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Influence of Dietary Triacylglycerol Structure on the
Accumulation of Docosahexaenoic Acid [22:6(n-3)] in
Organs in a Short-Term Feeding Trial with Mildly Omega-3
Deficient Rats

Amruta Kulkarni, Kaisa M. Linderborg, Ai Zhao, Heikki Kallio,
Gudmundur G. Haraldsson, Yumei Zhang, and Baoru Yang*

Scope: To study the effect of positional distribution of docosahexaenoic acid
(DHA) in dietary triacylglycerols (TAG) on the tissue fatty acid content and
composition of mildly (n-3) deficient rats.

Methods and results: In a 5-day feeding trial, mildly (n-3) deficient rats
received 360 mg daily structured TAGs: sn-22:6(n-3)-18:0-18:0,
sn-18:0-18:0-22:6(n-3), sn-18:0-22:6(n-3)-18:0, or tristearin. A fifth group
receives standard (n-3) adequate feed AIN-93G from birth till the end of the
trial. The DHA-fed groups show significantly higher DHA levels in the liver
and visceral fat compared to the tristearin or normal feed groups showing that
the dose and the short feeding period of DHA were sufficient to restore the
DHA content in the organs of (n-3) deficient rats. Feeding sn-1 DHA resulted
in higher levels of DHA in the liver TAG compared to sn-3 DHA feeding,
although the difference did not reach statistical significance.

Conclusion: These findings indicated a possible difference in the tissue

a-linolenic acid [ALA, 18:3(n-3)] via a
series of desaturations and elongations.
However, as the conversion efficiency
of the precursor ALA to DHA is low
in humans,['? an exogenous supply of
DHA from the diet, mainly from ma-
rine sources, is typically recommended.
Quantitatively, DHA is the most signif-
icant (n-3) fatty acid in the brain, and it
is also predominant in the retinal rod
outer segments.>*! DHA is required for
brain and retinal development, mem-
ory formation, neuroprotection, and
synaptogenesis.[>®] Several studies in
animals and humans have also indicated
that DHA deficiency in the brain is
associated with impaired performance in

accumulation and/or metabolic fate of DHA from the sn-1 and sn-3 positions

of TAG.

1. Introduction

Docosahexaenoic acid [DHA, 22:6(n-3)] is a long-chain omega-
3 polyunsaturated fatty acid [LC (n-3) PUFA] necessary for
the normal growth, development, and physiology of humans.
DHA is synthesized endogenously from the essential precursor

learning and cognitive development,[*l
as well as several neurological disorders,
including  Alzheimer’s, Parkinson’s,
schizophrenia, and depression.!”#!

Triacylglycerols (TAGs) are the domi-
nating form of dietary DHA in foods.
During digestion, dietary TAGs are hydrolyzed by the action of
lipases, releasing fatty acids from sn-1 and sn-3 positions. As a re-
sult, the sn-1 and sn-3 fatty acids are absorbed as free fatty acids,
whereas sn-2 fatty acids are absorbed as monacylglycerols.[*1]
Due to the chiral properties of lipases, the primary (sn-1 and sn-
3) positions of TAGs are not equal as targets of the action of
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digestive enzymes. Lingual lipase cleaved the fatty acids at the
sn-3 position twice as fast as those at the sn-1 position when a
racemic mixture of diacylglycerols with radiolabeled alkyl moiety
at sn-1 and sn-3 positions was incubated with lipases.l*!!] Jensen
et al. showed four times faster release of 16:0 and 18:1 by hydrol-
ysis of the sn-3 ester bond than sn-1 by the lingual lipase. Dog
pancreatic lipase showed stereopreference for the sn-3 position
of TAGs and stereopreference for the sn-1 position in racemic
diacylglycerols.['?l Due to the positional selectivity and preference
of lipases, the positional distribution of LC (n-3) PUFAs in TAG
molecules may affect their absorption, distribution, and tissue
uptake.['>!* Previous studies have shown improved assimilation
of DHA in the liver, erythrocytes, brain,[**! and brown adipose
tissuel'®! from structured TAG with DHA at the sn-2 position as
compared to fish oil with DHA distributed among three positions
of TAGs in 10-week old hamsters. Postprandial studies of lymph
lipids of rats, which were fed with TAG positional isomers with
DHA at sn-2 or sn-3 positions and two palmitic acids at remain-
ing positions, showed higher DHA levels in lymph in the group
fed with sn-2 DHA.['] However, intervention with a structured
oil with DHA located primarily in the sn-2 position and a ran-
domized oil with DHA evenly distributed in the TAG molecules
did not result in significant differences in DHA accretion in the
liver and brain.[*®)

Largely due to the unavailability of enantiopure reference
TAGs, the difference in bioavailability of fatty acids between sn-1
and sn-3 positions is poorly understood. To fill in the knowledge
gap, our group performed two animal feeding trials using the
chemoenzymatic synthesized regio- and enantiopure TAGs with
DHA at sn-1, 2, or 3 position.['>2% In the first trial,[2!) a four-week
intervention feeding was performed in rats with TAGs contain-
ing DHA in sn-1, 2, or 3 positions as the single source of n-3
PUFA. At the end of the intervention, the DHA content of the
plasma TAG fraction was significantly higher in the sn-1 DHA
group compared to the sn-3 DHA group, whereas in visceral fat
the DHA content was higher in the sn-3 DHA group than in the
sn-1 DHA group.?!l In the second trial, we aimed to study the
impact of a short-term 5-day intervention feeding with DHA as
regio- and enantiopure structured TAGs on the absorption and
tissue accumulation of DHA in rats with mild (n-3) deficiency.
Analysis of fecal content of DHA indicated superior absorption
of DHA from the sn-2 position of TAG as compared to the pri-
mary sn-1/3 positions, but no statistically significant difference
was observed between the sn-1 and sn-3 DHA.[?] In the current
study, we analyzed the fatty acid composition, especially the con-
tent of DHA and other PUFAs of the (n-3) and (n-6) families,
in different organs including the liver, brain, eye, kidney, testi-
cle, and visceral fat after the short-term intervention feeding in
rats. This is the first systematic study on the impact of positional
distribution of DHA on the accumulation of this valuable (n-3)
PUFA in a wide range of tissues and organs. The findings of the
research fill in the gap in current understanding of significance
of TAG molecular structures on the bioavailability, distribution,
and metabolism of dietary DHA.

2. Experimental Section

The experimental protocol included ethics approval for the an-
imal experiment from the Medical Ethics Research Board of
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the Peking University Health Science Center, China (Study ID
LA2016043), the synthesis of regio- and enantiopure structured
TAGs, the animal feeding trial, sample collection, and subse-
quent lipid analysis of different organ tissues of rats. Detailed
information on the design of the feeding trial has been described
previously.l??] Briefly, the enantiopure structured TAGs possess-
ing DHA either in sn-1 or sn-3 positions and two stearic acid
residues in the remaining positions [sn-22:6(n-3)-18:0-18:0 as (sn-
1 DHA) and sn-18:0-18:0-22:6(n-3) as (sn-3 DHA)]?% and their
regioisomeric TAG [sn-18:0-22:6(n-3)-18:0 as (sn-2 DHA)]2324
were synthesized. The excellent chemical purity (>97%) of all
the TAGs obtained after column chromatography purification on
silica gel was established by 'H (400 MHz) and *C NMR and
IR spectroscopy as well as satisfactory high-resolution accurate
mass spectrometry analyses.[?] The regiopurity of the sn-1, sn-
2, and sn-3 DHA TAGs was excellent (>98%) as was established
by 400 MHz 'H and '3C NMR spectroscopy.?*?%! The enantiopu-
rity of the sn-1 and sn-3 DHA TAGs was higher than 98% (>96%
enantiomeric excess) as was determined by chiral HPLC mea-
surements based on the use of two chiral columns connected to
a sample recycling system.[?] After weaning (21 days after birth),
60 Sprague-Dawley (SD) rats were kept on 7 days of adaptive
feeding with standard AIN-93G feed containing soybean oil as a
source of (n-3) fatty acids. After the adaptive phase, the rats were
then randomly divided into five groups (n = 12): four groups were
kept on the induction phase for 4 weeks to induce a mild (n-3)
deficiency by subjecting to a custom diet based on AIN-93G con-
taining (n-3) deficient peanut oil as the only source of fatty acids,
whereas, the fifth group continued on the standard AIN-93G diet
((n-3) normal diet) (Table S1, supporting information). Due to the
random division, the rats within each group were likely from dif-
ferent litters. After the 4 week induction phase, a 5-day interven-
tion feeding was performed on rats at the age of 57 days with four
groups receiving daily 360 mg of experimental fat as sn-1 DHA,
sn-2 DHA, sn-3 DHA (containing 120 mg of DHA per day), or tris-
tearin (T'S) embedded inside a feed pellet as the first feed ration
in the morning, and thereafter the rats were provided with the
remaining normal daily ration ad libitum. The fifth group con-
tinued on the standard AIN-93G diet (Normal feed group, NF)
during the intervention phase. The rats were sacrificed on day 6,
i.e., 62nd day after birth, and the brain, eyes, liver, testicles, kid-
neys, and visceral fat were collected from each rat and weighed.

2.1. Extraction of Organ Lipids, Isolation of TAGs and
Phospholipids, and Preparation of Fatty Acid Methyl Esters

Lipids of the brain, eye, liver, testicle, kidney, and visceral fat were
analyzed. The brains were weighed, frozen in liquid nitrogen,
and homogenized using a Bio-Gen PRO200 homogenizer (PRO
Scientific, USA). The homogenate was divided into two portions,
and one portion was stored at —80°C for lipid analysis. Other or-
gans collected were immediately frozen in liquid nitrogen, indi-
vidually packed, and stored at —80°C until analysis. For the extrac-
tion of lipids, large organs/tissues (liver, visceral fat, testicle, and
kidney) were diced into pieces on an ice bath, and representative
samples were taken randomly from the organ tissues, weighed,
and homogenized in methanol (10 mL of MeOH for 1 g of tissue)
by using an Ultra—Turrax T 25 instrument (IKA Werke GmbH &
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Co. KG, Staufen, Germany). The tissues were homogenized at
four intervals of 30 s at 8000 rpm and all the homogenized sam-
ples in methanol were stored at —80°C. Eyeballs were weighed
and directly used for lipid extraction.

Lipid extraction was performed in duplicates from the liver, vis-
ceral fat, testicle, kidney, and brain, whereas lipids were extracted
from only one eyeball for each rat.

Total lipids from the liver, visceral fat, testicle, kidney, and
brain were extracted from one aliquot of tissue homogenate and
solvent (%200 mg for brain and kidney; ~500 mg for liver, visceral
fat, and testicle) and one eyeball of each rat (~84-145 mg) with a
modified Folch method using methanol, chloroform and 0.88%
potassium chloride (KCl) in milli-Q water.?”:2%] All solvents used
were of HPLC grade. Triheptadecanoin and dinonadecanoylphos-
phatidylcholine (Larodan Fine Chemicals AB, Malmg, Sweden)
were used as the internal standard in the liver, while only trihep-
tadecanoin was used in the analysis of the brain, eye, kidney, testi-
cle, and visceral fat tissues. The samples were homogenized and
centrifuged; thereafter the supernatants were collected and fil-
tered using a funnel filter and filter paper (Whatman, Maidstone,
UK). After the addition of 0.88% KCl in milli-Q-water, the mix-
ture was then centrifuged, and the lipid-rich chloroform layer was
collected. After total lipid extraction, the liver lipids were fraction-
ated with solid-phase extraction using Sep-Pak Vac 1cc silica car-
tridges (Waters, Dublin, Ireland) into polar and nonpolar lipids.
The nonpolar lipids rich in TAGs were eluted using diethyl ether,
and the polar lipids rich in phospholipids (PL) using methanol as
previously described.!?”] The total lipids extracted from the brain,
eye, and testicle, were methylated to form fatty acid methyl esters
(FAMESs) using the acid-catalyzed method by overnight reaction
in acetyl chloride and methanol at 50°C.[?! The liver TAG- and
PL-rich fractions, visceral fat, and kidney lipids were methylated
by using the sodium methoxide method,**} where lipids were
suspended in lipids in dry diethyl ether, followed by the addition
of methyl acetate and sodium methoxide. After 5 min of reaction,
the reaction was stopped by the addition of acetic acid.

2.2. Analysis of Fatty Acid Composition

The FAMEs were analyzed using gas chromatography (GC) using
Nexis GC-2030 (Shimadzu, Kyoto, Japan) equipped with AOC-
20i autoinjector, AOC-20s autosampler, flame ionization detector,
and wall-coated open tubular column DB-23 (60 m x 0.250 mm
I.D. x 0.25 um film thickness, Agilent Technologies, Santa Clara,
CA, USA). The carrier gas was helium, and the injection mode
was splitless with an injection volume of 0.5 uL (the split was
opened after 1 min). Temperatures were 270°C for the inlet
and 280°C for the detector. The oven temperature program was:
130°C held for 1 min, increased 6.5°C min™ to 170°C, increased
2.75°C min™ to 205°C and held for 18 min, increased 30°C min!
to 230°C and held for 2 min. Retention times of the external stan-
dards [Supelco 37 Component FAME mix (Supelco, St. Louis,
MO, USA), GLC-68D, GLC-68D, GLC-490, GLC-566C, 22:3(n-
3), 22:4(n-6), 22:5(n-6), and 11A (Nu-Check-Prep, Elysian, MN,
USA)] were used in the identification of the fatty acid peaks.
Quantification of the fatty acids in liver TAG-rich fraction, brain,
eye, testicle, visceral fat, and kidney was based on the triheptade-
canoin, and those in liver PL-rich fraction were based on dinon-
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Table 1. Lipids (mg per 100 mg) extracted from the rat organs after the
5-day intervention feeding phase.

Tissue Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin ~ Normal feed
Liver TAG 192+0.68 1.74+064 1.73+089 220+0.73 1.59+0.39
Liver PL 3.56 +0.44 3.60+0.47 3.61+032 3.42+0.19 3.42+0.36
Brain 4.09+0.36 4.04+036 4.06+0.26 4.16+0.26 3.91+0.15
Eye 0.64 +0.12 0.67 +0.08% 0.68 +0.072 0.65+0.07* 0.56 + 0.05"
Testicle 151+0.27 1474025 150+0.19 151+0.23 1.48+0.28
Visceral fat  22.0 + 7.2 246+73 26.8+6.3 263+ 45 228 +5.0
Kidney 473 +129 453+128 501+136 451+105 3.75+0.72

2 During the 5-day intervention period, three groups received structured triacylglyc-
erols (360 mg per day for each rat) with docosahexaenoic acid (DHA) either at sn-1,
sn-2, or sn-3 positions and two stearic acid residues in the remaining positions (sn-1
DHA, sn-2 DHA, sn-3 DHA groups), and the tristearin group received tristearin (360
mg per day for each rat), in addition to the ad libitum omega-3 fatty acid deficient
diet. The normal feed group received soybean oil based standard feed from the be-
ginning until the end of the animal trial. Values are mean + SD. n = 12 in each group
for liver TAG, liver PL, brain, visceral fat, and eye. For rat testicle: n = 11in sn-1 DHA
group. For rat kidney: n = 10 in sn-1 DHA group, n = 11 in sn-2 DHA group, n = 11
in sn-3 DHA group and n = 10 in tristearin group. Values with different superscript
letters in the same row indicate that the means are significantly different (p < 0.05).
TAG: triacyglycerol, PL: phospholipid.

adecanoylphosphatidylcholine. Correction factors obtained from
the external standards mentioned above were used to calculate
the content and the relative percentage of individual fatty acids.

2.3. Data Presentation, Statistical Analysis, and Excluded
Samples

The fatty acid composition of total lipids in rat organs was statisti-
cally analyzed to detect the differences between the groups. Statis-
tical analyses were performed with the SPSS 25 program (IBM,
Armonk, NY, USA). An analysis of variance (ANOVA) test was
performed to compare the means either among all the groups as
well as among the three DHA-fed groups. Homogenous subsets
were examined by Tukey’s HSD test with Bonferroni corrections
for normally distributed groups. The nonparametric Kruskal-
Wallis test followed by the Mann—Whitney U test was performed
for the data that were not normally distributed. p values < 0.05
were considered statistically significant. FA composition analysis
of the testicle of one rat in the sn-1 DHA group was excluded be-
cause of its underdeveloped appearance. Two rats each from sn-1
DHA and tristearin groups and one rat each from sn-2 DHA and
sn-3 DHA groups were excluded from kidney lipid analysis since
their lipid content was standing out from the rest of the group
(>2SD away from the mean, Table S3, supporting information).

3. Results

3.1. Total Lipid Content in the Organs and Tissues

The total lipid content extracted from the organs and tissues an-
alyzed is shown in Table 1. Total PL content in the liver (mean
value 3.4-3.6 mg per100 mg in the five groups) was found to be
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1.5-2 times higher than the total liver TAG content (1.7-2.2 mg
per100 mg). Feeding structured TAGs with DHA at sn-1, sn-2, or
sn-3 positions did not result in a significant difference among the
three groups in terms of the total content of TAG and PL in the
liver. Neither were differences found in total TAG and PL levels
between the DHA-fed groups and the control groups (TS and NF
groups). In this study, the total lipid content of the rat organs,
especially visceral fat, is lower than the typical likely due to low
extraction yield using the applied extraction method. No differ-
ences were found among the groups in the total amount of lipids
in the visceral fat, brain, and testicle, (p > 0.05) whereas, the total
lipid content in the eye of the NF group was significantly lower
as compared to other intervention groups (p < 0.05).

3.2. Liver Fatty Acid Composition

Liver TAG and PL fatty acid composition of all intervention
groups are presented in Table 2A,B respectively. A higher DHA
percentage was found in the liver PL fraction compared to the
TAG fraction in all intervention groups. The difference in the per-
centage of DHA between PL and TAG was approximately 3-fold
in the DHA-fed groups, approximately 10-fold in the TS group,
and 5-fold in the NF group. DHA feeding resulted in significantly
higher (p < 0.001) content of DHA in both TAG and PL compared
to the NF group and the TS group (Tables 2A-B).

Figures 1, 2 present the content (ug extractable PUFA
per100 mg fresh weight of tissue) of selected PUFAs of the (n-3)
and (n-6) families, respectively, of liver TAG and PL fractions. In
agreement with the findings described for the percentage of fatty
acids, the DHA-fed groups showed significantly higher absolute
levels of extractable DHA in the TAG and PL fractions compared
to the NF and the TS groups (Figure 1C). No statistical difference
in the DHA level of liver TAG and PL was detected among the
three DHA-fed groups as the ANOVA was nonsignificant.

During the 5-day feeding period, the DHA-fed groups and the
TS group received an additional 18:0 in the fat supplement. Com-
pared to the group fed with normal feed, the percentage of 18:0
in the PL fraction was significantly increased in the groups fed
with the structured TAGs containing DHA and stearic acid and
in the TS group (significantly different to sn-1 DHA, sn-2 DHA
groups, and TS groups: p < 0.001, p < 0.05, and p < 0.01, respec-
tively). Among the three DHA-fed groups, stearic acid (18:0) in
liver PLs was found to be significantly higher sn-1 DHA group as
compared to the sn-3 DHA group (p < 0.001).

The level of oleic acid [OA, 18:1(n-9)], linoleic acid [LA, 18:2(n-
6)], and ALA in the feed influenced the proportion of these fatty
acids in the liver TAG and PL fractions. The NF group received
soybean oil containing approximately 60 times higher ALA and 3
times higher LA compared to peanut oil fed to other intervention
groups (Table S2, supporting information). ALA and LA percent-
ages of both TAG and PL fractions were significantly higher in the
NF group compared to all other groups (p < 0.001) (Table 2A-B).
Similar statistical differences were observed when absolute val-
ues of ALA and LA of liver TAG and PL fraction were compared
(Figures 1A and 2A) among all experimental groups. The peanut
oil-based feed consisted of a three times higher content of oleic
acid (OA) compared to soybean oil-based feed (Table S2, support-
ing information). This difference resulted in significantly higher
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levels of OA in liver TAG and PL of the DHA-fed groups and the
TS group compared to the NF group (p < 0.001) (Table 2A-B).

DHA-fed groups had higher EPA compared to the NF group
in both TAG (p > 0.05) and PL (significantly different from sn-
2 DHA and sn-3 DHA groups) of liver tissues (Table 2A and B;
Figure 1B). EPA level in TAG and PL fractions was significantly
lower in the TS group than in all other groups (p < 0.05), show-
ing depletion of this (n-3) PUFA by the (n-3) deficient feeding
(Table 2A and B; Figure 1B). Docosapentaenoic acid [DPA, 22:5(n-
3)] was low in the liver both in the TAG (below 0.05%) and in the
PL fractions (0.1% or less) of all groups, although DPA in liver
PL was significantly lower in the DHA-fed groups compared to
the TS and NF groups (p < 0.001) (Table 2A and B).

ARA was found to be significantly higher in the PL (28-34% of
total fatty acids) than in the TAG fraction (typically 5-6%) of the
liver, the difference being close to 5-fold (Tables 2A,B). In liver
PL, the level of ARA was the highest in the TS group (34%), fol-
lowed by the NF group (32%), being the lowest in the DHA-fed
groups (around 28%) (p < 0.001), whereas no significant differ-
ences were found in the absolute level and percentage of ARA in
liver TAG among the groups (Table 2A, Figure 2B). The absolute
content of ARA in the NF group (1078 ug per 100 mg) of liver PL
fraction did not differ from DHA-fed groups (995-1013 pg per
100 mg) (Figure 2B). As with other fatty acids in the (n-6) family,
the levels of Docosatetraenoic acid [DTA, 22:4(n-6)] and (n-6) Do-
cosapentaenoic acid [DPAn-6, 22:5(n-6)] were increased in both
TAG and PL fractions in the (n-3) deficient TS group compared
to the other groups (Tables 2A-B; Figures 2C,2D).

DHA feeding significantly increased the total (n-3) FA level
of the DHA-fed groups in both liver TAG and PL compared
to the TS group (p < 0.001). Compared to the NF group, the
DHA-fed groups had a higher total level of (n-3) PUFAs in liver
PL (p < 0.001), whereas no difference was found between the
NF group and the DHA-fed groups in liver TAG (Tables 2A-B,
Figure 1D). The total (n-6) PUFA and total PUFA percentages
in the liver TAG and the total PUFA in the liver PL (Tables 2A-B)
were significantly higher in the NF group as compared to all other
intervention groups (p < 0.001). In contrast, a slightly different
statistical pattern was found (Figure 2E), where the NF group of
liver TAG and PL had higher absolute total (n-6) FA content com-
pared to only three DHA-fed groups (p < 0.05 for liver TAG; for
liver PL only significantly different from the sn-3 DHA group).
The high content of OA in the peanut oil in the diet increased the
total MUFA content in the liver TAGs of the DHA-fed groups (44—
46%) and the TS group (49%) compared to the NF group (32%)
(p < 0.001) (Table 2A). In liver PL, the total MUFA content (8—
9%) was lower than in the TAG fraction, and only the sn-3 DHA
group and the TS group had significantly higher MUFA com-
pared to the NF group (p =0.02, p=0.001 respectively) (Table 2B).
There were no statistical differences in the total (n-3), total (n-6),
total PUFA, or total MUFA contents in liver TAG or PL fractions
among DHA-fed groups.

3.3. Brain and Eye Fatty Acid Composition
The relative percentages of all fatty acids in the brain and eye

are shown in Tables 2C-D. The average tissue content (ug per
100 mg) of extractable ALA, EPA, DHA, and total (n-3) FA, and
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Table 2. A-G) Fatty acids of rat liver (TAG and PL), brain, eye, testicle, visceral fat, and kidney (% of total fatty acids) of different intervention groups.

A: Liver TAG fraction fatty acid composition.

Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
12:0 0.09 + 0.03 0.1+0.04 0.11+ 0.05 0.1+0.04 0.09 + 0.02
14:0 0.63+0.12 0.66 + 0.14° 0.71+0.122 0.72 +0.132b 0.87 +0.18°
14:1(n-5) 0.21+0.4 0.16 + 0.25 0.11+0.03 0.12 + 0.06 0.12 + 0.03
16:0 24.77 + 4.05 25.38 + 2.54 26.75 +3.58 26.42 +3.73 24.01+3.01
16:1(n-7) 2.41+0.93? 2.78 +0.93%® 3.35 +0.98° 3.21+£0.97° 3.68 + 1.15°
18:0 4.57 + 1.84 47+173 3.96 + 1.11 3.79+ 1.1 3.56 + 1.83
18:1(n-9) 38.93 + 3.682 38.45 + 3.89° 39.98 + 3.27¢ 42.82 + 2.96% 24.18 +2.33°
18:1(n-7) 2.03 +0.412 2.18+0.32 2.33+0.19° 2.25 + 0.46° 3.72+051°
18:2(n-6) 13.03 + 3.072 1251 +2.142 11.69 + 3.042 11.48 +3.182 26.96 + 6.28°
18:3(n-6) 0.04 + 0.02 0.03 +0.01? 0.05 + 0.052 0.03 + 0.02? 0.26 +0.07°
18:3(n-3) 0.18 + 0.06° 0.2 + 0.06* 0.19 + 0.09 0.15 + 0.072 1.7 +0.49°
20:0 0.07 + 0.04 0.07 + 0.03 0.07 + 0.04 0.05 + 0.03 0.05 + 0.02
20:1(n-9) 0.2 +0.072 0.16 + 0.052° 0.14 + 0.052° 0.12 + 0.052° 0.12 +0.03
20:2(n-6) 0.33 +0.122° 0.31+0.082° 0.29 + 0.08%° 0.45 + 0.14° 0.29 + 0.04°
20:3(n-6) 0.2 +0.082 0.21+0.072 0.18 + 0.06* 0.11 4 0.05 0.24 + 0.072
20:4(n-6) 5.67 +2.23 5.93 +2.15 5.07 + 2.02 5.98 + 1.86 6.29 +2.94
20:3(n-3) 0.06 + 0.032b 0.04 + 0.022 0.05 + 0.042® 0.05 + 0.022 0.08 + 0.04°
20:5(n-3) 0.45 + 023 0.5 +0.132 0.38 +0.142 0.03 + 0.02° 0.38 +0.132
22:0 0.02 + 0.02 0.03 + 0.02 0.02 + 0.02 0.02 + 0.02 0.02 + 0.02
22:1(n-9) 0.05 + 0.04 0.16 + 0.38 0.04 + 0.03 0.03 + 0.02 0.06 + 0.07
22:2(n-6) 0.03 +0.01° 0.02 +0.01° 0.03 + 0.022b 0.04 + 0.02? 0.01+0.01°
22:4(n-6) 0.17 + 0.052° 0.15 + 0.04° 0.15 + 0.07° 0.25 +0.12° 0.28 + 0.06°
22:5(n-6) 0.23 +0.15° 0.18 + 0.05? 0.16 + 0.05%° 0.55 +0.21° 0.2 +0.09?
22:5 (n-3) 0.03 + 0.02 0.02 + 0.02 0.02 + 0.01 0.02 + 0.04 0.03 + 0.02
24:0 0.2 +0.072 0.21+ 0.09* 0.17 £ 0.072 0.06 + 0.03° 0.31+0.07¢
22:6(n-3) 483 +1.8° 4.26 + 1.26° 3.46 + 1.09 0.5 +0.28° 1.66 + 0.8°
24:1(n-9) 0.03 + 0.03° 0.03 + 0.032° 0.03 +0.03%b 0.02 + 0.04° 0.01+0.01°
Total SFA 30.33 +3.95 3111+ 261 31.76 + 2.95 311434 28.88 + 3.46
Total MUFA 43.82 +3.97° 43.88 + 4.29° 45.95 + 3.86°° 48.54 + 3.2 31.87 +3.47¢
Total (n-6) FA 19.48 + 4.36° 19.16 + 3.312 17.43 + 4.772 18.61 +4.732 34.22 + 5.64°
Total (n-3) FA 5.68 + 2.06° 5.14 + 1.382 422 +1.29° 0.98 + 0.34 4.11+0.74°
Total PUFA 25.16 + 6.22° 24.3 + 4.56° 21.65 +5.972 19.58 + 5.022 38.32 4 6.04°

B: Liver PL fraction fatty acid composition.

Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
12:0 0.02 +0.02 0.03 +0.02 0.03 +0.02 0.03 +0.02 0.03 +0.02
14:0 0.17 + 0.04% 0.13 +0.04* 0.14 + 0.04% 0.14 + 0.05° 0.2 + 0.06°
14:1(n-5) 0.04 + 0.04 0.03 +0.01 0.09 +0.15 0.04 + 0.04 0.07 +£0.11
16:0 15.25 + 1.69° 16.28 + 1.152° 17.24 +0.92° 15.81+1.2° 16.28 + 0.752°
16:1(n-7) 0.58 +0.182 0.68 +0.172b 0.78 +0.14 0.74 +0.16%® 0.75 +0.122b
18:0 23.81+2.117 22.13 + 1.692° 21.03 + 1.04% 22.39 + 1.4720 19.89 + 1.22¢
18:1(n-9) 5.34 +0.69? 5.3 +£0.48% 5.66 + 0.652P 5.98 + 0.48P 3.42 +0.36°
18:1(n-7) 1.74 £ 0.25° 2.03 +0.34° 2.07 +£0.257 212+ 0378 3.33 +0.56°
18:2(n-6) 8.46 + 1.23° 8.62 + 0.76° 8.28 +0.877 7.66 +0.92% 11.65 + 1.79°
18:3(n-6) 0.03 +0.01° 0.03 +0.02° 0.03 +0.02° 0.03 +0.01° 0.06 + 0.02°
18:3(n-3) 0.07 +0.022 0.03 +0.032 0.02 + 0.022 0.02 + 0.022 0.11 £ 0.04°

(Continued)
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Table 2. (Continued)

B: Liver PL fraction fatty acid composition.
Fatty acids Groups?
sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
20:0 0.06 + 0.03 0.05 =+ 0.02 0.05 + 0.02 0.05 + 0.01 0.05 + 0.01
20:1(n-9) 0.11+0.03 0.11 +0.03 0.11 +0.03 0.11+0.03 0.12 +0.03
20:2(n-6) 0.38 £0.07° 0.39 + 0.05° 0.39 + 0.06° 0.53 +0.13° 0.46 + 0.05°
20:3(n-6) 0.8+0.1° 0.87 +0.13° 0.87 +0.14° 0.66 + 0.16° 0.83 0.1
20:4(n-6) 27.98 + 2.482 28.11 + 1.022 27.61+ 1572 33.98 + 1.12° 31.51+0.91°
20:3(n-3) 0.08 + 0.03 0.08 + 0.05 0.07 +0.02 0.08 +0.02 0.07 +0.02
20:5(n-3) 0.25 + 0.143¢ 0.27 £ 0.1 0.21+0.07° 0.03 + 0.06° 0.13 +0.03¢
22:0 0.02 +0.01° 0.02 +0.01° 0.02 + 0.012° 0.02 +0.01° 0.01+0.01°
22:1(n-9) 0.01+0.01 0.03 + 0.07 0.01+0.01 0.01+0.01 0.01+0.01
22:2(n-6) 0.04 +0.01% 0.04 +0.01° 0.04 +0.01° 0.07 + 0.02° 0.02 +0.01¢
22:4(n-6) 0.23 + 0.04° 0.23 +0.02° 0.23 +0.03° 0.58 +0.15° 0.32 + 0.04¢
22:5(n-6) 0.33 +0.13? 0.33 +0.08° 0.34 +0.08° 3.09 +0.99° 0.45 +0.23°
22:5 (n-3) 0.04 +0.01° 0.05 + 0.02° 0.05 +0.01? 0.1+ 0.02° 0.1+ 0.05°
24:0 0.27 + 0.08° 0.33 +0.12° 0.32 +0.08° 0.29 + 0.08* 0.69 + 0.13°
22:6(n-3) 13.58 + 2.04 13.33 + 1.02° 13.94 +0.81° 5.26 + 0.47° 8.92 + 1.88°
24:1(n-9) 0.02 +0.01° 0.02 +0.01° 0.02 +0.01° 0.01+0.01° 0.01+0.01°
Total SFA 39.52 + 1.152 38.94 + 0.84° 38.80 + 0.9° 38.70 + 0.89° 3712+ 0.84°
Total MUFA 7.81 + 1.042° 8.18 + 0.572b¢ 8.70 +0.91°¢ 8.99 + 0.69° 7.68 + 0.672
Total (n-6) FA 38 +2.4° 38.36 + 1.27° 37.52 + 1282 45.97 +0.98 44.95 + 2.08"
Total (n-3) FA 14.17 + 1.982 13.95 + 12 14.50 + 0.782 6.04 +0.43° 9.62 + 1.86°
Total PUFA 52.16 + 1.17 5231+ 0.73° 52.07 + 1.25° 52 +0.92% 54.56 + 0.72°
C: Brain fatty acid composition.
Fatty acids Groups?
sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
12:0 0.06 + 0.04? 0.05 + 0.03° 0.05 +0.04* 0.05 +0.03° 0.12 +0.03
14:0 0.24 + 0.04 0.25 + 0.04 0.27 +0.09 0.28 + 0.07 0.27 +0.06
16:0 17.35 + 1.49 17.87 + 1.71 17.74 + 1.55 17.41 + 1.07 18.65 + 0.88
16:1(n-7) 0.3+0.04 0.32 +0.05 0.31+0.04 0.3 +0.03 0.32 +0.03
18:0 17.73 + 0.65 17.63 +0.75 17.75 + 0.88 17.63 + 1.73 18.48 + 0.63
18:1(n-9) 15.87 + 1.312b 15.73 + 1.392° 15.55 + 1.372b 15.96 + 1.1° 14.49 + 0.75°
18:1(n-7) 3.34 +0.29%° 3.3 +0.372° 3.33 +0.342° 3.44 +0.25° 3.04 +0.19°
18:2(n-6) 0.55 + 0.06 0.55 + 0.05° 0.57 + 0.06* 0.53 + 0.07 0.74 + 0.09°
18:3(n-6) 0.04 + 0.03%b 0.06 + 0.01° 0.07 +£0.01° 0.07 +0.01° 0.02 +0.01°
18:3(n-3) 0.03 +0.022b 0.02 + 0.012° 0.01+0.01° 0.02 +0.012° 0.02 + 0.01°
20:0 0.7+0.24 0.56 + 0.24 0.63 +0.19 0.69 +0.13 0.54 +0.12
20:1(n-9) 1.14 + 0.62° 1.6 +0.812° 1.66 + 0.622° 1.88 + 0.43° 0.39+0.1°
20:2(n-6) 0.27 +0.06 0.25 + 0.07 0.27 + 0.06 0.29 +0.05 0.24 + 0.05
20:3(n-6) 0.42 +0.05 0.41+ 0.06 0.42 +0.05 0.41+0.05 0.43 +0.05
20:4(n-6) 9.99 + 0.98 10.17 + 1.2 9.76 + 0.89 10.06 + 0.8 10.86 + 0.6
22:0 0.72 + 0.24 0.55 +0.21 0.63 +0.18 0.69 +0.16 0.55 +0.12
22:1(n-9) 0.25 + 0.06° 0.25 + 0.12b 0.27 + 0.09° 0.28 + 0.04 0.18 + 0.04
22:2(n-6) 0.03 + 0.02 0.02 +0.02 0.02 + 0.02 0.02 + 0.02 0.03 + 0.01
22:4(n-6) 2.86 +0.15 2.91+0.14 2.78 £0.19 2.97 +0.18 2.83+0.15
22:5(n-6) 1.11+0.2° 1.2 +0.27%° 1.2 +0.16° 1.46 + 0.22° 0.73 +0.34¢
24:0 1214037 0.96 + 0.36 1.09 +0.3 1.15 +0.21 0.97 +£0.16
22:6(n-3) 14.17 + 1.5420 14.53 + 1.652° 14.52 + 1.45%° 13.1+ 1.072 15.8 + 1.04°
(Continued)
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Table 2. (Continued)
C: Brain fatty acid composition.
Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
24:1(n-9) 1.92 + 0.66 1.36 + 0.69 1.66 + 0.59 1.75 +0.33 1.36 + 0.32
Total SFA 37.99 + 1.27° 37.84 + 1.6%° 38.14 + 1.8120 37.86 + 2.36° 39.57 +0.98°
Total MUFA 22.79 + 2.36° 22.53 +3.14%° 22.75 +2.73° 23.58 +2.01° 19.76 + 1.3°
Total (n-6) FA 12.38 + 1.04 12.64 + 1.27 12.27 +0.92 12.81+0.82 13.01+0.7
Total (n-3) FA 17.04 + 1.552b 17.45 + 1.692° 17.3 + 1.482° 16.08 + 1.142 18.64 + 1.01°
Total PUFA 29.42 + 2.49%° 30.09 + 2.9%° 29.57 +2.32b 28.88 + 1.78% 31.65 + 1.33°
D: Eye fatty acid composition.
Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
12:0 0.14 + 0.04 0.18 + 0.04 0.21+0.08 0.17 + 0.06 0.17 + 0.06
14:0 1.25+0.17 1.26 +0.11 129 +0.15 1.18 +£0.14 121+0.1
14:1(n-5) 0.06 + 0.05° 0.08 + 0.052° 0.13 + 0.04° 0.07 +0.04° 0.11+ 0.0420
16:0 20.84 + 1.1 20.67 + 0.58 21.11+0.63 20.97 + 0.52 20.86 + 0.62
16:1(n-7) 2.47 +0.97 2.62+1.19 3.08 + 0.67 2.43 +0.63 26+0.6
18:0 16.38 +2.5 14.75 + 1.62 15.33 + 1.46 15.66 + 1.47 16.6 + 1.62
18:1(n-9) 15.21 + 2.66%° 17.2 +2.342 18 +3.09° 17.15 + 2.262 13.21 + 1.62°
18:1(n-7) 3.16 +0.76 3.39+0.86 3.28+0.26 3.06 +0.11 3.14+0.22
18:2(n-6) 3.55 +0.87° 4.25 + 1.06%° 3.72+ 112 3.84 +0.88° 5.75 + 1.86°
18:3(n-6) 0.11 + 0.022b¢ 0.1+ 0.022 0.1+0.012° 0.11 +0.01°¢ 0.12 +0.01°
18:3(n-3) 0.03 + 0.02° 0.05 + 0.03° 0.03 + 0.03? 0.04 +0.03° 0.24 +0.12°
20:0 0.33 + 0.06 0.28 + 0.05 0.32+0.03 0.32+0.03 0.33 + 0.06
20:1(n-9) 0.24 + 0.05° 0.59 + 1.11° 0.26 + 0.04° 0.26 + 0.052 0.18 +0.01°
20:2(n-6) 0.35 + 0.04° 0.35 +0.03? 0.36 + 0.03° 0.38 + 0.05° 0.37 +0.03°
20:3(n-6) 0.29 + 0.03? 0.29 + 0.04° 0.28 + 0.04? 0.28 + 0.05° 0.33 +0.04°
20:4(n-6) 11.6 + 0.962° 11.26 + 0.843° 10.6 + 0.87° 11.85 + 1.16° 11.5 +0.572°
20:3(n-3) 0.11+0.21 0.14 +0.28 0.03 +0.04 0.01 +0.02 0.02 + 0.02
20:5(n-3) 0.04 +0.022° 0.06 + 0.032¢ 0.05 + 0.02° 0.02 +0.01° 0.1+0.1¢
22:0 0.29 + 0.03 0.26 + 0.04 0.3 +0.03 0.3 +0.04 0.31+0.09
22:1(n-9) 0.16 + 0.04? 0.16 + 0.07° 0.12 + 0.042 0.14 + 0.052 0.1+ 0.04°
22:2(n-6) 0.07 + 0.033¢ 0.08 + 0.03° 0.08 + 0.02° 0.11 +0.02° 0.04 + 0.02¢
22:4(n-6) 1.62 + 0.22° 1.59 + 0.14%° 1.37 + 0.44° 1.8 +0.15° 1.64 +0.122°
22:5(n-6) 1.12 + 0.24 1.05 +0.132 1.15 +0.22° 1.72 + 0.34° 0.54 +0.1°
24:0 0.61+0.132 0.55 +0.16° 0.63 +0.13° 0.57 +0.16 1.01+0.11°
22:6(n-3) 19.21+2.26 18.05 + 2.45 17.28 +2.76 16.63 + 1.92 18.71+ 2.55
24:1(n-9) 0.44 + 0.072® 0.4 + 0.09%° 0.49 + 0.06* 0.47 + 0.072® 0.42 + 0.03°
Total SFA 39.81 +3.59%° 37.93 + 1812 39.17 4+ 1.35% 39.14 + 1.471%0 40.45 + 1.88°
Total MUFA 21.72 + 4.052° 2441 +3.37° 25.33 + 3.62° 23.56 + 2.7 19.73 + 2.25°
Total (n-6) FA 17.06 + 0.952° 17.35 + 1.172° 16.26 + 0.682 18.27 + 1.14b 18.63 + 1.88°
Total (n-3) FA 20.99 +2.29 19.86 + 2.32 18.74 + 2.82 18.49 + 2.01 20.7 + 2.46
Total PUFA 38.05 +2.612° 37.2 +2.27%b¢ 34.99 + 2.53¢ 36.76 + 1.97° 39.32+ 1.39°
E: Testicle fatty acid composition.
Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
12:0 0.29 +0.132 0.2 +0.082b 0.28 + 03120 0.27 + 0.25%° 0.16 + 0.04°

(Continued)
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Table 2. (Continued)

E: Testicle fatty acid composition.
Fatty acids Groups?
sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed

14:0 0.82 +0.21 0.79 +0.15 0.95 + 0.22 1.03 +0.67 0.88 +0.23
14:1(n-5) 0.12 + 0.062° 0.19 + 0.142b 0.2 +0.082 0.2+ 0.072 0.12 + 0.04
16:0 30.67 +2.03 30.88 + 1.89 311+ 1.49 31.29 + 1.42 3231+ 1.89
16:1(n-7) 2.23+0.72 2.07 +0.63 2.6 +0.77 2.05 +0.68 1.96 + 0.71
18:0 6.76 + 1.99 6.48 + 1.64 6.18 +0.73 7.15 + 1.86 6.42 +0.48
18:1(n-9) 2121+ 4.87° 20.21+5.2? 20.24 + 3.86° 19.47 + 4.362 12.48 + 2.08"
18:1(n-7) 244 +0.21 2.54 +0.27 2.57 +0.24 2.38 +0.31 2.4+0.19
18:2(n-6) 5.89 + 0.952 5.72 +0.95° 5.64 + 0.882 5.2+ 0.852 9.96 + 3.08°
18:3(n-6) 0.02 + 0.03? 0.01+0.01° 0.02 +0.012 0.01+0.01° 0.13 +0.12°
18:3(n-3) 0.19+£0.1 0.11 + 0.05° 0.14 + 0.07¢ 0.12 + 0.04% 0.62 + 0.32°
20:0 0.18 + 0.06* 0.18 +0.12 0.16 + 0.032 0.22 +0.15° 0.13 + 0.03°
20:1(n-9) 0.24 + 0.06* 0.24 + 0.08° 0.22 + 0.052 0.21 + 0.06° 0.11+ 0.02°
20:2(n-6) 0.27 +0.03 0.28 + 0.04 0.27 +0.02 0.27 + 0.04 0.26 + 0.04
20:3(n-6) 0.82 +0.132 0.87 +0.132 0.84 + 0.09 0.75 +0.12 1.04 +0.12°
20:4(n-6) 13.05 +2.13 13.73 £ 1.92 13.52 + 1.65 14.26 + 1.74 15.24 +2.35
20:3(n-3) 0.1+0.03 0.09 + 0.02 0.1+0.03 0.1+0.03 0.11 +0.02
20:5(n-3) 0.03 +0.022° 0.04 + 0.02° 0.03 +0.012 0.02 +0.01° 0.04 + 0.022
22:0 0.15 + 0.02° 0.17 £ 0.12 0.13 +0.022b 0.2 +0.1420 0.24 + 0.45°
22:1(n-9) 0.86 + 0.182 0.69 + 0.13° 0.7 +0.09 0.74 +0.12%° 0.7 +0.14°
22:2(n-6) 0.05 + 0.012 0.06 + 0.02° 0.06 + 0.022 0.06 + 0.02° 0.05 + 0.06°
22:4(n-6) 1.45 + 0.26° 157 +£0.212° 1.5 +0.222b 1.55 + 0.142b 1.71+0.23°
22:5(n-6) 10.79 + 1.78 11.39 + 1.64 11.19 + 1.38 1139 + 1.12 11.55 + 1.76
24:0 0.11 +0.022 0.12 + 0.02° 0.1+ 0.022 0.11 +0.03° 0.08 + 0.02°
22:6(n-3) 0.91 +0.152 0.99 +0.13° 0.94 +0.112 0.6 + 0.08° 0.94 +0.212
24:1(n-9) 0.05 + 0.022° 0.07 + 0.02° 0.06 + 0.022® 0.06 + 0.022> 0.05 + 0.01°
Total SFA 38.94 +2.97 38.79 +3.32 38.87 + 1.97 40.25 + 3.85 40.18 + 1.84
Total MUFA 27.14 + 5.65° 25.98 + 5.92° 26.56 + 4.6 25.08 + 5.25° 17.78 +2.81°
Total (n-6) FA 30.86 + 3.09% 32.03 + 2.68? 315 +2.61° 31.91 +2.03° 38.2 + 1.08°
Total (n-3) FA 2.66 + 0.462P 2.78 +£0.3° 2.68 +0.312b 237 £0.19° 3.39+0.16°
Total PUFA 33.51 + 3.52° 34.81 +2.92° 34.18 + 2.88° 34.28 +2.16 41.59 + 1.14°
F: Visceral fat fatty acid composition.
Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed

12:0 0.24 +0.02 0.26 + 0.03 0.25 + 0.02 0.25 +0.03 0.26 + 0.02
14:0 1.61+0.16° 1.65 +0.192 1.7 £0.1820 1.63 +0.142 1.84 +0.11°
14:1(n-5) 0.16 + 0.04° 0.15 + 0.03° 0.17 + 0.04° 0.15 + 0.032 0.22 + 0.04°
16:0 20.64 + 1.64 21.02 + 0.67 20.57 + 0.95 21.03 + 1.31 20.6 + 1.43
16:1(n-7) 4.64 + 0.66° 4.88 + 0.86%° 5.06 + 0.672P 4.83 +0.9%° 5.93 +0.81°
18:0 224 +1.04 2.05+0.9 1.88 + 0.56 1.88 +0.51 2.3 +0.49
18:1(n-9) 5432 +2.18° 53.74 + 0.85° 53.82 +2.01° 54.53 +1.21° 3121+ 117°
18:1(n-7) 2.5140.522 2.78 +0.19%0 2.76 + 0.52b 2.43 +0.34° 3.29 + 0.46°
18:2(n-6) 1131+ 0.77 11.26 + 0.822 11.5 + 1.9% 11.2 + 1.282 30.16 + 2.48°
18:3(n-6) 0.06 +0.01° 0.06 + 0.01° 0.06 + 0.01° 0.06 + 0.01° 0.1+0.01°
18:3(n-3) 0.18 +0.02° 0.2 +0.03? 0.19 + 0.05° 0.18 + 0.04° 2.52 +0.19°
20:0 0.3 +0.06? 0.26 + 0.03° 0.31 + 0.06° 0.32 + 0.042 0.12 + 0.02°
20:1(n-9) 0.56 + 0.07° 0.54 + 0.04° 0.58 + 0.05° 0.56 + 0.052 0.2 +0.01

(Continued)
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Table 2. (Continued)

F: Visceral fat fatty acid composition.
Fatty acids Groups?
sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
20:2(n-6) 0.1+ 0.022 0.11 +0.022 0.11 + 0.022 0.11 +0.032 0.19 + 0.02°
20:3(n-6) 0.01+0.012 0.01+0.01° 0.01+0.01? 0.01+0.012 0.07 + 0.01°
20:4(n-6) 0.28 + 0.1520 0.2 + 0.06° 0.18 + 0.03° 0.17 + 0.032 0.39 +0.07°
20:3(n-3) 0.01+0.012 0.01+0.01° 0.01+0.012 0.01+0.01° 0.03 + 0.01°
20:5(n-3) 0.01+0.01° 0.01+0.01° 0.01+0.012 0.01+0.01° 0.02 + 0.0°
22:0 0.18 + 0.032 0.15 + 0.02° 0.18 + 0.042 0.18 + 0.032 0.05 + 0.01°
22:1(n-9) 0.02 +0.012 0.02 +0.01° 0.02 +0.012 0.02 +0.01° 0.01+0.01°
22:2(n-6) 0.01+0.012 0.01+0.01° 0.01+0.012 0.01+0.012 0.01+0.01°
22:4(n-6) 0.02 +0.01° 0.01+0.01° 0.01+0.012 0.01+0.012 0.06 + 0.01°
22:5(n-6) 0.02 +0.01 0.03 + 0.01 0.02 + 0.01 0.03 + 0.01 0.03 +0.01
24:0 0.09 + 0.022b 0.07 +0.07° 0.1+ 0.032b 0.1+ 0.02° 0.01+0.01°
22:6(n-3) 0.19 + 0.06* 0.19 + 0.05° 0.18 + 0.04? 0.01+0.01° 0.09 + 0.02¢
24:1(n-9) 0.01+0.01° 0.01+0.01° 0.01+0.012 0.01+0.012 0.02 + 0.01°
Total SFA 254 +2.1 256+ 1.1 251+ 1.3 255+ 1.7 253+ 19
Total MUFA 62.3 + 1.9% 62.2 + 1.52 62.5 + 2.0 62.6 + 1.32 41.0+2.2°
Total (n-6) FA 11.9 +0.8° 11.8 + 0.9° 12.0 + 1.9 1.7 + 1.4 31.0+2.5°
Total (n-3) FA 0.5+0.12 0.5+0.12 0.5+0.12 03+0.1° 2.8 £03¢
Total PUFA 12.3 +0.8° 12.2 + 1.0° 12.4 +2.0° 11.9 + 1.4 33.7 + 2.6
Table G: Kidney fatty acid composition.
Fatty acids Groups?
sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
12:0 0.12 + 0.05 0.12 +0.05 0.15 + 0.06 0.14 + 0.06 0.11+ 0.04
14:0 0.9 +0.32 0.92 +0.33 1.11+0.35 0.9 +0.35 0.82 +0.2
14:1(n-5) 0.09 + 0.07 0.06 + 0.02 0.1+0.07 0.08 + 0.03 0.07 + 0.02
16:0 20.23 + 1.19%b 21.04 + 1.142b 2146 + 1.1° 20.69 + 1.572b 19.94 + 0.82°
16:1(n-7) 2.2+0.85 2.41 +0.87 3.1+ 1.08 239+ 122 221+07
18:0 12.65 +2.232P 12.67 +2.26%° 11.25 +2.37° 13.13 +2.782P 14.57 + 1.422
18:1(n-9) 23.73 + 7.46° 21.88 + 7.04° 26.19 + 8.4° 2241 + 8.04° 12.09 + 2.76°
18:1(n-7) 2.32+0.29 2.43 £0.21 2.57+0.23 2.39+0.19 2394024
18:2(n-6) 839 +0.57° 8.3 +0.63% 7.96 + 0.892° 7.14 +0.5° 12.44 + 1.83¢
18:3(n-6) 0.4+0.2 0.55 + 0.54 0.37 +0.27 0.53 + 0.46 0.4 +0.31
18:3(n-3) 0.07 + 0.03° 0.07 + 0.032 0.08 + 0.022 0.06 + 0.01° 0.55 + 0.23°
20:0 0.22 +0.07° 0.19 + 0.05° 0.23 +0.07° 0.2+ 0.052 0.15 + 0.01°
20:1(n-9) 0.31+0.12 0.28 + 0.08° 0.32 + 0.09% 0.27 + 0.072 0.12 + 0.02°
20:2(n-6) 0.24 + 0.05%b¢ 0.23 + 0.03% 0.22 + 0.05¢ 0.28 + 0.072b 0.29 + 0.032
20:3(n-6) 0.83 +0.32b 0.86 + 0.173b 0.76 +0.27° 0.86 + 0.25%° 1.09 + 0.2°
20:4(n-6) 21.57 +5.72b 22.06 + 5.19%b 19.05 + 6.89° 24.38 + 6.892° 27.29 + 3.23°
20:3(n-3) 0.07 + 0.03 0.07 + 0.02 0.06 + 0.03 0.08 +0.03 0.07 +0.02
20:5(n-3) 0.36 + 0.13%¢ 0.43 +0.12° 0.26 + 0.132¢ 0.03 + 0.02° 0.19 + 0.05¢
22:0 0.07 + 0.042b¢ 0.05 + 0.023¢ 0.08 + 0.042b 0.08 + 0.03° 0.04 +0.01°
22:1(n-9) 0.15 +0.122 0.15 + 0.152° 0.18 +0.12b 0.18 +0.132b 0.29 + 0.07°
22:2(n-6) 0.04 + 0.022¢ 0.05 + 0.042 0.03 + 0.022¢ 0.06 + 0.02° 0.02 +0.01¢
22:4(n-6) 0.34 +0.08° 0.33 +0.07° 0.33 +0.16%° 0.52 + 0.12% 0.51 + 0.05¢
22:5(n-6) 0.15 + 0.05° 0.14 + 0.03? 0.18 + 0.16° 0.56 + 0.19° 0.17 + 0.06*
22:5(n-3) 0.13 + 0.05° 0.14 + 0.04° 0.11 + 0.052° 0.07 + 0.02° 0.24 + 0.04¢
24:0 0.09 + 0.04° 0.07 + 0.032b 0.08 + 0.032 0.08 + 0.032 0.05 + 0.02°
(Continued)
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Table 2. (Continued)

Table G: Kidney fatty acid composition.

Fatty acids Groups?

sn-1 DHA sn-2 DHA sn-3 DHA Tristearin Normal feed
22:6(n-3) 3.04 + 0.74%¢ 3.09 +0.58* 2.45 +0.63%¢ 1.1+0.38 2.23 +0.47°
Total SFA 3425+ 1.7 35.04 + 1.53 3433+ 1.39 352 +0.94 35.64+ 1.3
Total MUFA 28.78 + 8.27° 27.18 + 7.94° 32.42 +9.41%° 27.7 +9.18%° 17.13 + 3.55°
Total (n-6) FA 31.59 +5.87¢ 32.16 + 5.82 28.55 +7.412 33.78 + 7.632P 41.67 + 2.55°
Total (n-3) FA 3.98 +0.932 4.1+0.76% 3.27 +0.832 1.84 +0.53° 3.77 £ 0.332
Total PUFA 35.57 +6.7¢ 36.26 + 6.54° 31.81+7.86% 35.61+8.14% 45.43 +2.78b

3 During the 5-day intervention period, three groups received structured triacylglycerols (360 mg per day for each rat) with docosahexaenoic acid (DHA) either at sn-1, sn-2, or

sn-3 positions and two stearic acid residues in the remaining positions (sn-1 DHA, sn-2 DHA, sn-3 DHA groups), and the tristearin group received tristearin (360 mg per day
for each rat), in addition to the ad libitum omega-3 FA deficient diet. The normal feed group received soybean oil based standard feed from the beginning until the end of the
animal trial. Values are mean + SD. n = 12 in each group for liver TAG, liver PL, brain, visceral fat, and eye. For rat testicle: n = 11 in sn-1 DHA group. For rat kidney: n = 10 in
sn-1 DHA group, n = 11 in sn-2 DHA group, n = 11 in sn-3 DHA group and n = 10 in tristearin group. Values with different superscript letters in the same row indicate that
the means are significantly different (p < 0.05). SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, PUFA: polyunsaturated fatty acids, TAG: triacyglycerol, PL:
phospholipid.
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Figure 1. Average absolute content as pg per 100 mg (+SD) of extractable (A) ALA, (B) EPA, (C) DHA, and (D) total (n-3) FA in sn-1 DHA, sn-2 DHA,
sn-3 DHA, tristearin, and normal feed groups of rat organs [n = 12 for liver TAG, liver PL, brain, visceral fat, and eye; for testicle: n = 11 in sn-1 DHA; for
kidney: n = 10 in sn-1 DHA group, n = 11 in sn-2 DHA group, n = 11 in sn-3 DHA group and n = 10 in tristearin group] after 5-day intervention phase.
The sn-1 DHA, sn-2 DHA, sn-3 DHA groups received structured triacylglycerols with DHA in the indicated sn-position and two stearic acid residues in the
other positions (360 mg per day for each rat), and the tristearin group received tristearin (360 mg per day for each rat) for the 5-day intervention period,
in addition to the ad libitum omega-3 fatty acid deficient diet. During the 4-week induction period and the 5-day intervention period, the normal feed
group received soybean oil based normal feed. Bars with different letters differ from one another within each organ for the fatty acid. ALA, a-linolenic
acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid, TAG: triacyglycerol, PL: phospholipid.

Mol. Nutr. Food Res. 2024, 2300635 2300635 (10 of 15) © 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

85UB017 SUOWWOD A1) 8|t (dde 8y} Ag peusenob aJe Ssppie YO 8sn Jo se|nl Joj AreiqT8UlUO A8]1M UO (SUORIPUOD-PUR-SWLBIALIOD A3 1M AleIq Ul |uo//SdNy) SUORIPUOD pue SWie 1 8y} 89S *[202/20/6T] Uo Arigiauliuo A8|IMm ‘min L Jo AiseAIUN A SEI00EZ0Z 1JUL/ZOOT OT/I0P/W0 A8 | imAIq iUl |uO//StY WOy pepeojumoq ‘0 ‘EETYETIT


http://www.advancedsciencenews.com
http://www.mnf-journal.com

ADVANCED
SCIENCE NEWS

Mo lar Nutrition
ood Research

www.advancedsciencenews.com

@8 sn-1 DHA @ sn-2 DHA @8 sn-3 DHA

9000- Al b
8000-
7000-
6000-
5000-
4000- L
3000- I
2000-
1000 B ra¥ataiaby

aaaa
5 . 28°28b

0- T T
Liver TAG Liver PL Brain Eye

Average LA (ug /100 mg)
o

e abababgy b
agab a:b_ = .

Testicle Visceral fat Kidney

150- [C]

100+

aabababb
T

Average DTA (pg /100 mg)

Liver TAG Liver PL  Brain Eye

Testicle Visceral fat Kidney

10000-, [E]

8000

6000

4000

2000

Total (n-6) FAs (ug /100 mg)

il

Testicle Visceral fat Kidney

0-

Liver TAG Liver PL  Brain Eye

www.mnf-journal.com

TS mm NF

1400- Bl
b

1200- S

a
1000+
800
600-

400 &

ababb
aa T

Average ARA (pg /100 mg)

20041 I 8agpap ab b

0-
Liver TAG Liver PL Brain Eye

Testicle Visceral fat Kidney

»
S
P

[D]

- -
g 3

Average DPAN-6 (ug /100 mg)
g

o
I

Liver TAG Liver PL  Brain Eye

Testicle Visceral fat Kidney

Figure 2. Average absolute content as pg per 100 mg (+SD) of extractable A) LA, B) ARA, C) DTA, D) DPAn-6, and E) total (n-6) FA in sn-1 DHA, sn-2
DHA, sn-3 DHA, tristearin, and normal feed groups of rat organs [n = 12 for liver TAG, liver PL, brain, visceral fat, and eye; for testicle: n = 11 in sn-1
DHA,; for kidney: n=10in sn-1 DHA group, n=11in sn-2 DHA group, n = 11in sn-3 DHA group and n = 10 in tristearin group] after five-day intervention
phase. The sn-1 DHA, sn-2 DHA, sn-3 DHA groups received structured triacylglycerols with DHA in the indicated sn-position and two stearic acid residues
in the other positions (360 mg per day for each rat), and the tristearin group received tristearin (360 mg per day for each rat) for the 5-day intervention
period, in addition to the ad libitum omega-3 fatty acid deficient diet. During the 4-week induction period and the 5-day intervention period, the normal
feed group received soybean oil based normal feed. Bars with different letters differ from one another within each organ for the fatty acid. LA, linoleic

acid; ARA, arachidonic acid; DTA, docosatetraenoic acid; DPAn-6, (n-6) docosapentaenoic acid, TAG: triacyglycerol, PL: phospholipid.

LA, ARA, DTA, DPAn-6, and total (n-6) FA of brain and eye is
presented in Figures 1 and 2 respectively. In the rat brain and
eye FA composition, a different pattern was observed for DHA
accumulation among all the intervention groups than in the liver
(Tables 2A,B). The DHA percentage in the brain and eye of the
DHA-fed groups was equal to those in the NF group. Neither
were differences found in the DHA level among DHA-fed groups
(p> 0.05). The TS group had a significantly lower DHA level com-
pared to the NF group in the rat brain (p < 0.001), whereas the
difference in DHA level in the eye between the TS group and
other groups did not reach statistical significance (Table 2C and

Mol. Nutr. Food Res. 2024, 2300635 2300635 (11 of 15)

D). The average content of DHA in the brain and eye ranged from
(542-617 pg per 100 mg) and (102-120 pg per 100 mg), respec-
tively. The statistical comparison of the tissue content of DHA in
the rat brain and eye showed similar differences (Figure 1C) as
found in the comparison of the relative percentage of DHA in
these tissues (Table 2C and D).

The FA composition of basic feed was reflected in the fatty acid
composition of the brain and eyes of rats in different groups. The
percentage of LA was found to be higher in the NF group com-
pared to other groups (p < 0.05 for the brain; significantly dif-
ferent from sn-1 DHA, sn-3 DHA, and TS groups in the eye). In

© 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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contrast, there were no differences found in the eye LA among
the experimental groups when the average absolute content of
LA (22-32 pg per 100 mg) was compared (Figure 2A). The rela-
tive percentage of ARA in the eye was found to be higher in the
TS group compared to the sn-3 DHA group (p < 0.05) (Table 2D)
whereas, the brain ARA percentage of the NF group was almost
equal to the DHA-fed groups (p > 0.05) (Table 2C). There were no
differences in the average absolute content of brain ARA (395-
423 pg per 100 mg) among all experimental groups, and the ab-
solute content of ARA in the TS group (75 ug per 100 mg) of the
eye was significantly higher compared to the NF group (63 pg
per 100 mg) (Figure 2B). The relative percentage of DPAn-6 in
the TS group in the brain and eye was found to be the highest
among the groups, followed by DHA-fed groups, and the low-
est in the NF group (TS group significantly different from sn-1
DHA, sn-3 DHA, and NF groups in the brain, p < 0.05 in the
eye). Whereas, the absolute extractable content of DPAn-6 of the
TS group in the brain was significantly higher compared to all
experimental groups (Figure 2D). The total (n-6) content in the
brain was found to be unaffected by the composition of fatty acids
in the feed (Table 2C, Figure 2E). The NF group and the TS group
had a higher total (n-6) FA percentage in the eye compared to
other intervention groups (p < 0.05; only significantly different
from the sn-3 DHA group) (Table 2D). In contrast, there was no
difference found among all intervention groups when the abso-
lute extractable amount of total (n-6) FA of the eye was compared
(Figure 2E).

In the eye, the ALA percentage and average absolute content
were significantly higher in the NF group than in other interven-
tion groups (p < 0.05, Table 2D and Figure 1A). The relative per-
centage and average absolute EPA level in the eye was the high-
est in the NF group, and the lowest in the TS group (p < 0.05)
(Table 2D, Figure 1B).

Furthermore, the relative percentage and average absolute to-
tal (n-3) PUFA (Table 2C, Figure 1D) and the relative percentage
of total PUFA content (Table 2C) in the brain was significantly
higher in the NF group than in the TS group (p < 0.05), but the
levels did not differ among the groups fed with a diet based on
peanut oil (TS group and all the DHA-fed groups). In the eye, the
relative percentage of the total (n-3) content was found to be unaf-
fected by the feed composition, whereas the total level of PUFAs
in the NF group was higher than in the sn-3 DHA and the TS
groups (p < 0.05) (Table 2D). The average tissue content of total
(n-3) FA levels of sn-1 DHA and sn-2 DHA groups in the eye were
higher compared to the NF group (p < 0.05) (Figure 1D).

3.4. Fatty Acid Composition of Testicle, Visceral Fat, and Kidney

The relative abundance of the fatty acids in the testicle, visceral
fat, and kidney are shown in Table 2E-G. The average tissue con-
tent (ug per 100 mg) of extractable ALA, EPA, DHA, and total
(n-3) FA, and LA, ARA, DTA, DPAn-6, and total (n-6) FA of tes-
ticle, visceral fat, and kidney is presented in Figures 1 and 2 re-
spectively. In general, likely due to the lipid extraction method
applied in the experiment, the individual fatty acid content of
the visceral fat is lower than the typically expected. TS group
had a significantly lower relative percentage and average tissue
DHA content as compared to the NF (p < 0.001) as well as to
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the DHA-fed groups (p < 0.05) in the testicle, visceral fat, and
kidney (Table 2E-G, Figure 1C). The percentage of DHA in vis-
ceral fat of DHA-fed groups was significantly higher compared
to that in the NF group (p < 0.001), whereas the DHA level in the
testicle and the kidney did not differ between the NF group and
DHA-fed groups (Table 2E-G). The DHA content in the DHA-fed
groups was significantly higher than in the NF group of visceral
fat and kidney, whereas the absolute DHA content of the DHA-
fed groups and the NF group was equal in the testicle (Figure 1C).

The high content of ALA in soybean oil was reflected in the
higher content of this (n-3) PUFA in the organs of the NF group
compared to the other groups (Table 2E-G, Figure 1A). The rela-
tive percentages of EPA in the testicle, visceral fat, and kidney in
the TS group were also lower than the levels in all other groups
The EPA level of the kidney in the sn-2 DHA group was the high-
est among all intervention groups, being 2-fold higher as com-
pared to the NF group (p < 0.05) (Table 2G, Figure 1B). There
were no statistical differences in the level of DHA, EPA, or other
(n-3) PUFAs in the testicle, visceral fat, or kidney between the
DHA-fed groups (p > 0.05) (Table 2E-G, Figure 1A-C).

LA was found to be higher in the testicle, visceral fat, and kid-
ney of the NF group as compared to the other groups (p < 0.05),
again reflecting the difference between the FA composition of the
soybean oil in the feed of the NF group and the peanut oil used in
the (n-3) deficient feed for the other groups (Table 2E-G). The ab-
solute LA content in the visceral fat of the NF group was higher as
compared to the other groups, and almost equal absolute LA lev-
els were found in the testicle and kidney of the DHA-fed groups
and the NF group (Figure 2A). ARA is an abundant (n-6) PUFA
in the kidney (19-27%) and the testicle (13-15%). The NF group
had a higher percentage of ARA in the kidney as compared to
other groups (Table 2G). The average absolute ARA content in
the testicle of the NF group was significantly higher as compared
to the sn-1 DHA and sn-2 DHA groups.

The testicle showed the highest DPAn-6 content (around 11%
of total FA) among all organs in all the groups (Table 2E,
Figure 2D) without significant differences among the groups. In
contrast, the level of DPAn-6 is very low in the kidney, although
a statistically significant difference was found when comparing
the level in the kidney of the TS group with those of the other
groups (p < 0.05) (Table 2E, Figure 2D). The NF group had more
DTA in the visceral fat and kidney (p < 0.05) compared to DHA-
fed groups whereas, the DTA level in the NF group of the testicle
differed statistically only from the sn-1 DHA group (Table 2E-G,
Figure 2C). On the contrary, the absolute ARA content in the kid-
ney of the TS group was higher as compared to the NF group
(p < 0.05).

The three DHA-fed groups did not differ statistically in the to-
tal (n-3), total (n-6), or total PUFA levels in the testicle, visceral
fat, or kidney.

4, Discussion

Studies on enzyme specificities have previously shown differ-
ences in the efficiency of lingual, gastric, and pancreatic enzymes
towards both primary positions and the type of fatty acids in
TAG molecules during the digestion of lipids.[101231:32] Better
lymphatic absorption of EPA and DHA from the sn-2 position
was observed in salmon oil as compared to seal oil, the latter
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having DHA mostly at the sn-1/sn-3 positions of TAGs.[*}] Dif-
ferences in the intramolecular distribution of EPA and DHA in
fish and seal oil are suggested to have a different effect on lipid
metabolism.[>*3°] These pieces of evidence suggest that the li-
pase specificities could lead to differences in the bioavailability
of DHA located in different positions of TAGs. However, the cur-
rent knowledge on the differences between the accumulation of
DHA or other (n-3) PUFAs from sn-1, sn-2, and sn-3 positions is
limited.

The present study was conducted in mildly (n-3) deficient SD
rats. Before the intervention feeding with the DHA in struc-
tured TAGs, the rats were kept on a (n-3) deficient diet for four
weeks, which reduced the levels of DHA in various organs and
tissues, with the DHA level of the visceral fat being the most af-
fected and the brain DHA the least affected.’®] In the 5-day di-
etary intervention feeding, the mildly (n-3) deficient rats were
fed with sn-22:6(n-3)-18:0-18:0, sn-18:0-18:0-22:6(n-3), or sn-18:0-
22:6(n-3)-18:0. The dose of intervention for the present study was
comparable to the dosage used in previous studies.[”38] We mea-
sured the DHA accumulation based on the relative proportion
and absolute content of this fatty acid in different tissues. In ad-
dition to the DHA levels, this study systematically investigated
the accumulation of different fatty acids, especially other PUFAs
of (n-3) and (n-6) families.

Overall, the intervention feeding with DHA increased the
DHA levels in the liver, testicle, visceral fat, and kidney com-
pared to feeding with an equal dosage of tristearin. In previous re-
search, efficient incorporation of DHA into the liver and brain!**]
and also in brown adipose tissuel'®! of hamsters was observed af-
ter a 12-week intervention with structured TAG containing DHA
at the sn-2 position. Seven days of feeding with a daily dose of
50 mg of pure DHA increased tissue DHA levels in the brain,
adipose, skeletal muscle, and liver and EPA levels in the liver in
rats.*® Williams et al. showed that even only 3 days of DHA in-
tervention affected the LC (n-3) PUFA composition of the liver in
(n-3) deficient rats.[*] The current study for the first time showed
that a short-term feeding was sufficient to replenish the DHA
pool of a wide range of organs in mildly (n-3) deficient rats.

The liver is the central organ in lipid metabolism, and the fatty
acid composition of the liver is more influenced by dietary fatty
acids than that of the brain.[***!] In our study, the supplementa-
tion of DHA resulted in a significant increase in the level of DHA
and (n-3) PUFA in the liver. One important aim of the present
study was to compare the efficiency of DHA accumulation from
different regio- and stereo-specific positions of dietary TAGs. Pre-
vious research has shown contradictory results on the influence
of the positional distribution of DHA on its bioavailability and
accumulation in tissues and organs. While some studies indi-
cated higher tissue accumulation of DHA from the sn-2 position
of TAG,!2-?] Christensen & Hgy reported no significant differ-
ences in the liver DHA level in newborn rats after a 3-week in-
tervention with 3.8% DHA of the total fatty acids either as a ran-
domized TAG with DHA equally distributed at sn-1, 2, and 3 po-
sitions or as a structured TAG with DHA at sn-2 position.l!8] In
our study, we did not find a statistically significant difference in
DHA level in the PL fraction of the liver among the sn-1 DHA,
sn-2 DHA, and sn-3 DHA groups, which is in line with the find-
ings of Christensen ans Hgy considering the dominance of PLs
in the lipid fraction of the liver.
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Interestingly, the DHA level in liver TAG of the sn-1 DHA
group (4.8% of total FA) was higher compared to the level of the
sn-3 DHA group (3.5% of total FA), although the difference was
not statistically significant in the multivariate analysis. A similar
difference was found in a recent study, where a 4-week feeding
of structured TAG containing DHA at the sn-1 position resulted
in higher DHA content in liver TAG compared to feeding with
sn-3 DHA.I2!l Therefore, these two studies, despite the different
periods of intervention, consistently indicated different efficiency
between dietary sn-1 and sn-3 DHA in the accumulation in liver
TAG.

The sn-position of DHA in the TAG molecule did not influence
the accumulation of DHA in the brain or the eyes of the rats.
Previous studies have shown an increased level of DHA in the
brain, erythrocytes, and liver!®] and the brown adipose tissuel ¢!
from a structured TAG with DHA at the sn-2 position as com-
pared to linseed oil, fish oil, fish oil ethyl esters in 10-week old
hamsters. The research of Fujimoto et al. showed more efficient
absorption of DHA in lymph from the sn-2 position than from the
sn-3 position.'”] Despite the previous evidence of higher bioavail-
ability of sn-2 DHA compared to sn-1/3 DHA, our results did not
confirm the higher tissue accumulation of DHA from the sn-2 po-
sition as compared to the sn-1 or sn-3 positions. A lower fecal loss
of DHA was shown from the sn-2 position compared to the pri-
mary positions (sn-1 or sn-3) of TAGs.[?2l However, this was not re-
flected in the DHA levels in the organ tissues in the current study.
The absorption rate of DHA from all three sn-positions of TAG
was high based on the low fecal content of DHA,!?2l which likely
explains the equal accumulation of DHA in the organs among the
three DHA groups regardless of the sn-position of DHA in the
TAG molecules. We have previously measured rat plasma TAG
and PL levels among DHA-fed groups and control groups./??l The
differences in the DHA levels of the plasma TAG fraction among
the intervention groups were reflected in the DHA level of the
liver TAG, liver PL fractions, and visceral fat in the present study,
but not in the brain, eye, kidney, or testicle. This was in line with
the previous finding of a strong correlation between the levels of
fatty acids, particularly LC (n-3) PUFAs, of plasma and erythro-
cytes PLs with the fatty acid profiles of the liver, kidney, heart,
and quadriceps tissue, but not with that of the brain, after dietary
intervention with different concentrations of ALA.[*?!

Although the brain DHA level in the DHA-fed groups was
slightly higher compared to the level in the TS group, the differ-
ence was not statistically significant. This is in agreement with
the previous findings that the brain DHA level is well-buffered
against the variation in (n-3) PUFA levels in the diet.[*** The
DHA level was about 1%, in the testis of the SD rats of the DHA-
fed groups and the NF group. While the DHA level in testicles
of the group fed with n-3 deficient diet was similar to the level
reported in earlier,[* the levels in the groups fed with n-3 ade-
quate feed and DHA in structured TAGs were lower than the lev-
els reported for SD rats supplemented with fish oil and ALA-rich
0il.**] The difference could have been attributed to the difference
in length of intervention feeding and lipid extraction method ap-
plied.

The brain is largely dependent on the constant circulation of
DHA to replace metabolized DHA of the brain. In addition to
plasma pools, DHA is thought to be provided by the DHA re-
serve in adipose tissue.l*’] In our study, the DHA levels in visceral
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fat are slightly higher in groups fed with DHA compared to tris-
tearin and normal feed groups. This indicates that the dose and
duration of DHA intervention were sufficient to maintain brain
DHA levels as well as to increase the DHA levels in the visceral
fat. Previously, we reported a higher DHA level in visceral fat af-
ter 4 weeks of feeding with structured TAG containing sn-3 DHA
compared to feeding with TAGs containing sn-1 or sn-2 DHA.
However, in the current study the three DHA groups did not dif-
fer in the DHA levels of visceral fat. The difference in the length
of intervention feeding may have caused the different findings in
these two studies.

The DHA level in the liver PL fraction was increased in DHA-
fed groups compared to the TS group and the NF group, but
this was accompanied by a decrease in the ARA and DPAn-6 lev-
els. This observation supports the previous findings that LC (n-
3) PUFAs have an inhibitory effect on A6- and A5 desaturases,
which are rate-limiting enzymes in the biosynthesis of ARA from
LA.[*7“8] On the other hand, the higher ARA level in liver PL of
the TS group compared to the levels in the DHA-fed group and
the NF group was likely a compensative mechanism to maintain
the fluidity of the cell membrane.[*"] A similar trend was seen
in the liver TAGs, brain, eye, testicle, and kidney, even though
statistically significant differences were not reached. It should be
noted that the highest amount of DPA n-6 was found in the rat
testicle, indicating the possible local metabolism of LA in this
organ. Similar observations were found by Lin and Salem while
studying the uptake and metabolism of deuterated ALA and LA
in rats.[5%

DHA levels in organs such as the brain and retina are well
buffered against dietary deficiency in (n-3) PUFAs. It takes at
least 2-generation of (n-3) deficient feeding to induce significant
depletion of DHA levels in these organs and tissues. It has been
reported that the full recovery of the DHA levels in the brain of
F2 generation (n-3) deficient rats to the normal level took up to
8 weeks after initiation of the (n-3) PUFA repletion diet.>! In
our current study, the 4-week (n-3) deficient feeding induced very
mild (n-3) deficiency. Therefore, it is indeed difficult to determine
a specific recovery phase clearly differentiating from the satura-
tion state, although the 5-day DHA feeding is a much shorter
period compared to the 8-week repletion feeding required to re-
store the brain DHA levels in F2 generation (n-3) deficient rats.
Our findings showed that the dose and the short feeding period
of DHA used in this study were sufficient to restore the DHA
content in the organs of the (n-3) deficient rats to the same or
even higher levels as found in the NF group. In visceral fat, the
DHA storage level was increased by 2-fold in DHA-fed groups
compared to the NF group. In this regard, the findings obtained
with mildly (n-3) deficient rats in this study may to a large extent
reflect the impact of DHA feeding on the fatty acid composition
and accumulation in tissues of rats in (n-3) normal state.

This study, together with our previous study reporting the
absorption and fecal excretion of DHA from stereospecifically
structured TAGs,??! and results of a longer DHA feeding trial
with enantio- and regio-specifically structured TAGs in rats with-
out (n-3) deficiency,?!l provides a comprehensive and system-
atic view of the absorption, excretion, as well as accumulation of
DHA in different organs from regio- and stereo-specifically struc-
tured TAGs. These findings formed new insights on the influ-
ence of the positional distribution of DHA in dietary TAGs on the
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bioavailability of this important (n-3) PUFA, which significantly
strengthens the current understanding of lipid biochemistry and
structure-function relationships of dietary lipids.
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