C16:0, palmitic acid; C16:1n-7, palmitoleic acid; C18:0, stearic acid; C18:1n-9, oleic acid; C18:1n-7, vaccenic 
acid; C18:2n-6, linoleic acid; C18:3n-3, α-linolenic acid; C20:4n-6, arachidonic acid; C20:5n-3, 
eicosapentaenoic acid; C22:5n-3, docosapentaenoic acid; C22:5n-6, osbond acid; C22:6n-3, docosahexaenoic 
acid. 
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Table 3. Fatty acid composition of experimental diets in experiments 1 and 2 (wt%) 

 Experiment 1 Experiment 2 

Fatty acid Control L-EE H-EE Control L-EE1.0 L-EE2.8 H-EE1.0 

C16 : 0 10.6 16.9 9.1 10.6 12.6 16.1 9.1 
C16 : 1n-7 N.D. 2.1 N.D. N.D. 0.7 2.1 N.D. 

C18 : 0 3.8 5.1 3.4 3.9 4.2 4.9 3.3 

C18 : 1n-9 21.8 18.6 19.0 22.1 20.5 18.2 18.7 

C18 : 1n-7 1.4 2.1 1.2 1.4 1.6 1.9 1.2 

C18 : 2n-6 53.7 32.9 46.0 54.2 46.3 33.1 46.0 

C18 : 3n-3 5.8 3.7 5.0 5.8 5.1 3.9 5.0 

C20 : 4n-6 N.D. 0.4 0.3 N.D. 0.3 0.9 0.3 

C20 : 5n-3 N.D. 1.2 0.4 N.D. 1.0 2.7 1.0 

C22 : 5n-3 N.D. 0.9 0.8 N.D. 0.3 0.8 0.9 

C22 : 5n-6 N.D. 0.5 0.4 N.D. 0.3 0.8 0.5 

C22 : 6n-3 N.D. 10.8 10.8 N.D. 3.9 11.0 11.0 

Others 2.9 4.7 3.6 2.0 3.2 3.6 3.1 

N.D., not detected. 
 

Rats were fed on the experimental diets for 28 days (experiment 1) or 56 days (experiment 2). Body weight (BW) 
and food consumption were recorded daily. Feces were collected daily from each group at 9:00 am for 7 days 
before sacrifice. At the end of the experimental period, rats were weighed and then sacrificed under pentobarbital 
anesthesia between 08:00 and 10:00. Rats were not deprived of food prior to being sacrificed, because food 
deprivation causes to a significant decrease in the expression of genes involved in lipid metabolism (Horton et al., 
1998). Blood was collected without the use of anti-coagulant, and serum was separated by centrifugation at 
2,000 g for 15 min, and stored at -70 °C until analysis. Brain, liver, and abdominal WAT (epididymal, mesenteric, 
and perirenal) were removed rapidly, then weighed, rinsed with ice-cold saline, and frozen in liquid nitrogen, 
followed by storage at -70 °C until analysis. In experiment 1, the small intestine was excised, rinsed with 0.9% 
NaCl, and divided into two equal lengths (jejunum and ileum regions). The jejunum section mucosa was scraped 
off, and was stored in RNA-Later Storage Solution (Sigma-Aldrich Japan Co. Ltd.) for mRNA expression 
analysis. 

2.3 Analysis of Biochemical Tests and Lipids 

Serum biochemical tests were conducted by using an Olympus AU5431 automatic analyzer (Olympus Co., 
Tokyo, Japan). Liver total lipids were extracted by the method of Bligh and Dyer (1959), and the solvent 
evaporated and total lipids weighted. Each total lipid sample was resolved in an equal volume of 
dimethylsulfoxide, and the TG content was quantified using an enzymatic assay kit (Triglyceride E-Test Wako, 
Wako Pure Chemical Industries Ltd.). Liver cholesterol content was determined using a GLC system (GC-14B, 
Shimadzu Co.) with an SE-30 column (Shinwa Chemical Industries; Kyoto, Japan), in which internal standard 
(5α-cholestane) was used. Liver PL content was quantified by phosphorus analysis (Rouser et al., 1970). 

2.4 Analysis of mRNA Expression (Experiment 1) 

Mucosal total RNA from the jejunum was extracted using TRIzol reagent (Invitrogen; Carlsbad, CA, USA). 
Total RNA was reverse transcribed using a RevaTraAce® qPCR RT kit (Toyobo Co. Ltd.; Osaka, Japan) for 
cDNA synthesis. Real-time quantitative PCR was carried out with a DNA Engine Opticon 2 (Bio-Rad 
Laboratories; Hercules, CA, USA) using GoTaq® qPCR Master Mix (Promega; Madison, WI, USA). Primer 
sequences used for the detection of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and CES-II were as 
follows: forward: 5'-ATGACTCTACCCACGGCAAG-3' and reverse: 5'-TACTCAGCACCAGCATCACC-3'; for 
GAPDH, forward: 5'-GGTGGTTGTCGCTATCCAGT-3' and reverse: 5'-CAGCCACTTGGTCCAGGTAT-3'; for 
CES-II, which were designed using GENETYX-MAC (version 13.0.4, Genetyx; Tokyo, Japan). CES-II level 
was expressed after normalization to the GAPDH expression level. 

2.5 Analysis of Hepatic Enzyme Activity (Experiment 2) 

Hepatic crude, mitochondria, and cytosol fractions were prepared using an ultracentrifuge. Acyl-CoA oxidase 
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(ACOX) activity in the crude fraction was measured by the method of Ide et al. (1987). Carnitine palmitoyl 
transferase-II (CPT-II) activity in mitochondria fraction was measured by the method of Markwell et al. (1973). 
Cytosol acetyl-CoA carboxylase (Tanabe et al., 1981), Fatty acid synthase (Kelley et al., 1986), and 
glucose-6-phosphate dehydrogenase (G6PDH) (Kelley et al., 1984) activities were measured 
spectrophotometrically. The protein content of each hepatic fraction was measured by the method of Lowry et al. 
(1951) using bovine serum albumin as a standard. 

2.6 Analysis of Fatty Acid Composition in Organs 

Liver, brain (experiment 1), and WAT (experiment 2) total lipids were extracted by the method of Bligh and Dyer 
(1959). Total lipid fatty acid composition was measured using an Omegawax 250® column (Supelco Co., Ltd.) 
with a GLC system (GC-14B, Shimadzu Co.; Kyoto, Japan). Fatty acids were methylated using sodium 
methoxide. Injection and detection temperatures were 250 °C and 260 °C, respectively. The temperature of the 
column was increased from 120 °C to 240 °C at a rate of 2 °C /min. The amounts of individual fatty acids in the 
liver and brain (experiment 1) were quantified using C17:0 as an internal standard. Fatty acid species were 
identified by the retention time of standards (Supelco® 37 Component FAME Mix, Sigma-Aldrich Japan Co. 
Ltd.). 

Fecal lipids (experiments 1 and 2) were extracted by the method of Bligh and Dyer (1959), and then the EE 
fraction was separated using a silica gel Sep-Pak® cartridge column (Nihon Waters K.K. Tokyo, Japan) with 
chloroform and methanol as elution solvents. The individual fatty acid EEs of fecal lipids was measured using an 
Omegawax 250® column (Supelco Co., Ltd.) with a GLC mass spectrometer (GC-MS QP2010, Shimadzu Co.). 
The amount of individual fatty acid EEs was quantified using C17:0-EE as an internal standard, and the fatty 
acid EE species were identified using standard components and mass spectra. 

2.7 Statistical Analysis 

Data are presented as means and standard error of the mean of seven rats. Statistical differences between 
multiple groups were determined using analysis of variance. Statistical comparisons were conducted by applying 
the Tukey-Kramer test, and significant differences were decided at p < 0.05. Analyses were conducted using 
StatView-J software (version 5.0, Abacus Concepts; CA, USA). 

3. Results and Discussion 

3.1 Growth Parameter and Organ Weight 

Tables 4 and 5 show the growth parameters and results of serum biochemical tests, liver lipid contents, and fecal 
EE excretion contents in experiments 1 and 2, respectively. In experiment 1, there were no significant differences 
in BW gain or food intake among the groups. In experiment 2, the food intake of the L-EE2.8 group was 
significantly higher than the control group, and the BW gain of the L-EE2.8 group tended to be higher compared 
with the other groups. The food efficiency was not different among the groups, thus the tendency for the increase 
in the BW gain was caused by the increase in food intake. In experiments 1 and 2, the relative liver weight and 
each WAT weight were not changed among the groups. 
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Table 4. Effect of experimental diets on growth parameters and results of serum biochemical tests, liver lipid 
contents, and fecal EE contents in experiment 1 

  
Control L-EE H-EE 

  

Growth parameter          
 BW gain (g/day) 6.2 ± 0.1 6.2 ± 0.1 6.1 ± 0.2 

 Food intake (g/day) 17.3 ± 0.8 17.8 ± 0.8 17.9 ± 0.8 

Organ weight (g/100 g BW)          

 Liver weight 3.63 ± 0.06 3.77 ± 0.04 3.77 ± 0.06 

 Total WAT weight† 3.66 ± 0.18 3.57 ± 0.09 3.67 ± 0.18 

Serum          

 Total protein (mg/dL) 5.44 ± 0.06 5.30 ± 0.09 5.37 ± 0.10 

 A/G 2.13 ± 0.06 2.28 ± 0.04 2.37 ± 0.09 

 AST (IU/L) 77.9 ± 2.5 a 80.4 ± 3.1 ab 87.9 ± 1.7 b 

 ALT (IU/L) 46.4 ± 2.1 47.0 ± 1.3 51.0 ± 2.7 

 SUN (mg/dL) 16.7 ± 0.8 16.9 ± 1.1 17.4 ± 0.9 

 Total lipid (mg/dL) 175.6 ± 7.3 155.3 ± 4.6 156.0 ± 6.6 

 PL (mg/dL) 101.7 ± 6.1 94.6 ± 3.0 95.4 ± 4.2 

 Cholesterol (mg/dL) 61.4 ± 1.9 b 50.9 ± 2.8 a 51.1 ± 2.8 a 

 TG (mg/dL) 26.8 ± 1.2 23.6 ± 1.3 23.7 ± 0.9 

Liver (mg/g)          

 Total lipid 60.2 ± 4.4 48.0 ± 1.6 57.1 ± 2.5 

 PL 28.9 ± 0.6 28.0  ± 0.8 28.5 ± 0.9 

 Cholesterol 3.61 ± 0.21 3.47 ± 0.15 3.35 ± 0.36 

 TG 29.8 ± 3.4 b 16.6 ± 1.5 a 25.2 ± 2.3 ab 

Faces (mg/day)          

 DHA-EE N.D. 0.62 ± 0.05 b 0.43 ± 0.01 a 

 Total EE N.D. 4.08 ± 0.37 b 3.19 ± 0.21 a 

Data represent means ± SEM (n = 7). Values in the same row not sharing a common superscript are significantly 
different at p < 0.05 using the Tukey-Kramer test. 
†Total WAT represents the sum of the epididymal, mesenteric, perirenal, and retroperitoneal WAT weights. 

A/G, albumin/globulin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; SUN, serum urea 
nitrogen. 
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Table 5. Effect of experimental diets on growth parameters and the results of serum biochemical tests, liver lipid 
contents, and fecal EE contents in experiment 2 

  
Control L-EE1.0 L-EE2.8 H-EE1.0 

  

Growth parameter             
 BW gain (g/day) 4.99 ± 0.23 4.99 ± 0.27 5.32 ± 0.10 4.92 ± 0.12 

 Food intake (g/day) 20.2 ± 0.87 a 20.9 ± 0.96 ab 22.0 ± 0.83 b 20.4 ± 0.86 ab

 Food efficiency (g/kcal)† 0.062 ± 0.003 0.060 ± 0.003 0.062 ± 0.002 0.061 ± 0.002

Organ weight (g/100 g BW)             

 Liver weight 3.23 ± 0.08 3.10 ± 0.08 3.21 ± 0.07 3.16 ± 0.05 

 Epididymal WAT weight 1.43 ± 0.08 1.40 ± 0.08 1.50 ± 0.06 1.30 ± 0.05 

 Mesentery WAT weight 1.14 ± 0.08 1.19 ± 0.07 1.38 ± 0.13 1.15 ± 0.10 

 Perirenal and 
retroperitoneal WAT 
weight 

2.02 ± 0.21 1.75 ± 0.16 2.08 ± 0.23 1.71 ± 0.17 
 

Serum             

 AST (IU/L) 97.6 ± 4.0 94.9 ± 3.0 93.9 ± 3.0 99.6 ± 3.6 

 ALT (IU/L) 54.4 ± 3.4 49.1 ± 2.9 51.9 ± 1.9 55.9 ± 2.8 

 SUN (mg/dL) 17.1 ± 0.7 18.3 ± 1.0 16.1 ± 0.5 16.6 ± 0.6 

 Total lipid (mg/dL) 272.0 ± 7.9 a 236.6 ± 7.0 b 226.1 ± 4.2 b 213.3 ± 9.0 b 

 PL (mg/dL) 141.9 ± 3.8 b 126.9 ± 3.9 a 124.0 ± 2.2 a 114.7 ± 4.1 a 

 Cholesterol (mg/dL) 83.3 ± 3.3 b 71.6 ± 2.2 a 73.6 ± 2.1 ab 70.9 ± 3.8 a 

 TG (mg/dL) 42.3 ± 2.1 b 35.9 ± 2.2 b 26.0 ± 1.4 a 26.7 ± 1.3 a 

Liver (mg/g)             

 Total lipid 53.7 ± 7.2 52.6 ± 6.1 41.1 ± 3.3 41.4 ± 3.1 

 PL 23.4 ± 1.1 24.3 ± 1.1 24.9 ± 1.1 24.1 ± 0.8 

 Cholesterol 2.36 ± 0.15 2.33 ± 0.11 2.11 ± 0.09 2.45 ± 0.20 

 TG 20.9 ± 1.4 21.2 ± 3.3 18.2 ± 1.2 18.0 ± 2.8 

Faces (mg/day)             

 DHA-EE N.D. 0.43 ± 0.03 a 2.38 ± 0.08 b 0.59 ± 0.03 a

 Total EE N.D. 2.55 ± 0.34 a 4.06 ± 0.33 b 2.92 ± 0.20 a

Data represent means ± SEM (n = 7). Values in the same row not sharing a common superscript are significantly 
different at p < 0.05 using the Tukey-Kramer test. 
†BW gain (g/day) / energy intake (kcal/day) 

 

3.2 Biochemical Tests 

It has been suggested that fatty acid EEs are ingested as fatty acids and ethanol, thus the intake of a large amount 
fatty acid EEs might lead to ethanol toxicity (Tang et al., 2012). Ethanol is mostly metabolized in the liver, and 
ethanol over-consumption causes liver diseases such as fatty liver, hepatitis, and cirrhosis. The L-EE (experiment 
1) and L-EE2.8 (experiment 2) groups, which have the highest abundance of fatty acid EEs, did not have 
different serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels, which acts as an 
index for liver damage, compared with the control group (Table 4 and 5). In addition, the L-EE and L-EE2.8 
diets did not increase the liver total lipid content compared with other diets in experiments 1 and 2. Therefore, 
there was no influence of ethanol toxicity at 27.8 g/kg fatty acid EE content using L-DHAEE in the present study. 
In experiment 1, the H-EE group had significantly higher serum AST and a tendency for higher serum ALT. The 
reason for the increasing serum AST and ALT levels in response to dietary H-EE diets was not clear. Serum total 
protein, albumin/globulin, PL, and serum urea nitrogen levels were not affected by DHA-EE administration in 
experiments 1 and 2. 

After 8 weeks feeding of L-DHAEE and H-DHAEE, serum total lipid and TG contents in rats fed the L-EE2.8 
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and H-EE1.0 diets were significantly decreased compared with rats fed the control diets (Table 5). Whereas after 
4 weeks feeding of DHA-EE, serum TG contents in the L-EE and H-EE groups tended to be lower than the 
control group, but not to a significant degree (Table 4). One of the health-promoting effects of DHA is a decrease 
in serum TG content (Berge et al., 1999). The present results suggested that DHA-EE consumption was 
efficacious in decreasing serum TG contents; however, serum TG contents were not different between rats fed 
L-DHAEE and those fed H-DHAEE. 

In experiments 1 and 2, serum cholesterol contents in rats fed DHA-EE-containing diets were significantly 
decreased compared with the control groups. Whereas, the consumption of DHA-EE did not affect the liver 
cholesterol content in experiments 1 and 2. Frøyland et al. also showed that intake of fish oil containing DHA 
inhibits hepatic 3-hydroxy-3-methylglutaryl-CoA reductase, a rate-limiting enzyme in cholesterol synthesis, 
activity, (Frøyland et al., 1996). 

3.3 Apparent Absorption of DHA-EE 

The absorption of DHA in the intestine was lower as an EE form than as the free acid form of TG (Ikeda et al., 
1993). To compare bioavailability between L-DHAEE and H-DHAEE, we then examined DHA-EE and total EE 
excretion in feces as the apparent rate of DHA-EE absorption. In experiments 1 and 2, groups receiving 
L-DHAEE in the diets at a level of about 2.8% (L-EE and L-EE2.8) had significantly higher fecal DHA-EE and 
total EE excretion contents compared with the groups receiving L-DHAEE or H-DHAEE at a level of about 
1.0% (H-EE, L-EE1.0, and H-EE1.0 groups). Between the L-EE and H-EE or L-EE2.8 and H-EE1.0 groups with 
an equal DHA-EE content in the diets, H-DHAEE at a level of 1.0% (H-EE and H-EE1.0 groups) had 
significantly higher apparent DHA-EE absorption than the diets with L-DHAEE at a level of about 2.8% (L-EE 
and L-EE2.8 groups). These results showed that reduced apparent EE absorption occurred with the increase in 
the ratio of EEs in the diet. Therefore, dietary H-DHAEE was more efficacious in making DHA available in the 
body than dietary L-DHAEE. It is known that the bioavailability of fatty acid EEs changed in low- or high-fat 
diet conditions (Lawson & Hughes, 1988). Because we used low-fat diet conditions in the present study, 
comparison of low and high concentrations of DHA-EE in high-fat diet conditions will also be required. 

3.4 CES-II Expression Level of in the Jejunum (Experiment 1) 

Fatty acid EEs are difficult to hydrolyze in the intestinal lumen because they are poor substrates for pancreatic 
lipase, thus they are hydrolyzed in intestinal epithelial cells (Reicks et al., 1990; Nelson & Ackman, 1988). 
Therefore, this study evaluated the mRNA expression levels of CES-II in the jejunum using quantitative PCR in 
experiment 1. The CES-II mRNA expression levels were unchanged among the groups (data not shown). This 
result implies that the reduction in apparent DHA absorption was not related to hydrolyzation in intestinal 
epithelial cells. 

3.5 Fatty acid-Metabolizing Enzyme Activities in the Liver (Experiment 2) 

Berge et al. showed that dietary DHA can alter the activities of enzymes related to endogenous fatty acid 
metabolism (Berge et al., 1999). To investigate the regulation of fatty acid metabolism, we analyzed the effect of 
dietary L-DHAEE and H-DHAEE on the activities of hepatic enzymes related to fatty acid synthesis and 
oxidation in experiment 2. Table 6 shows the activities of liver fatty acid metabolism-related enzymes. ACOX, a 
key enzyme of fatty acid peroxisomal β-oxidation, activity was markedly increased in rats fed the H-EE1.0 diet 
compared with rats fed the control, L-EE1.0, or L-EE2.8 diets, and it tended to be higher in rats fed 
L-DHAEE-containing diets than in rats fed the control diet (Table 6). CPT-II, a key enzyme of fatty acid 
mitochondrial β-oxidation, activity was not changed among the groups. The reason for the different ACOX 
activities between the L-EE2.8 and H-EE groups might be caused by the apparent level of DHA absorption. A 
previous study suggested that EPA stimulates β-oxidation in mitochondria, whereas DHA is more efficacious for 
β-oxidation in peroxisomes. In the present study, EPA contents in the DHA-EE-containing diet were low (about 
0.8% of total fat), thus, CPT-II activity was unchanged. On the other hand, fatty acid synthase, a key enzyme in 
the regulation of de novo fatty acid synthesis, and malic enzyme, a key enzyme of the production of NADPH in 
cell, activities were not significantly change among the groups. G6PDH, a key enzyme of the production of 
NADPH in cell, and of the regulating fatty acids and cholesterol biosynthesis, activity tended to be lower in the 
L-EE2.8 and H-EE1.0 groups compared with the control and L-EE1.0 groups. The decreased serum TG content 
in the DHA-EE-containing diets may be in part caused by the inhibition of G6PDH and the increase of fatty acid 
oxidation in peroxisome. 
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Table 6. Activities of liver fatty acid metabolism-related enzymes in experiment 2 (nmol/min/mg protein) 

 
Control L-EE1.0 L-EE2.8 H-EE1.0 

 

FAS 1.80 ± 0.17 1.99 ± 0.14 2.22 ± 0.17 2.06 ± 0.23 
ACC 242.4 ± 14.5 269.9 ± 11.6 267.6 ± 14.8 224.4 ± 10.9 

G6PDH 130.1 ± 11.1 134.6 ± 12.5 80.3 ± 11.4 105.9 ± 10.7 

ME 8.69 ± 0.98 9.34 ± 0.88 9.04 ± 1.40 12.28 ± 0.76 

CPT-II 4.88 ± 0.52 5.47 ± 0.28 4.86 ± 0.27 5.40 ± 0.23 

ACOX 3.68 ± 0.20 
a

4.31 ± 0.40 a 4.53 ± 0.36 a 6.60 ± 0.29 b 

Data represent means ± SEM (n = 7). Values in the same row not sharing a common superscript are significantly 
different at p < 0.05 using the Tukey-Kramer test. 

ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; ME, malic enzyme. 

 

3.6 Fatty acid Composition in Organs 

Figure 1 (experiment 1) and Figure 2 (experiment 2) show the main fatty acids present in the liver. In experiment 
1, the contents of C16:0, C16:1n-9, C18:0, C18:1n-9, and C18:2n-6 in the liver were decreased in the L-EE 
group compared with the control and H-EE groups, and the decreased fatty acid contents seen with dietary 
L-DHAEE might be associated with decreased liver TG contents. Liver DHA content of the H-EE group, 
compared with L-EE group was increasing in experiment 1; however, this was not different between the L-EE2.8 
and H-EE1.0 groups in experiment 2. When DHA-EE was fed to rats for 4 weeks, H-DHAEE was more 
efficacious than L-DHAEE at increasing liver DHA contents owing to the enhancement of apparent DHA 
absorption. Brain fatty acid contents of rats fed DHA-EE-contained diets were found to have no significant 
change after 4 weeks (data not shown). 

 

 
Figure 1. Amounts of main fatty acids in the liver in experiment 1 

Data represent means ± SEM (n = 7). Values in the same row not sharing a common superscript are significantly 
different at p < 0.05 using the Tukey-Kramer test. 

C14:0, myristic acid; C16:0, palmitic acid; C16:1n-9, palmitoleic acid; C18:0, stearic acid; C18:1n-9, oleic acid; 
C18:1n-7, vaccenic acid; C18:2n-6, linoleic acid; C18:3 n-3, α-linolenic acid; C20:4n-6, arachidonic acid; 
C20:5n-3, eicosapentaenoic acid; C22:5n-6, osbond acid; C22:5n-3, docosapentaenoic acid; C22:6n-3, 
docosahexaenoic acid. 
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Figure 2. Amounts of main fatty acids in the liver in experiment 2 

Data represent means ± SEM (n = 7). Values in the same row not sharing a common superscript are significantly 
different at p < 0.05 using a Tukey-Kramer test.  

C16:0, palmitic acid; C16:1n-9, palmitoleic acid; C18:0, stearic acid; C18:1n-9, oleic acid; C18:1n-7, vaccenic 
acid; C18:2n-6, linoleic acid; C20:4n-6, arachidonic acid; C20:5n-3, eicosapentaenoic acid; C22:6n-3, 
docosahexaenoic acid. 

 

WAT not only has energy-storage functions but also plays an important part in regulating lipid and glucose 
homeostasis by secreting adipocytokines, including leptin, adiponectin, and tumor necrosis factor-α (Matsuzawa, 
2006; Maeda et al., 1997). Dietary DHA regulates adipocytokine gene expression and secretion simultaneously 
with accumulation of DHA in WAT in animal experiments (Moreno-Aliaga et al., 2010). In addition, dietary 
DHA induces diverse responses in the relative concentrations of DHA and adipocytokine secretion among the 
different WATs (Lefils et al., 2010). To clarify the effect of dietary L-DHAEE and H-DHAEE on WAT fatty acid 
composition, the fatty acid composition of WAT, including epididymal, mesenteric, and perirenal WAT were 
analyzed. Figure 3 shows the percentages of the main fatty acids in epididymal (A), mesenteric (B), and 
perirenal (C) WAT total lipids. The relative DHA composition in epididymal, mesenteric, and perirenal WAT 
between the L-EE2.8 and H-EE1.0 groups did not differ significantly. Epididymal WAT showed the highest 
relative DHA composition. In addition, the saturated fatty acid composition, including C14:0, C16:0, and C18:0, 
in the L-EE2.8 group was higher than the other groups. Palmitic acid (C16:0) has a robust effect on the 
inflammatory capacity of WAT (Kien et al., 2005), induces endoplasmic reticulum stress, (Guo et al., 2007), and 
enhances the secretion of tumor necrosis factor-α and interleukin-10 in WAT (Bradley et al., 2008). 
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Figure 3. Relative main fatty acid compositions of epididymal (A), mesenteric (B), and perirenal (C) WAT in 

experiment 2 

Data represent means ± SEM (n = 7). Values in the same row not sharing a common superscript are significantly 
different at p < 0.05 using a Tukey-Kramer test. 
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C14:0, myristic acid; C16:0, palmitic acid; C16:1n-9, palmitoleic acid; C18:0, stearic acid; C18:1n-9, oleic acid; 
C18:1n-7, vaccenic acid; C18:2n-6, linoleic acid; C18:3n-3, α-linolenic acid; C20:4n-6, arachidonic acid; 
C20:5n-3, eicosapentaenoic acid; C22:6n-3, docosahexaenoic acid. 

 

4. Conclusions 

This study showed that compared with L-DHAEE, H-DHAEE enhanced fatty acid β-oxidation in peroxisomes 
and apparent DHA absorption and increased the liver DHA contents in rats. Therefore, when the same quantity 
of DHA was consumed, H-DHAEE consumption was more efficacious in improving lipid metabolism compared 
with L-DHAEE consumption. This study contributes to the development of supplements with the EE-form of 
DHA by clarifying the bioavailability of different degrees of DHA-EE. 
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