
Introduction

Specific structured triacylglycerol (MLM) is com-
posed of medium chain fatty acids (M) in the sn-1,3
positions and a long chain fatty acid (L) in the sn-2
position. The medium chain fatty acids deliver fast
energy to the organism due to rapid hydrolysis and
absorption followed by oxidation in the liver [1–5].
The long chain fatty acids are absorbed as sn-2
monoacylglycerols in the enterocytes, reesterified to
triacylglycerols, incorporated into chylomicrons and
distributed by the lymph for oxidation or deposition
in the tissue [6].

Lymphatic transport of specific structured triacyl-
glycerols compared with randomized oils (the same
fatty acid composition, but no specific structure at the
glycerol backbone) and long chain triacylglycerols
(LLL) in rats has been examined in several studies.
Christensen et al. [7] observed a faster mesenteric
lymphatic transport of eicosapentanoic acid (20:5n-3)
and docosahexanoic acid (22:6n-3) the first 6 h after
administration of MLM (L = 20:5n-3 and 22:6n-3,
M = caprylic acid, 10:0) compared with a randomized
oil. After 24 h, however, similar total transport of
20:5n-3 and 22:6n-3 was observed in the experimental
groups. Straarup and Høy [8] observed a higher
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j Abstract Background Con-
sumption of specific structured
triacylglycerols, MLM (M = med-
ium chain fatty acid, L = long
chain fatty acid), delivers fast
energy and long chain fatty acids to
the organism. Aim of the study The
purpose of the present study was to
compare lymphatic absorption of
13C-labeled MLM and 13C-labeled
LLL in rats. Stable isotope labeling
enables the separation of the
endogenous and exogenous fatty
acids. Methods Lymph was col-
lected during 24 h following
administration of MLM or LLL.
Lymph fatty acid composition and
13C-enrichment were determined
and quantified by gas chromatog-
raphy combustion isotope ratio
mass spectrometry. Results The
recovery of 18:1n-9 was higher after

administration of LLL compared
with MLM (58.1% ± 7.4% and
29.1% ± 3.9%, respectively,
P < 0.001). This may be due to a
higher chylomicron formation
stimulated by a higher amount of
long chain fatty acids in the intes-
tine after LLL compared with MLM
administration. This was con-
firmed by the tendencies of higher
lymphatic transport of endogenous
fatty acids. Conclusion The study
revealed a higher lymphatic recov-
ery of the administered long chain
fatty acids after LLL compared with
MLM consumption.
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mesenteric lymphatic transport of oleic acid (18:1n-9)
and linolenic acid (18:3n-3) after administration of
MLM (L = rapeseed oil fatty acids, M = 10:0) com-
pared with a randomized oil, a physical mixture of
medium and long chain triacylglycerols and rapeseed
oil. Ikeda et al. [9] observed a higher transport of
18:2n-6 during 24 h of thoracic lymph collection after
administration of MLM (L = 18:2n-6, M = caprylic
acid, 8:0) compared with a physical mixture of med-
ium and long chain triacylglycerols. However, in
contrast to these studies and with another study de-
sign, the lymphatic recoveries of the exogenous long
chain fatty acids after continuous infusion of 14C-la-
beled LLL were significantly higher compared with
infusion of two structured triacylglycerols, 14C-labeled
MLM and 14C-labeled MML (L = 18:2n-6, M = 8:0)
[10].

The use of isotope labeled dietary triacylglycerols
enables distinguishing exogenous and endogenous
fatty acids in lymph, but this technique was only
utilized in one of the above-mentioned studies. In
the other studies the endogenous and exogenous
fatty acids are mixed and termed ‘‘lymphatic trans-
port.’’ It follows, that these studies cannot conclude
on the exact uptake and lymphatic content of
the dietary fatty acids, because the amount and
composition of the endogenous lymph fatty acids
remains unknown.

The 13C-labeled fatty acids analysis with gas
chromatography combustion isotope ratio mass
spectrometry (GC-C-IRMS) gives a very sensitive and
precise determination of the 13C-enrichment of indi-
vidual fatty acid species allowing us to trace the
administered fatty acids also if they are converted into
other fatty acid species.

The present study evaluated the lymphatic recov-
ery of 13C-labeled MLM (L = 18:1n-9, M = 8:0) in
order to estimate differences in digestion and
absorption of the exogenous fatty acids due to the
triacylglycerol structure of the experimental oils.

Material and methods

j Feeding and housing of rats

Male rats (130 g, Wistar, Møllegården Breeding and
Research Centre, Lille Skensved, Denmark) were kept
for 10 days in the animal housing before the experi-
ment. They were fed chow pellets (Altromin no. 1324,
Chr. Petersen A/S, Ringsted, Denmark) and kept at
21 ± 1�C, a humidity of 50 ± 5% and a light period
from 6 a.m. until 18 p.m. They had free access to tap
water. Rats weighed 221 ± 19 g (SD) at the time of
surgery.

j Production of specific structured triacylglycerols

The specific triacylglycerols were produced by en-
zyme catalyzed interesterification as described previ-
ously [11]. The LLL oil was purchased from Sigma
Aldrich, Germany. The 13C-labeled specific structured
triacylglycerols were produced by batch interesterifi-
cation of caprylic acid (M = 8:0, Sigma Aldrich) and
L*L*L* (L = 18:1n-9, * = 13C-labeled fatty acid,
Cambridge Isotope Laboratories, MA, USA). The two
components were mixed at a substrate ratio of 8:1
(mol:mol), added immobilized sn-1,3 specific
lipase (10 wt% of the solution, Lipozyme IM, Novo-
zymes A/S, Denmark) and incubated at 50�C for 5 h
with constant stirring. After incubation the solution
was filtered to remove the lipase. ML*M was purified
by preparative-HPLC [12].

j The experimental oils

At the beginning of the experiment (see below) rats
received a bolus of 0.3 ml MLM or LLL and 0.3 ml
taurocholate solution (20 mM taurocholate and
10 mg/ml choline). The solution was mixed 2 times
for 10 s at a Whirly mixer and sonicated 10 s (M.S.E.
150 watt Ultrasonic Disintegrator; M.S.E. Inc. Craw-
ley, England). The LLL bolus was added 5 ll L*L*L*
and the MLM bolus was added 5 ll ML*M.

j Analysis of oils

The LLL and MLM oils were transmetylated by KOH in
methanol [13] for determination of the triacylglycerol
fatty acid composition. The triacylglycerol structure
illustrated by the fatty acid composition of the sn-2
position was determined by Grignard degradation [14]
followed by thin layer chromatography (Silica gel 60,
Merck, Darmstadt, Germany) separation, recovery of
the sn-2 monoacylglycerol and KOH methylation. The
fatty acid methyl esters were analyzed by a Hewlett-
Packard 6890 gas chromatograph (Hewlett-Packard
GmbH, Walbronn, Germany) on a fused silica capil-
lary column (SP-2380, 60 m, ID 0.25 mm, 0.20 lm
film, Supelco Inc., Bellefonte, PA, USA). The injector
was 260�C and it was used in the split mode with a split
ratio of 1:20. The fatty acids were separated by an
initial temperature of 70�C, which was kept for
0.5 min, then raised to 160�C at 15�C/min, at 1.5�C/
min to 200�C, which was held for 15 min and finally
raised at 30�C/min to 225�C. This temperature was
maintained for 10 min. The temperature of the
detector (flame ionization) was 300�C. The fatty acid
compositions of the triacylglycerols and of the sn-2
position are listed in Table 1. The relatively low mol%
of 8:0 indicates that the specific structured oil con-
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sisted of MLM and MLL/LLM triacylglycerol species,
but the oil will be referred to as MLM.

j Animal experiment

The experiment was approved by the Danish Com-
mittee for Animal Experiments. At the day of surgery,
rats were anesthetized with 0.055 ml/100 g body
weight Zoletil-mixture (consisting of Zolazepam
(125 mg/10.5 ml), Tiletamin (125 mg/10.5 ml), Narc-
oxyl Vet (10 ml of 20 mg/ml), Veterinaria AG,
Schweiz, and Torbugesic (0.5 ml of 10 mg/ml) Fort
Dodge Laboratories, Fort Dodge, IA, USA). A clear
vinyl tube (OD 0.8 mm, ID 0.5 mm, Critchley Elec-
trical Products Pty. Ltd, NSW, Australia) was inserted
into the mesenteric lymph vessel [15]. The tube was
subcutaneously led to the abdomen of the rat, through
the skin and fastened with tape [16]. The lymph was
collected in a 5 ml plastic bottle taped to the trunk of
the rat. To prevent the rats from eating the catheter a
plastic collar was placed around the neck of the rat.
After surgery, rats were administered 0.05 ml antidote
(Antisedan, Farmos, Finland) intramusculary and
5 ml saline water (9 g/l NaCl) subcutaneously to pre-
vent dehydration. Rats were placed in individual
plastic cages with free access to tap water and a glucose
solution (55 g/l glucose, Sigma Aldrich, Steinheim,
Germany). Then, 2–4 h after surgery, rats received
0.2 ml Torbugesic (diluted 1:10 with sterile water).

The next day, a 5-ml bottle with 0.1 mL EDTA (10%
(w/vol) Na2-EDTA-2H2O, Merck, Darmstedt, Ger-
many) was fastened to the abdomen of the rat and
lymph was collected for 1 h (‘‘0-sample’’). Afterwards
rats were fed by gavage, a bolus of LLL or MLM. Lymph
was collected in 1 h fractions for the next 8 h, a night
fraction of 15 h and an 1 h fraction the next morning
beginning at 23 h. After 24 h of lymph collection, rats
were killed by an overdose of sodium pentobarbital.
Until analysis lymph samples were kept at )20�C.

Comparisons of this non-restrained lymph collec-
tion model with the conventional restrained model of

lymph collection [17] revealed that the data obtained
from the two models were comparable (data not
shown).

j Lymph analysis

An internal triacylglycerol standard (TG-15:0, Sigma
Aldrich, Steinheim, Germany) was added to the lymph
samples followed by extraction [18]. The extract was
methylated with KOH-catalyzed method and analyzed
by GC-C-IRMS (DeltaPLUS, Thermo-Finnigan, Bremen,
Germany) with separation and quantification of fatty
acids and determination of the 13C/12C ratio of the fatty
acid carbon atoms. The samples were injected at 250�C
with a split ratio of 1:15 and separated on a fused silica
capillary column (same as above) with the following
temperature program: The initial temperature (70�C)
was maintained for 3 min and then raised to 150�C at
15�C/min, to 169�C at 1.5�C/min, to 173�C at 0.5�C/
min, to 188�C at 3�C/min and finally raised to 200�C at
20�C/min and maintained for 14 min. The stability of
the measurements was checked every day by standard
on/off test (18 injections of CO2) and B-scan (control of
all mass values, especially water, nitrogen, and argon).
CO2 injections in the beginning and end of each run
ensured correct determinations of sample values. The
individual fatty acids were identified by comparing
retention times with retention times of authentic
standards (Nu-Chek Prep Inc., Elysian, MN, USA).

j Calculations

The atom percent was used for quantitative descrip-
tion of the 13C-enrichment of a sample. The atom
percent of a sample (APS) was calculated using the Eq.
1 from the ratio of 13C/12C of the sample (dS) and a
reference d of a specific limestone, Pee Dee Belemnite
(d = 0.0112372) [19].

APS ¼ 100 � 0:0112372 � ð0:001 � dS þ 1 Þ
1 þ 0:0112372 � ð0:001 � dS þ 1Þ ð1Þ

[20].
The lymphatic transport of 13C-labeled 18:1n-9 is

calculated by multiplying APS with the total lymphatic
transport of 18:1n-9 in the sample. The recovery of
18:1n-9 is then found by dividing this value with the
amount of administered 13C-labeled 18:1n-9 at the
beginning of the experiment.

j Statistics

Amounts and ratios are stated as average ± SE.
Lymphatic recovery of 13C-enriched 18:1n-9 after LLL
and MLM administration and accumulated lymphatic

Table 1 Fatty acid composition (mol%) of the triacylglycerols (TG) and sn-2
monoacylglycerols (2-MG) of the experimental oils

Fatty acids MLM LLL

TG 2-MG TG 2-MG

8:0 23.2 1.8 n.d. n.d.
16:0 2.7 1.8 3.7 0.5
18:0 3.4 2.4 3.2 n.d.
18:1n-9 65.0 87.7 87.1 93.4
18:2n-6 4.8 6.3 5.9 5.4

Data represent the average of 3 determinations.
MLM (L = 18:In-9, M = 8:0)
LLL (L = 18:In-9)
n.d. = not detected
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transport of fatty acids was compared with student’s
t-test. All statistics were performed with SigmaStat
(ver. 2.03, Jandel Corporation, Erkrath, Germany).
The level of significance was P < 0.05.

Results

j Lymph flow

The lymph flows in the 2 two experimental groups did
not differ. They were 0.58 ± 0.03 vs. 0.66 ± 0.08 ml/h
for LLL and MLM, respectively (P = 0.40).

j Lymphatic recovery of 13C-enriched 18:1n-9

Figure 1 illustrates that the lymphatic recovery of 13C-
enriched 18:1n-9 was significantly higher after LLL
compared with MLM administration (58.1% ± 7.4%
and 29.1% ± 3.9%, respectively, P < 0.001).

The only 13C-enriched fatty acid detected in the
lymph samples was 13C-labeled 18:1n-9, which indi-
cates that neither elongation nor chain shortening of
the fatty acid had taken place.

j Absorption of medium chain fatty acids

Caprylic acid was detected during the first 8 h of
lymph collection in rats receiving the MLM bolus
(Fig. 2). The lymphatic transport of 8:0 peaked 2 h
after oil administration with a maximum transport of
438 ± 107lg/h. The accumulated transport 8 h after
MLM administration constituted approximately 3% of
the administered dose.

j Lymphatic transport of long chain fatty acids

The accumulated lymphatic transport of 18:1n-9 ten-
ded to be higher after LLL compared with MLM
administration (P = 0.14, Fig. 3A). The accumulated
lymphatic transport of 18:1n-9 24 h after LLL and MLM
administration were 66.2 ± 6.5mg and 50.7 ± 7.3 mg,
respectively. Furthermore, there were tendencies of
higher lymphatic transport of 16:0, 18:0, and 18:2n-6
following LLL compared with MLM administration
(P = 0.06, P = 0.15, and P = 0.11, respectively,
Fig. 3B–D).

Discussion

The long chain fatty acids delivered within the MLM
structure (together with medium chain fatty acids)
was thought to be absorbed faster than those in
triacylglycerols consisting of three long chain fatty
acids, since medium chain fatty acids were hydrolyzed
faster. However, the maximum lymphatic recovery of
orally administered 13C-enriched 18:1n-9 was higher
when the fatty acid was incorporated in LLL com-
pared with MLM. Similar results were obtained by Tso
and colleagues [10], who observed a significantly
higher lymphatic recovery of 14C-labeled fatty acids
when administered as LLL compared with MLM. They
observed that the lipolysis of MLM and LLL did not
differ. However, the uptake of long chain fatty acids
into the enterocyte was slower, when ingested as MLM
compared with LLL. Therefore, Tso et al. suggested
that low concentrations of long chain fatty acids
available for triacylglycerol resynthesis in the en-
terocyte might explain the lower lymphatic long chain
fatty acid recovery after administration of MLM. This
might also be the explanation of the results of the

Fig. 2 Lymphatic transport of 8:0 (lg/h) after administration of MLM
(n = 14). Average ± SE

Fig. 1 Recovery (in %) of ingested 18:1n-9 in rat lymph after feeding a bolus
of LLL or MLM, n = 11–14. Average ± SE
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present study. This is further supported by the lym-
phatic transport of long chain fatty acids (16:0. 18:0,
and 18:2n-6), which in this experiment solely origi-
nates from endogenous sources (bile, old intestinal
cells, and enterocyte) and which all tend to be higher
after LLL administration. This indicates that the level
of triacylglycerol synthesis (based on both endoge-
nous and exogenous fatty acids) is related to the
amount of consumed long chain fatty acids. This is in
line with the observations of Kalogeris [21], who
demonstrated that dietary long chain triacylglycerols
in contrast to short and medium chain triacylgly-
cerols stimulated chylomicron formation. Thus, a
higher amount of long chain fatty acids in the en-
terocyte might increase chylomicron formation with
subsequently increased transport of endogenous fatty
acids.

The present results do not agree with other lymph
studies of MLM administration [7–9], where it was
found that the total lymphatic transport of several long
chain fatty acids was increased after administration of
MLM compared with LLL or randomized oil. However,
this might be due to different experimental designs.
The present study compared MLM with LLL, while
Christensen et al. [7] compared MLM with the ran-
domized oil (same fatty acid composition as MLM, but
different TAG structure). This could have influenced
the results because LLL supplied the enterocyte with
plenty of long chain fatty acids compared with the
randomized oil, which had the similar (low) content of
long chain fatty acids as MLM. Furthermore, the
present study used 13C-labeled fatty acids, and was
therefore, able to separate the absorption of the

exogenous fatty acids from the transport of endoge-
nous fatty acids and to provide more evidences for
understanding lipid absorptions.

The recovery of the oleic acid in this study is
calculated as the proportion between the 13C-labeled
enrichment of the administered fatty acid and the
13C-enrichment of the lymphatic fatty acid. This
could be termed as the ‘‘apparent’’ recovery, because
of obvious reasons we could not take into account
the endogenous fatty acid pool (ready for triacyl-
glycerol synthesis in the enterocyte). However, as we
assume that the 13C-labeled fatty acids are hydro-
lyzed and absorbed at the same rate as the unlabeled
exogenous fatty acids, our determinations of the
recovery of the 13C-labeled fatty acids in the lymph
give a fairly good indication of the relative absorp-
tion of the exogenous fatty acids.

No other 13C-labeled fatty acids were observed in
the lymph, which revealed that 18:1n-9 was not
transformed into other fatty acids. The expected fate
of the non-essential fatty acid 18:1n-9 is oxidation in
organs and peripheral tissue, which was demonstrated
by Watkins et al. [22], who observed a higher oxida-
tion of 13C-labeled trioleylglycerol (TG-18:1n-9)
(11%) compared with 13C-labeled 16:0 administered
as free fatty acid (7%) after simultaneous adminis-
tration of the triacylglycerols.

Up to 3% of the administered 8:0 was found in the
lymph, which was comparable to the findings of Ikeda
et al. [9] and Mu and Høy [12]. The majority of the
ingested 8:0 was not esterified into TAGs in the
enterocyte, but transported through the cell and via
the portal vein to the liver [3, 23].

Fig. 3 Accumulated lymphatic
transport in mg of 18:1n-9 (A), 16:0
(B), 18:0 (C) and 18:2n-6 (D)
following LLL or MLM administration,
n = 11–14. Average ± SE. Please
notice, that the maximum value of
the y-axis in panel A is higher than in
panel B–D
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The lymph flow observed in the present study was
low compared with other lymph cannulation studies.
This was mainly due to our experimental setup, where
rats could move freely and drank ad libitum from a
water bottle in the cage, but did not receive 1–2 saline
ml/h through a stomach tube as in the restrained
model.

In summary, the present study demonstrates that
the lymphatic recovery of 18:1n-9 is higher when
administered as triacylglycerols consisting only of long
chain fatty acids (LLL) compared with MLM (long and
medium fatty acids). The composition of the dietary fat
influences fat absorption after a single fat meal.

One of the implications of the study is that
administration of MLM should be supplemented with
other sources of long chain fatty acid to ensure

maximal absorption and lymphatic transport of long
chain fatty acids. On the other hand, the present re-
sults also indicate that MLM containing 18:1n-9 could
be used for treatment of obesity. It might have a
weight-reducing effect, because a comparable dietary
amount of MLM compared with LLL resulted in a
lower lymphatic output of long chain fatty acids and
thereby a potential lower energy uptake.
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