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Abstract This study compares the clearing and metabolism of 
three different lipid emulsions. They had the same phospholipid 
emulsifier and similar particle sizes. In one (LLL) the core com- 
ponent was long-chain triglycerides (TG), the second 
(MMM/LLL) contained equal molar amounts of medium- and 
long-chain TG, the third (MLM) contained synthetic TG with 
medium-chain (M) fatty acids in the 1,3-positions and a long- 
chain (L) fatty acid in the 2-position. In model experiments with 
bovine lipoprotein lipase, the MMM component was hydrolyzed 
preferentially in the MMM/LLL emulsion so that the initial 
products were M fatty acids and M monoglycerides. The MLM 
emulsion, in contrast, gave M fatty acids and formation of L- 
MG (monoglyceride) throughout hydrolysis. For in vivo studies 
[3H]oleic acid was incorporated into the emulsion TG as marker 
for the long-chain component. .@- After bolus injection to rats, 
the MMM/LLL and MLM emulsions were cleared more 
rapidly than the LLL emulsion. This was true at all TG loads 
studied (4-64 mg for a 200 g rat). The labeled oleic acid was oxi- 
dized somewhat more rapidly when administered in the MLM 
emulsion compared to the MMM/LLL emulsion. There were 
only slight differences in tissue distribution of label. Hence, 
differences in in vivo metabolism of the long-chain fatty acids 
were small compared to the marked differences in TG structure 
and in patterns of product release during in vitro lipolysis.- 
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Lipid emulsions are widely used to provide energy sub- 
strate and essential fatty acids for patients (1-3). An im- 
portant question for rational design of such emulsions is 
what the fatty acid composition of the triglycerides (TG) 
should be. Presently the most used emulsions are based 

on TG from soy oil which contain more than two-thirds 
polyunsaturated fatty acids, mainly linoleic acid. Con- 
cerns have been raised about this, and it has been sug- 
gested that the content of polyunsaturates should be 
reduced (4-6). One  way is to use mixtures of long-chain 
and medium-chain fatty acids. For this there are two pos- 
sibilities, to mix medium-chain and long-chain triglycer- 
ides or to use triglycerides containing a mixture of fatty 
acids in the same molecule. 

It is generally assumed that fat emulsions are metabo- 
lized by lipoprotein lipase (LPL) by mechanisms similar 
to those for endogenous chylomicrons (1, 7). Experiments 
in vitro have shown that in emulsion particles containing 
medium-chain and long-chain TG, the medium-chain 
component is hydrolyzed more rapidly, and the remnant 
particles become enriched in long-chain TG (8). It would 
therefore be expected that in vivo a relatively large 
proportion of long-chain TG administered in such emul- 
sions would be delivered to the liver in the remnant parti- 
cles (7 ,  9). Another aspect is that LPL shows positional 
specificity for the 1,3 positions (10-12). Hence, the primary 
products of lipolysis are fatty acids and 2-monoglycerides. 
Available data indicate that monoglycerides recirculate in 
plasma to a lesser degree than fatty acids (13). This sug- 
gests that the 2-monoglyceride might partition more 
towards the tissue where lipolysis takes place, and hence 
the metabolic fate of that fatty acid might differ from the 
fate of the 1,3 fatty acids. 

Abbreviations: TG, triglycerides; LLL, long-chain TG; MMM, 
medium-chain TG; MLM, synthetic TG; LPL, lipoprotein lipase; TLC, 
thin-layer chromatography; FCR, fractional catabolic rate; FFA, free 
fatty acids. 
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It has been suggested that long-chain fatty acids exert 
feed-back regulation of LPL action in vivo (14-16). The 
molecular basis for this is that the enzyme binds the fatty 
acids. Medium-chain fatty acids do not have these effects. 
Hence, the metabolism of emulsions containing medium- 
chain fatty acids might be exempt from some of the con- 
straints imposed on chylomicron metabolism by fatty acid 
control of LPL. This has not been directly tested, in vitro 
or in vivo. 

The purpose of this study was to explore how the type 
of fatty acid, medium- or long-chain, and the TG struc- 
ture influences the metabolism of fatty acids contained in 
TG-rich particles. For this we used three emulsions. One 
represented the common type of emulsions with long- 
chain TG as the core component. The second emulsion 
contained equal moles of medium- and long-chain TG, 
whereas the third emulsion contained synthetic TG with 
medium-chain fatty acids in the 1,3-position and a long- 
chain fatty acid in the 2-position. Hence, the overall com- 
positions of these two emulsions were similar, but the TG 
structure was different. We first studied the patterns of 
product release from the different emulsions during in 
vitro lipolysis by LPL, and then how the emulsions were 
cleared after bolus injection to rats, the rate of oleic acid 
oxidation from the different emulsions, and the deposition 
of labeled oleate in tissue lipids. 

MATERIALS AND METHODS 

Materials 

LPL was purified from bovine milk by chromatography 
on heparin-agarose (17). Apolipoprotein C-I1 (apoC-11) 
was isolated from human plasma (17). Bovine serum albu- 
min (fraction V powder) was from Sigma, St. Louis, MO. 
Heparin was from Lovens, Malmo, Sweden. 

TG-rich particles 

Lipid emulsions were produced by the Microfluidizer@ 
technique. They contained 20% TG, 1.2% phospholipids 

TABLE 1, Fatty acid composition of emulsion triglycerides 

Fatty Acid LLL MMMILLL MLM 

mol % 

8:O 32.8 31.5 
1o:o 19.8 18.4 
16:O 10.9 1.8 5.5 
18:O 3.6 0.6 1 . 7  
18:l 24.0 11.4 12.0 
18:2 50.0 29.1 25.1 
18:3 7.8 3.4 3.9 

Data are for the emulsions used for studies on product patterns during 
in vitro lipolysis. The fatty acid patterns were analyzed by capillary gas 
chromatography as described in Materials and Methods. 

TABLE 2. Fatty acid composition of the 2-position in the 
emulsion T G  

Fatty Acid LLL MMMILLL MLM 

mol % 

8:0 25.2 2.6 
1o:o 17.3 2.3 
16:O 0.8 0 .4  0.9 
18:O 0.8 0.2 0.3 

18:2 (n-6) 67.2 39.7 64.3 
18:3 (n-3) 7.8 4.4 7.6 

Data are for the same emulsions as in Table 1. The analyses were done 
as described in detail in Materials and Methods by enzymatic digestion, 
separation of products by thin-layer chromatography, followed by gas chro- 
matographic analysis of the fatty acids in each fraction. 

18:l (n-9) 23.4 12.9 22.1 

(Lipoid AG, Ludwigshofen, Germany), and 2.5% 
glycerol. The TG were either from soy bean oil (LLL), 
medium chain (MMM, DS Industries, Copenhagen, 
Denmark), or synthetic triglyceride (MLM). MLM was 
synthesized from soy bean oil and ethyl esters of medium- 
chain fatty acids by use of an immobilized 1,3-specific li- 
pase (Lipozyme, NOVO Nordisk AIS) (18). As a conse- 
quence of the strict positional specificity of the lipase 
used, these TG contained predominantly medium-chain 
fatty acids in the 1,3 positions and long-chain fatty acids 
in the 2-position. One emulsion contained only LLL; one 
emulsion contained a mixture of equal molar amounts of 
LLL and MMM. The third emulsion contained only 
MLM. The fatty acid compositions of the emulsion TG 
are shown in Table 1. Mean molecular weights were 871 
for LLL, 687 for MMM/LLL, and 731 for MLM. The 
positional distribution of the fatty acids was analyzed by 
enzymatic methods. For MLM the 2 position contained 
95.1% long chain fatty acids and 4.9% medium-chain 
fatty acids (Table 2). Positions 1 and 3 contained 81.5% 
medium-chain fatty acids and 18.5% long-chain fatty acids. 

Three sets of emulsions were prepared for this study. One 
set was used for preliminary studies on rates of in vitro lipol- 
ysis (data not shown). Another set was used for studies of 
product patterns during in vitro lipolysis (see Table 3 and 
Figs. 1 and 2). A third set was radiolabeled and used for 
studies on in vivo metabolism in rats. This latter set of 
emulsions contained 10% TG, 1.2% phospholipids, and 
2.5% glycerol. For this, a trace amount of [3H]oleic acid- 
labeled triolein (prepared by Lennart Krabich, Department 
of Physiological Chemistry, Lund, Sweden) was incorpo- 
rated in the LLL and MMM/LLL emulsions. Labeled M- 
[3H]L-M V-3 was made by chemical synthesis. The labeled 
MLM was mixed with enzymatically prepared bulk MLM 
TG and used to prepare a MLM emulsion for the in vivo 
experiments. 

Hultin et al. Long and medium chain fatty acids in emulsions 1851 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Synthesis of labeled M-[3H]L-M TG For experiments with the MLM emulsion no albumin 

The synthesis of 1,3-di(octanoyI/decanoyl)-2-[9,10-3H]oleoyl- 
glycerol was carried out in three steps according to pub- 
lished procedures (19-23). The reaction of octanoyl 
ulid/or decanoyl chloride on glycerol (1st step) gave a mix- 
ture of monoglycerides, 1,2-diglycerides, 1,3-diglycerides, 
and TG. The 1,3-diglycerides were separated by chro- 
matography on silica gel impregnated with 5 % boric acid 
(24-26). After two chromatographies the product was 
more than 98% pure 1,3-diglycerides with less than 1% 
1,2-diglycerides (as determined by capillary gas chro- 
matography on a Hewlett-Packard 5890 A equipped with 
a 60 x 0.25 mm Chromopack SPB-1 column). The final 
yield was 20% and the molar ratio of octanoyl to decanoyl 
acyl chains in the 1 and 3 positions was 53 to 47. 

The diglycerides thus obtained were reacted with 
[3H]oleoyl chloride, prepared from [ 3H]oleic acid and ox- 
alyl chloride (21-23), yielding 1,3-di(octanoyl/decanoyl)-2- 
[9,10-3H]oleoyl-glycerol after chromatography on 5 % boric 
acid-impregnated silica gel as described above. The recov- 
ery was 85% in the last step. According to 13C-NMR (27) 
no unsaturation was present in the 1,3-positions of the 
TG. This means that no isomerization occurred during 
the reaction. In the 2-position an unsaturated/saturated 
ratio of 4/1 was found. This is in good agreement with the 
composition of the fatty acids used for the long-chain po- 
sition. The final TG had a specific activity of 10.8 mCi/g. 

In vitro lipolysis 

Preliminary experiments were carried out to explore 
the properties of the experimental emulsions. Hydrolysis 
of all three emulsions was stimulated by apoC-11, with no 
marked differences in the extent of stimulation or in the 
amount of C-I1 needed. Maximal (initial) rates of lipoly- 
sis were attained at TG concentrations 1 2 mg/ml in 
buffer-albumin systems, and 1 4 mg/ml when the reac- 
tions were carried out in whole rat plasma. Compared to 
the rates observed with the LLL emulsion, the rates were 
2.0- to 2.6-fold higher with the MMM/LLL and 1.6- to 
1.9-fold higher with the MLM emulsions. 

From these results we decided to use the following con- 
ditions for the studies on product patterns. The reactions 
were carried out in a pH-stat at pH 7.4 and 25OC using 
0.05 M NaOH for titration. Enough LPL was added to 
attain approximately 5 % hydrolysis of available ester 
bonds in 8-12 min. The medium was 5 ml 0.1 M NaCl 
containing per ml: 10 mg TG (0.025 ml 20% lipid emul- 
sion), 1.25 mg glycerol, and 10 pg heparin. No apoC-I1 
was added. 

For experiments with the LLL emulsion, 50 mg fatty 
acid-free albumin was added per ml to provide a fatty acid 
acceptor. About 0.15 mlO.05 M NaOH was needed to ad- 
just the initial pH to 7.4. After the reaction the lipids were 
extracted according to Dole (28) and the lipid extract was 
taken to dryness. 

was added. This was based on preliminary experiments 
which showed that albumin had little effect at the levels of 
lipolysis studied (about 5%), but complicated the extrac- 
tion procedure. After the reaction, 20 ml absolute 
ethanol, 1 ml acetic acid, and 1 ml internal standard (C 
13:O fatty acid) were added. The solvent was evaporated, 
a further 20 ml ethanol was added, and evaporation was 
continued until dryness. This extraction procedure was 
verified by a mass balance between the original TG and 
the different fractions present after hydrolysis. 

The extracted lipids were redissolved in 3 ml trich- 
loroethane and filtered through a 0.5 pm filter. An aliquot 
(0.7 ml) of the lipid extract was applied as a narrow band 
on a thin layer plate. The solvent used was n-heptane- 
diethylether-acetic acid 60:40:2. The lipid fractions were 
visualized by 2,7-dichlorofluoresce~n (0.2% in absolute 
ethanol). Bands corresponding to TG, fatty acids, diacyl- 
glycerols, and monoglycerides were scraped off. Tri-, di-, 
and monoglycerides were trans methylated by 0.5 N so- 
dium methoxide in methanol, while the fatty acids were 
methylated by 1% sulfuric acid in methanol. The 
methylated samples were analyzed by gas chromatogra- 
phy on a HP5890 GC using a SupelcoTM 10 fused silica 
capillary column (30 m: 0.25 mm ID). 

Procedures for in vivo experiments 

Male outbred Sprague-Dawley rats weighing 180-220 
g (Moellegard Breeding Center, Denmark) fed a standard 
pellet diet and water ad libitum were used in this study. 
They were anesthetized by Hypnorm Vet@ (AB Leo, Hel- 
singborg, Sweden, 0.5 ml/kg body weight) and diazepam 
(2.5 mg/kg body weight) administered intramuscularly. 
Hypnorm Vet@ is a combination of the narcotic analgesic 
fentanyl citrate (0.315 mg/ml) and the tranquilizer fluani- 
sone (10 mg/ml). All experimental procedures were ap- 
proved by the local Animal Ethics Committee. 

To prepare chylomicrons, the thoracic duct of an 
anesthetized 250-g rat was cannulated in the morning 
(29). At the same time a cannula was inserted in the 
stomach. After the operation, 5% glucose, 0.85% NaCl, 
and 0.05% KCl were infused intragastrically at a rate of 
2 ml/h. The rat was also allowed to drink ad libitum. The 
following morning 1 ml of the labeled LLL emulsion (100 
mg TG, 50 pCi [9,10-3H]triolein) was administered via 
the gastric cannula. White lymph appeared in the 
thoracic duct tubing within half an hour. Lymph was col- 
lected for 5 h (ca 15 ml) in sterile tubes containing gen- 
tamicin (Garamycina@, Schering Corporation USA, 
Kenilworth, NJ) to a final concentration of 0.5 mg/ml. 
The lymph was defibrinated and then centrifuged at 3000 
rpm for 10 min at 4OC to remove white blood cells. The 
lymph was then layered under 0.9% NaCl with 0.5 mg/ml 
of gentamicin, and centrifuged in a Beckman SW 50 rotor 
at 30,000 rpm for 30 min at 4OC (30). The top layer was 
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isolated by slicing the tube and the chylomicrons were 
resuspended in the saline/gentamicin buffer. The T G  frac- 
tion contained 98% of the label according to TLC analy- 
sis on Silica G gel plates developed in hexane-diethyl 
ether-formic acid 80:20:2 (v/v/v). 

The experiments were usually started in the morning 
(9-11 AM). Fasted rats had been without food since noon 
the previous day. The animals were anesthetized and 
emulsion was injected into the exposed left jugular vein. 
Blood samples (-0.1 ml) were withdrawn from the right 
jugular vein at 1, 2, 3, 4, 5, 7, 10, 13, 16, and 20 min into 
heparinized tubes and kept on ice until extraction of 
lipids. It should be noted that whole blood was used; no 
centrifugation was involved, to avoid the risk of losing 
emulsion. At 20 min the rats were killed by cervical dislo- 
cation. Immediately thereafter the liver, lung, heart, 
spleen, a piece of the epididymal fat pad, m. soleus, and 
a piece of m. gastrocnemius were dissected out, weighed, 
and frozen. M. soleus and m. gastrocnemius were chosen 
as well-defined examples of red and white muscles, respec- 
tively. Tissue lipids were later extracted and their radioac- 
tivity was determined (see below). The rats used to study 
oxidation of [3H]oleic acid-labeled TG were treated in the 
same way, except that no blood or tissue samples were 
taken and the whole carcass was put into saponification 
mix (see below). In the experiments with unanesthetized 
rats, injection was in a lateral tail vein. 

Blood volumes were determined in separate experi- 
ments on corresponding rats using "Cr-labeled red blood 
cells (31). A mean value of 5.5% of the body weight was 
used for calculations on the present data. 

Fifty pl of each blood sample was extracted in 2 ml of 
isopropanol-heptane-1 M H2S04 40:48:1 (v/v) and the 
phases were separated by addition of 0.5 ml water (28). 
Tissues were homogenized and extracted in chloro- 
form-methanol 2:l (dv) (32) and the phases were sepa- 
rated by addition of 0.4 vol of 2% KHPP04. The lipid ex- 
tracts were transferred to scintillation vials, scintillation 
liquid was added, and the radioactivity was measured in 
an LKB Wallac 1214 RackBeta scintillation counter 
(LKB-Pharmacia, Uppsala, Sweden). 

Total oxidation of fatty acids was estimated as the 
difference between what was injected and remaining lipid- 
soluble radioactivity determined by digestion of the car- 
cass in a mixture of 100 g potassium hydroxide, 100 ml 
distilled water, and 300 ml ethanol (95%) (33). The car- 
cass was allowed to dissolve for 2 days at room tempera- 
ture, then 50% ethanol was added to a total volume of 
1000 ml. An aliquot of the digest was made acidic by addi- 
tion of HCl (indicator: thymol blue, final pH c1.2) and 
heptane was added for extraction of fatty acids. An ali- 
quot of the heptane was put in a scintillation vial, scintil- 
lation liquid was added, and radioactivity was measured. 

Hullin et al. 

Calculations 

The fractional catabolic rates (FCR) given in Table 4 
were determined using the SAAMSO/CONSAM program 
(34). The equation N=Noe-k' described all data. 

Statistical analysis 

The two-tailed Student's t-test was used. Differences 
were considered significant when P was <0.05. In some 
experiments a one-way ANOVA and Neuman-Keuls test 
(01<0.05) were used for multiple comparisons (35). The 
NCSS program (Number Cruncher Statistical System 
version 5.01, Kaysville, UT) was used for the statistical 
calculations. Data are given as mean SEM. 
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Fig. 1. Pattem of fatty acids (upper panel) and monoglycerides (lower 
panel) released during in vitro lipolysis of the emulsions. The three 
different emulsions, LLL, MMM/LLL, and MLM, were hydrolyzed in 
vitro by lipoprotein lipase and the products of lipolysis were analyzed ac- 
cording to the procedures described in methods. 
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RESULTS 

Product patterns during in vitro lipolysis 

In these experiments the emulsions were incubated 
with LPL under conditions yielding about 5% lipolysis in 
10 min at pH 7.4 and 25OC. The main products were fatty 
acids and monoglycerides. Diacylglycerols were minor 
components in the reaction mix. From Fig. 1 it can be 
seen that mainly medium-chain fatty acids were formed 
from the MMM/LLL and the MLM emulsions, whereas 
LLL yielded a mixture of long-chain fatty acids. The 
release of fatty acids from MMM/LLL and MLM was 
similar. 

In contrast to the similar pattern of fatty acids released, 
there was a striking difference in the monoglycerides 
formed from MLM and MMM/LLL (Fig. 1, lower 
panel). In the mixed emulsion, the MMM TG were 
hydrolyzed first, leading to a majority of monoglycerides 
containing medium-chain fatty acids. In the MLM emul- 
sion, the monoglycerides contained mainly long-chain 
fatty acids, reflecting the structure of the TG and the posi- 
tional specificity of the lipase. 

We then studied the release of labeled fatty acids from 
the three emulsions used for the in vivo experiments. For 
the LLL emulsion [3H]oleic acid (by measurement of 
radioactivity from the labeled triolein incorporated in the 
emulsion) and total fatty acids (by titration) were released 
at the same relative rates, within experimental error. For 
this, the rates were expressed as fractions of what was con- 
tained in the emulsions, e.g., radioactivity released as 
fraction of total radioactivity. For the MMM/LLL emul- 
sion, [3H]oleic acid was initially released at about 25% of 
the rate for total fatty acids. This reflects the preferential 
hydrolysis of MMM TG in such mixtures of MMM and 
LLL (8). For the MLM emulsion, the rate for release of 
[3H]oleic acid was only about 7 %  of the rate for total fatty 
acid release. This reflects the 1,3-positional specificity of 

lipoprotein lipase (10-12), in concert with the studies 
where the released fatty acids were analyzed by gas-liquid 
chromatography (Fig. 1 and Table 3). Therefore, in 
MLM the long-chain fatty acid is more likely to remain 
in a monoglyceride than in MMM/LLL. 

Clearance from blood 

In the first experiment, anesthetized rats were given 20 
pl emulsion, corresponding to 4 mg TG. This dose was 
chosen as the least amount that gave sufficient radioac- 
tivity for convenient measurement of plasma and tissue 
radioactivity. The experiment was done in fed and in 
overnight-fasted rats. Figure 2 shows disappearance 
curves for the three emulsions in the fed rats. In general 
the curves indicate an exponential decay, Le., first order 
kinetics. We therefore calculated fractional catabolic rates 
(FCR) using data from 3-13 min. The derived FCRs are 
given in Table 4. Comparing fed and fasted rats, the FCR 
for LLL was significantly higher in the fasted group, 
whereas for MLM and for MMM/LLL there were no 
statistically significant differences between the nutritional 
states. Comparing the three emulsions, there was no 
significant difference between the FCRs for MLM and 
MMM/LLL in either nutritional state. The FCR values 
were lower for LLL than for the MLM or MMM/LLL 
emulsions, but the difference reached statistical significance 
only in the fed rats. 

In a separate experiment we followed the clearance of 
chylomicrons (4 mg TG, fasted rats, data not shown). 
These data also followed first order kinetics and gave an 
FCR of 0.151 0.016 min-l. Hence, labeled triolein in the 
LLL emulsion was cleared at a rate similar to labeled 
oleic acid in the chylomicron TG, with half-lives of 4.2 
min compared to 4.6 min. 

We then studied how the rate of TG clearance changed 
with the amount of emulsion injected, using bolus doses 
of 4-64 mg TG per rat (Fig. 3). The observed rates were 

TABLE 3.  Fatty acid composition of di- and triglycerides after in vitro lipolysis 

Diglycerides Triglycerides 

Fatty Acid LLI, MMMILLL M LM LL1. MMMILLL MLM 

mol % 

8:0 36.0 20.6 
10:0 33.8 13.6 
16:0 9.0 2 .9  2.2 11.2 
18:0 3.2 1 .0 0 .8  3.7 
18:l 24.2 7.6 16.2 26.0 
18:2 5 5 . 3  16.2 41.7 51.2 
18:3 7.1 1.9 4.7 7.9 

mol % 

26.8 36.2 
16.4 19.5 
6 . 4  1 . 7  
2.1 0 .5  

14.9 10.7 
29.0 27.8 

4 .4  3 .4  

Data are for the same experiments as in Fig. 1 .  The analyses were done as described in Methods by enzymatic 
digestion, separation of products by thin-layer chromatography, followed by gas chromatographic analysis of the 
fatty acids in each fraction. 
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Fig. 2. Clearance of radioactivity from blood after injection of the 
emulsions in trace dose. Anesthetized rats were given emulsion cor- 
responding to 4 mg TG, and serial blood samples were taken. Each type 
of symbol denotes data from one rat to show that the variability in each 
timepoint is due to different FCRs for different rats. The line illustrates 
the mean FCR for the group (Table 4). 

in the range 0.020-1.3 pmol . ml-1. min-l and 0.035-1.24 
pmol . ml-' + min-l for MMM/LLL and MLM, respec- 
tively, compared to 0.016-0.53 pmol m1-l. min-l for 
LLL. The rates were higher for the two medium chain 

TABLE 4. Fractional catabolic rates for clearing of the labeled 
moiety in emulsions when injected in trace dose 

Fed (min-I) Fasted (min-') 

LLL 0.142 + 0.007 0.167 + 0.013" 
Mix (MMM/['H]-LLL) 0.191 f 0.013b 0.195 * 0.008 
M-['HIL-M 0.211 + 0.025' 0.187 + 0.022 

Rats were injected with emulsion corresponding to 4 mg TG. Data for 
fed rats are the same as in Fig. 2. Slopes for the disappearance of label 
were calculated from data for 3-13 min, assuming first order kinetics us- 
ing proportional weighing. Values are expressed as fractional catabolic 
rate (min-I). Mean + SEM for six rats in each group. 

" P  < 0.05 fed vs. fasted for the same emulsion (Student's t test). 
' P  < 0.01, 'P < 0.05 vs. LLL emulsion in the same nutritional state 

(Student's t test). 

Hultin et al. 

fatty acid containing emulsions at all TG concentrations 
studied. There was no evidence that the clearing process 
could be saturated at the emulsion doses given. 

Oxidation 

Figure 4 shows the oxidation of the labeled oleic acid. 
Analysis of variance showed significant effects (F< 0.001) 
of nutritional state (higher oxidation in fasted rats,) and 
of anesthesia (higher oxidation in unanesthetized rats). 
Comparing MMM/LLL and MLM, the ANOVA showed 
that significantly more labeled oleic acid was oxidized 
from MLM (F<0.05). This difference was small for 
anesthetized rats, but in the unanesthetized rats the 
difference was substantial. Sixty percent was oxidized 
from MLM compared to 41% from MMM/LLL. 
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Fig. 3. Comparison of the initial rate of clearance to the initial TG 
concentration in vivo. Data are from experiments with radioactive LLL, 
MMM/LLL, and MLM emulsions and represent clearing of the labeled 
component. Anesthetized rats were injected with different doses of the 
emulsions corresponding to 4-64 mg TG. The rate of clearing was esti- 
mated from the earliest time points. These data are plotted against the 
initial TG concentration (calculated from radioactivity in blood at 1 min 
after injection). 

Long and medium chain fatty acids in emulsions 1855 

 by guest, on June 17, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


loo r 
80 

m 

LLL 

- 

t 
2 0 h  T 

T T 

MMMRLL Fie. 4. Oxidation of oleic acid from - 
the different emulsions. Anesthetized 
and unanesthetized rats were given 
emulsion equal to 4 mg 'E. LLL (light 
gray), MMMlLLL (gray), and MLM 
(dark gray). The oxidation of oleic acid 
was calculated from the recovery of 
label after digestion of the entire car- 
cass in alkaline ethanol followed by ex- 
traction of the fatty acids. Using anal- 
ysis of variance for all three emulsions, 
the metabolic state of the rat (fed or 
fasted) and anesthesia significantly 
affected the oxidation of labeled fatty 
acids. The type of emulsion had only 
a marginal effect on the oxidation. 
When only the two medium-chain 
emulsions were compared, ANOVA re- 
vealed a significant difference, more 
labeled oleic acid was oxidized from 
MLM. 

MLM 

Fed rats Fasted rats Fasted rats 
Anaesthetized Anaesthetized U n a n aes t h et ized 

Tissue distribution of labeled lipids 
Most of these experiments were in anesthetized rats 

(Fig. 5), and included studies on the effects of nutritional 
state (compare panel A to panel B), and of emulsion dose 
(compare panel B to C). For comparison, a group of 
fasted rats was given labeled chylomicrons (panel A). Tis- 
sue radioactivity was determined 20 min after injection of 
the emulsions/chylomicrons. At this time more than 91% 
of the radioactivity had been removed from plasma, ex- 
cept in the rats given the high dose of the LLL emulsion 
(panel C). 

Comparing first the results for the emulsions to those 
for chylomicrons (panel A), the major differences were 
more label in blood (2.5-3.3% compared to 0.69%), liver 
(21-28% compared to 15%), and spleen (3.1-5.5% com- 
pared to 1.2%) in the rats given emulsions. The higher 
uptake in spleen suggests that more of the emulsion was 
cleared by particle uptake in the reticuloendothelial system. 

In the fasted rats given 4 mg TG (panel A), there were 
no major differences among the three emulsions, except 
for a higher uptake of MLM compared to the other emul- 
sions in the epididymal fat pad. Nutritional state had the 
expected effect in the rats given the LLL emulsion: 
several-fold more label in adipose tissue and significantly 
less label in heart in the fed state. The MMM/LLL and 
MLM emulsions did not follow this pattern. Radioac- 
tivity in heart was as high or higher in the fed state, and 
the nutritional effect in adipose tissue was blunted. In the 
other tissues the effects of nutritional state were small for 
all emulsions, and in most cases not statistically significant. 

Fed rats were also given a larger dose of emulsion (64 
mg TG, panel C). Major differences in tissue distribution 
compared to the 4 mg dose were higher radioactivities left 
in blood for all three emulsions, lower radioactivities in 
liver for all three emulsions, and lower radioactivities in 
heart for the MMM/LLL and MLM emulsions. The ten- 
dency in the 4 mg rats for lower uptake of MLM com- 
pared to MMM/LLL in the spleen became significant 
when 64 mg TG was given (P < 0.05). With the high 
dose there was no significant difference in heart radioac- 
tivity between the medium chain containing emulsions 
and the LLL emulsion, in contrast to the findings with the 
lower dose. 

The experiments were then repeated in unanesthetized 
rats (Fig. 6). These rats oxidized a larger fraction of the 
injected label (see above, Fig. 4) presumably because of 
higher physical activity and differences in tissue perfu- 
sion. In general, the tissue radioactivities were lower than 
in the anesthetized rats (compare Figs. 5 and 6). 
Significant differences between the emulsions were found 
only for liver radioactivity which was lower for 
MMMILLL compared to the LLL emulsion at both 
doses and compared to the MLM emulsion at the higher dose. 

DISCUSSION 

The starting point for this research was a hypothesis 
that the positional specificity of LPL should lead to differ- 
ences in metabolism of a long-chain fatty acid in the 
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Anaesthetized rats 

I MLM 
d 

Fig. 5. Tissue distribution of ['Hjoleic acid from the emulsions in 
anesthetized rats. Anesthetized rats were injected with 'H-labeled TG 
emulsions. The tissues were rapidly excised 20 min after injection, rinsed 
in saline, and blotted dry. After weighing, the tissue was frozen. Lipids 
were extracted in chloroform-methanol 2:l. Values are expressed as per- 
cent of injected radioactivity per organ (blood, liver, heart, lung, and 
spleen) or per gram tissue (m. soleus, m. gastrocnemius, and epididymal 
fat); six rats in each group. Chylomicrons, black; LLL emulsion, light 
gray; MMMILLL, gray; MLM, dark gray. Panel A shows tissue distri- 
bution in fasted.rats that received 4 mg 'E, panel B the tissue distribu- 
tion in fed rats given 4 mg TG, and panel C the tissue distribution in 
fed rats that received 64 mg TG. The indicates significant differences 
between MMMILLL and MLM as determined by Student's t-test 
(P < 0.05). Using ANOVA to compare the effect of different emulsions 
over the three groups, the following differences were found to be 
significant: blood (LLL vs. MMMILLL, LLL vs. MLM), lung (LLL 
vs. MMMILLL, LLL vs. MLM), and m. gastrocnemius (LLL vs. 
MMMILLL). 

2-position of TG, compared to one in the 1,3-position. To 
study this we used three emulsions, LLL with only long- 
chain TG, MMMILLL with a physical mixture of MMM 
and LLL TG, and MLM containing bioengineered TG 
with medium-chain fatty acids in the 1,3-positions and 
long-chain fatty acids in the 2-position. The in vitro 
studies showed the expected large differences in product 

patterns during LPL-mediated lipolysis, but the in vivo 
studies showed only marginal differences in clearance, tis- 
sue distribution, or oxidation. In most of the studies we 
used a trace dose, so that the medium-chain fatty acid 
should not affect general metabolism. During infusion of 
these emulsions in clinical situations, it is likely that the 
medium-chain fatty acids cover a large proportion of the 
energy needs and substantially suppress immediate oxi- 
dation of the long-chain fatty acids. In the present study 
we were not concerned with these metabolic aspects, but 
wanted to look at the effects of molecular structure. 

During in vitro lipolysis of the MMM/LLL emulsion, 
the MMM component was preferentially cleaved. This is 
in accord with previous studies, and is a consequence of 
preferential partitioning of MMM TG to the particle sur- 
face (8). Yet, radioactive triolein in this emulsion was 
cleared at least as fast as in the LLL emulsion. The clear- 
ing was monoexponential even from the earliest time 
points. The MLM emulsion behaved in a similar manner. 
In vitro data suggest that initially almost all LPL- 
mediated hydrolysis is of medium chain fatty acids in the 
1,3 position. Still the long-chain fatty acid label in the 
MLM emulsion is cleared at least as fast as in the LLL 
controls. It is difficult to reconcile this with an obligatory 
sequence: LPL-mediated hydrolysis of TG -+ formation 
of TG-depleted remnants + particle removal of the rem- 
nants. Rather, the finding implies substantial removal of 
particles at early stages of, or even before, lipolysis. These 
considerations cast serious doubt on the hypothesis that 
clearing of the emulsion was dominated by LPL-mediated 
lipolysis. An alternative is removal as particles, but this 
cannot be directly addressed here as no core marker, e.g., 
cholesteryl ethers, was present in the particles. 

A general finding was that oxidation of radioactive oleic 
acid was similar in spite of being incorporated into rather 
different TG molecules and mixed or not with medium- 
chain fatty acids. For all three emulsions more oleic acid 
was oxidized in fasted compared to fed rats. Hence, the 
nutritional state had the expected effect. Analysis of vari- 
ance demonstrated a significant difference between 
MMM/LLL and MLM. More labeled oleic acid was oxi- 
dized from the MLM emulsion. The difference was small 
in the anesthetized rats but was quite marked in the un- 
anesthetized fasted rats, the group where overall fatty acid 
oxidation was highest. This indicates that under condi- 
tions of accelerated fatty acid oxidation, MLM and the 
monoglycerides derived from it were most readily utilized 
by the tissues. 

Uptake of chylomicron fatty acids into adipose tissue 
varies with the nutritional state (36-38). The LLL emul- 
sion yielded results similar to those expected for 
chylomicrons. In fed rats 3.2% of the injected radioac- 
tivity was found per gram of epididymal adipose tissue, 
probably corresponding to deposition of about one-third 
of the emulsion fatty acids in the entire adipose tissue. In 
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fasted rats, much less, only 0.4% per gram, was found in 
the epididymal adipose tissue. Uptake in adipose tissue in 
the fed rats was less than half as high for the mixed and 
the structured emulsions, indicating that a lower fraction 
of long-chain fatty acids from these emulsions is deposited 
in fat stores. 

Another major site of chylomicron metabolism is mus- 
cle (39, 40). Here, tissue radioactivity does not give a 
reliable estimate of total uptake, as some fatty acids are 
immediately oxidized. Radioactivity in heart was higher 
in rats given the mixed or structured emulsions. There 
was a tendency to higher uptake also in the red muscle 
studied, m. soleus, but this did not reach statistical 
significance. In the heart, the difference was most marked 
in fed rats where values for the mixed and the structured 
emulsions were more than 5 times higher compared to the 
LLL emulsion. This suggests that a larger fraction of 
lipids from these emulsions is directed to heart. Another 
possibility is that when emulsion TG are hydrolyzed in 

Fig. 6. Tissue distribution of [’Hloleic acid from the 
emulsions in unanesthetized rats. Unanesthetized, fasted 
rats were injected with 3H-labeled TG emulsions in a 
tail vein. Twenty min after injection the rats were decapi- 
tated and the amount of [’Hllipid label in each organ 
was determined after extraction in chloroform-methanol 
2:l. Panel A shows the tissue distribution after 4 mg TG 
and panel R after 64 mg TG. Light gray bars indicate 
LLL emulsion, gray MMMILLL, and dark gray MLM 
emulsion. Values are expressed as percent of injected 
radioactivity per organ (liver, heart, lung, and spleen) 
or per gram tissue (diaphragm and epididymal fat). The 
’ indicates significant differences between MMM/LLL 
and MLM as determined by Student’s t-test ( P  < 0.05). 
Using ANOVA to compare the effect ofdifferent emul- 
sions over the two groups the following differences were 
found to be significant: liver (LLL vs. MMMlLLL, 
MMMlLLL vs. MLM) and lung (LLL vs. MLM). The 
effect of dose was significant in liver, spleen, and 
epididymal fat. 

the heart, oxidation of the medium chain fatty acids 
covers energy needs and the long-chain fatty acids tend to 
become esterified. 

The third major destination for chylomicron fatty acids 
is the liver. Much of this uptake is supposed to occur with 
remnant particles (41, 42), but there is a substantial con- 
tribution from radioactive fatty acids recirculated in the 
plasma FFA pool (43, 44). We cannot directly evaluate the 
metabolism of remnant particles here, as we did not have 
any core marker. The results indicate, however, no major 
differences among the three emulsions, or between fed 
and fasted rats. In all groups the uptake was around 25%. 

These studies demonstrate differences in how TG long- 
chain fatty acids are cleared and handled when ad- 
ministered in the present three emulsions. Further studies 
will be needed to better understand the origin of these 
differences and to evaluate what further differences are 
imposed by metabolic adaptations induced by larger doses 
of emulsions, and/or by disease states. I 
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