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Abstract Although medium chain triglyceride (MCT) is less 
calorically dense than long chain triglyceride (LCT), it pro- 
duces a greater thermic effect following ingestion. We hypothe- 
sized that the previously observed high rate of thermogenesis 
produced by MCT overfeeding was due to hepatic de novo syn- 
thesis of long chain fatty acids (LCFA) from the excess medium 
chain fatty acids (MCFA). To study this, we compared the effects 
of overfeeding MCT- and LCT-containing diets on blood lipid 
profiles. Ten in-patient, nonobese males were overfed (150 % of 
estimated energy requirements) two formula diets for 6 days 
each, in a randomized crossover design. Diets differed only in 
the composition of the fat and contained either 40% of energy 
as MCT or LCT (soybean oil). The major differences between 
diets in the resulting pattern of blood lipids were: 1) a reduc- 
tion in fasting serum total cholesterol concentrations with the 
LCT, but not the MCT diet; and 2) a threefold increase in fast- 
ing serum triglyceride concentrations with MCT, but not LCT, 
diet. Moreover, 10% of the fasting triglyceride fatty acids were 
medium chain and 40% were 16:O with the MCT diet. This 
compared to 1 % and 20% for medium chain and 16:0, respec- 
tively, with the LCT diet. In addition, there were increases in 
16:1, 18:0, and 18:l in the triglycerides during MCT feeding. 

The changes in fatty acids in triglycerides with MCT 
feeding are consistent with the hypothesis that excess dietary 
MCT cause a significant increase in the hepatic synthesis of 
these fatty acids from MCFA through de novo synthesis and/or 
chain elongation and desaturation. These processes could ac- 
count for the higher rate of postprandial thermogenesis with 
MCT as compared to LCT. -Hill, J. O., J. C. Peters, L. L. 
Swift, D. Yang, T. Sharp, N. Abumrad, and H. L. Greene. 
Changes in blood lipids during six days of overfeeding with 
medium or long chain triglycerides. J. Lipid Rss. 1990. 31: 
40 7 - 416. 
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chain triglycerides. MCTs have also been promoted for 
other uses, such as in enteral and parenteral nutritional 
support and appetite control (1, 2). In spite of increasing 
interest in the use of MCT supplements for improving 
energy absorption in gastrointestinal disease, many ques- 
tions remain concerning the nutritional advantages of 
such supplements. For example, MCT are calorically less 
dense, providing only 8.2 kcal/g of metabolizable energy 
as compared to an average of 9.0 kcal/g provided by long 
chain triglycerides (LCT) (1, 2). In addition, MCT 
feeding has been reported to increase thermogenesis to a 
greater extent than LCT, resulting in reduced efficiency 
of utilization (3-8). The mechanisms of increased thermo- 
genesis associated with MCT consumption and the con- 
ditions under which it occurs should be evaluated further. 

We recently completed a study (8) with nonobese males 
in which the effect on energy balance of 6 days of over- 
feeding diets containing fat as either MCT or soybean oil 
(LCT) was examined. Compared to the soybean oil diet, 
the MCT diet produced a significantly higher thermic 
effect of food (TEF). TEF increased by 50 % after 6 days 
of the MCT diet, but was unchanged by 6 days of the 
LCT diet. As part of this study, the influence of type of 
dietary fat on blood lipids was also measured. This report 
summarizes the effects of the two dietary lipids on blood 
lipid profiles. The results are interpreted in the context of 
understanding the cause of the increased energy expendi- 
ture reported with MCT overfeeding, and understanding 
the dose- and/or time-dependent nature of the response to 
MCT feeding. 

Medium chain triglycerides (MCT; containing fatty 
acids with 6 to 12 carbon atoms) were first introduced as 

patients having impaired absorption of traditional long- 

Abbreviations: MCT, medium chain triglycerides; LCT, long chain 
triglycerides; LCFA, long chain fatty acids; MCFA, medium chain fatty 
acids; TEF, thermic effect of food; HDL, high density lipoproteins; 

a well-absorbed~ dense nutrient to treat NEFA, nonesterified fatty acids; PUFA, polyunsaturated fatty acids; 
VLDL, very low density lipoproteins; LDL, low density lipoproteins. 
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MATERIALS AND METHODS 

Subjects 

Ten nonobese ( k  10% of ideal body weight) males 
volunteered for this study which was approved by the 
Vanderbilt Committee for the Protection of Human Sub- 
jects. Table 1 shows the characteristics of the subjects. 

Procedure 

All subjects were studied in the Vanderbilt Clinical 
Research Center (CRC) for 6 days on each diet with 1 
week ad libitum eating at home between the two in- 
patient periods. The study was double-blind and the 
order of diet administration was randomized so that half 
of the subjects received the MCT diet first and half the 
LCT diet. 

The in-patient periods were identical for each subject 
with the exception that the composition of the diet 
differed. On the morning of day 1 blood was taken after 
an overnight fast for measurement of total cholesterol, 
high density lipoprotein (HDL) cholesterol, triglycerides, 
and free fatty acids. The subjects then received a test 
meal (1000 kcal) of the same composition as the experi- 
mental diet they were to receive that period. Blood was 
taken at approximately hourly intervals for 6 h after the 
meal for determination of free fatty acid concentrations. 
The subjects consumed the experimental diet throughout 
the remainder of the 6-day period. On  the morning of day 
6 a fasting plasma sample was taken for measurement of 
lipids as on the morning of day 1. The subjects then 
received another 1000 kcal test meal of the same compo- 
sition as the meal on day 1. Measurements of total cho- 
lesterol, triglycerides, and free fatty acids were made 
approximately hourly for 6 h after the meal. 

The composition of the free fatty acids was measured 
in all subjects on days 1, 6, and 7.  The fatty acid compo- 
sition of plasma triglycerides, cholesteryl esters, and 
phospholipids was measured in four out of the ten sub- 
jects on day 6 of each diet period. 

TABLE 1. Characteristics of subjects 

Subject Age Height Weight Energy Ingested 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
SEM 

Y' 
30 
32 
28 
35 
44 
35 
32 
25 
22 
29 
31 

2 

cm 

159.4 
182.9 
176.8 
181.0 
167.6 
190.5 
166.0 
176.0 
185.4 
172.7 
175.8 

3.0 

ksl 

68.1 
90.5 
72.3 
89.7 
73.0 

102.8 
72.5 
80.0 
82.1 
62.7 
79.4 
3.8 

kcaNday 

3816 
4200 
3578 
4486 
3125 
3730 
3780 
3730 
4334 
307 1 
3785 

148 

TABLE 2. Fatty acid composition of experimental diets 

Farcy MCT LCT 
Acid Diet Diet 

% 

8:O 61 
1o:o 32 
16:O 2 1 1  
18:O 6 
18:l 5 32 
18:2 51 

Diets 

Subjects received all food during in-patient periods as 
a liquid formula diet, prepared by the CRC dietitians. 
The formulas were constructed from components of the 
Nutrisource Modular System (Sandoz Nutrition Cor- 
poration, Minneapolis, MN). The macronutrient compo- 
sition of the diets was 15 % protein (Nutrisource protein), 
45 % carbohydrate (Nutrisource carbohydrate), and 40 % 
fat (either Nutrisource lipid-long chain triglycerides in the 
form of soybean oil or Nutrisource lipid-medium chain 
triglycerides). Diets were flavored with noncaloric flavor- 
ings to suit the tastes of the subjects. Table 2 shows the 
fatty acid composition of the dietary lipid. 

Each subject received each diet in a quantity estimated 
to provide 150 % of maintenance energy requirement. 
Energy requirements were calculated as 1.4 x measured 
resting metabolic rate (measured by a ventilated hood in- 
direct calorimetry system). This has proved to be a rea- 
sonable estimate of energy requirements of hospitalized 
subjects (9). 

Subjects consumed their daily allotment of formula in 
four equal-sized meals. The exceptions were on days 1 
and 6 when the subject received a 1000 kcal test meal in 
the morning and consumed the remainder of the liquid 
formula between late afternoon and 8:OO PM. 

Analytical measures 

Serum cholesterol and triglyceride concentrations were 
measured with an automatic analyzer (Du Pont Co., Wil- 
mington, DE), using standard enzymatic techniques. The 
coefficient of variation for cholesterol was 3.6% and the 
coefficient of variation of triglyceride was 3.1 %. HDL 
cholesterol was measured similarly after removal of 
VLDL and LDL from samples by precipitation with 
phosphotungstate (10). The coefficient of variation for this 
assay was 2.3%. Nonesterified free fatty acids were ex- 
tracted from plasma with hexane, methanol, and methyl- 
ene chloride, derivatized with bis(trimethylsily1)trifluoro- 
acetamide (BSTFA, Supelco, Bellefonte, PA), and mea- 
sured by gas-liquid chromatography (11, 12). Glucose was 
measured using an AutoAnalyzer (Beckman, Fullerton, 
CA) and insulin was measured using a double-label anti- 
body technique (13). 
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We randomly selected four of the ten subjects to 
measure the fatty acid composition of plasma triglyc- 
erides, cholesteryl esters, and phospholipids at three time 
points on day 6 of each diet period. Plasma (0.5 ml) was 
extracted by the method of Folch, Lees, and Sloane 
Stanley (14). Individual lipids classes were separated by 
thin-layer chromatography on Silica Gel 60 plates (EM 
Laboratories, Elmsford, NY). Lipid extracts were dried 
under nitrogen at 37OC and applied to the plates. Plates 
were developed in petroleum ether-ethyl ether-acetic acid 
80:20:1, and the lipid classes were visualized with 
Rhodamine B (0.05 7% in 95 7% ethanol). Lipid classes were 
identified by their Rf values compared with standards 
(Non-polar lipid Mix A, Supelco). 

Cholesteryl ester and triglyceride spots were scraped 
from the plates and the lipids were eluted from the silica 
gel scrapings as described previously (15). The eluates 
were evaporated to dryness and methylated at 100°C in 
sealed tubes using BF3-methanol (16). The phospholipid 
fraction was scraped from the plates and the constituent 
fatty acids were methylated using BF3-methanol without 
elution of phospholipid from the silica gel. The samples 
were cooled on ice and fatty acid methyl esters were ex- 
tracted with hexane. 

Gas-liquid chromatography 

Fatty acid methyl esters were analyzed in the hexane 
extracts using a Hewlett Packard 5890A gas chromato- 
graph equipped with 30 m x 0.53 mm SPB-5 column 
(1.5 pm film thickness) (Supelco), flame ionization detec- 
tor, and 3393A integrator. Nitrogen was used as a carrier 
gas at 20 ml/min, and the injector and detector tempera- 
tures were 225O and 25OoC, respectively. The oven 
temperature was programmed as follows: 80°C (0.5 min); 
(20°C/min)+2200C (0.5 min); 15°C/min+2800C (3.0 
min). Fatty acid methyl esters from triglycerides were 
also analyzed using a 6 ft x 2 mm i.d. glass column 
packed with 10% SP2330 on 100/120 Chromosorb W 
(Supelco). The oven temperature was programmed from 
180° to 22OOC at 2OC/min. Fatty acid methyl esters were 
identified by comparison of retention times to those of 
known standards. 

Statistical analysis 

dependent samples (17). 
Results were analyzed using Student's t-test for nonin- 

RESULTS 

Even though subjects were overfed, there was not a sig- 
nificant increase in body weight during either diet period. 

Serum cholesterol 

Feeding the LCT-containing formula for 6 days in- 
duced a significant reduction in fasting total cholesterol 
concentrations whereas consumption of the MCT-con- 
taining formula resulted in no change (Fig. 1A). By con- 
trast, HDL cholesterol values were not significantly 
altered by either diet after 6 days (Fig. 1B). On day 6, 
total cholesterol had not been altered by the the ingestion 
of either meal (Fig. 1C). 

Serum triglycerides 

The LCT diet did not produce any changes in total 
fasting triglyceride concentrations from day 1 to day 6, 
whereas the MCT diet produced a significant threefold 
increase in fasting triglyceride from day 1 to day 6 of the 
study (Fig. 2A). The LCT test meal consumed on day 6 
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Fig. 1. Fasting concentrations of total plasma cholesterol are shown in 
A and fasting concentrations of plasma HDL are shown in B. Panel C 
shows concentrations of total plasma cholesterol before and after each 
test meal on day 6. The meals were consumed after the time 0 sample 
was taken. An asterisk (*) signifies a significant (PC0.05) difference be- 
tween diets. 
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Fig. 2. Fasting concentrations of total plasma triglycerides are shown 
in A. Panel B shows total plasma triglyceride concentrations before and 
after the test meals on day 6. The meals were consumed after the time 
0 sample was taken. An asterisk (*) signifies a significant (P<0.05) 
difference between diets. 

produced the expected increase in triglyceride concentra- 
tions but the MCT test meal on day 6 did not result in 
any change in triglyceride concentrations (Fig. 2B). 

The fatty acid composition of the triglyceride on day 6 
is shown in Table 3. The samples at 2 and 3 h after 
feeding were not different in composition from fasting 
samples for either diet. However, with the MCT diet, 

about 10 % of the triglyceride fatty acids were of medium 
chain length (8:O-12:O). By contrast, less than 1 % of the 
triglyceride fatty acids were of medium chain length (in 
this case only 12:O was present) with the LCT diet. The 
triglycerides from the subjects fed the MCT diet also con- 
tained relatively more 14:0, 16:0, and 16:l and less 
18:l-18:2 and 20:4 than were present during LCT 
feeding. Analysis of triglyceride fatty acids on the packed 
column revealed that 18:l was increased (32.1% vs 
30.4%) while 18:2 was markedly decreased (8.3% vs 
35.6 %) in MCT as compared to LCT feeding. Consider- 
ing that fasting triglycerides were 2.5-fold higher when 
subjects were on MCT compared to when they consumed 
LCT diets, these data suggest that the absolute amounts 
of all triglyceride fatty acids except 18:2 and 20:4 were 
increased with MCT feeding. That is, in addition to an 
increase in triglyceride MCFAs (which were essentially 
absent from triglycerides during LCT feeding), 14:O in- 
creased approximately 6-fold, 16:O and 16:l increased ap- 
proximately 4-fold, 18:O increased approximately 3-fold, 
and 18:l increased approximately 2.5-fold compared 
with LCT feeding. These estimated increases assume an 
average molecular weight for the triglycerides of 804 
(molecular weight of tripalmitin) during MCT feeding 
and 890 (molecular weight of triolein) during LCT 
feeding. 

The fatty acid compositions of phospholipids and 
cholesteryl esters from subjects on both diets are shown in 
Table 4 and Table 5.  The differences in fatty acid pat- 
terns of these lipid classes were not as pronounced as seen 
in the triglycerides. In general, MCT feeding led to 
relatively more 16:O in phospholipids and cholesteryl es- 
ters and less 18:O and 18:l-18:2 compared to LCT feeding. 

Serum free fatty acids 
Blood concentrations of nonesterified fatty acids (NEFA) 

are shown in Fig. 3 for each diet. Fasting concentrations 
of total NEFA did not change with the LCT diet, but were 
significantly (P< 0.05) reduced by 6 days of the MCT diet 

71'AKI.E :i. Fatty arid tomposition of triglycerides on day 6 0 1  each diet period in Ioui- subjrcts 

8:O 
10:o 
12:o 
14:0 
16:0 
16: 1 
18:O 
18:1,2 
20:4 

N I) 
ND 

0.6 f 0.6 
1.8 f 0.6 

22.7 f 2.7 
3.6 f 0.2 
4.6 f 1 .3  

62.2 f 4.9 
4.0 f 0.6 

N D  
ND 

1.3 f 0.1 
1.7 f 0.2 

19.3 f 1.8 
2.2 f 0.2 
4.2 f 0.3 

66.2 k 2.1 
3.0 k 0.3 

percent uf /u/ul /nglyceride j u / ( y  acids 

N 11 2.3 f 1.0 
N D  5.5 f 1 . 7  

0.8 f 0.4 2 . 3  * 0.2 
1.6 f 0.2 5.0 f 0 .6  

19.4 +_ 1.8 35.9 f 2.9 
1 . 5  f 0.5 6.4 f 0.3 

69.6 f 1.8 36.8 * 5.6 
2.6 k 0.4 0.6 k 0.6 

4.0 * 0.1 5.4 f 0.4 

2.8 i 0.6 2.4 * 0.5 
6.1 t- 1 . 2  5.6 * 1.0 

2.6 f 0.3 2.0 f 0.3 

35.3 f 2.8 34.9 f 2.6 
6.3 f 0.3 6.0 f 0.2 
5.8 f 0.6 6.4 + 0.7 

36.2 5.0 36.6 4.7 
1 .2  + 0.7 0.6 f 0.6 

4.8 f 0.6 4.7 f- 0.5 

~~ ~ ~ ~ ~ 

Fdsting, 2-h,  and 3-h are betore and after the test meal on day 6 ND, nontietectable l e d \  
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TABLE 4. Fatty acid composition of phospholipids on day 6 of each diet period in four subjects 

LCT Diet MCT Diet 
Fatty 
Acid Fasting 2 H  3 H  Fasting 2 H  3 H  

percent .f total phospholipid fat& acidr 

8:O ND ND ND ND ND ND 
lo:o ND ND ND ND ND ND 
12:o ND ND ND ND ND ND 
14:O ND ND ND ND ND ND 
16:O 26.0 f 0.8 25.4 + 0.9  25.3 f 0.3 31.4 f 0.6 31.2 f 0.8 30.0 f 0.7 
16:l ND ND ND ND ND ND 
18:O 16.9 f 0.4 15.2 * 1 . 7  17.2 f 0.6 14.8 f 0.5 14.5 f 0.4 13.9 f 0.6 
18:1,2 33.9 i- 0.3 35.5 * 1.4 35.6 f 0.3 31.0 f 0.5 30.8 f 0.8 30.7 f 0.7 
20:4 18.6 f 0.6 19.0 f 0.9 17.6 f 0.4 18.3 f 0.3 18.3 f 1.5 18.9 f 1.9 
22:6 4.6 + 0.2 4.9 f 0.4 4.4 f 0.2 4.4 f 0.3 5.2 f 0.3 5.7 f 0.9 

Fasting, 2-h, and 3-h values are before and after the test meal on day 6. ND, nondetectable levels. 

(time 0 on both panels of Fig. 3). After the meal on day 
1, NEFA concentrations remained relatively constant for 
6 h when the meal contained LCT, but declined pro- 
gressively to reach statistical significance (P<  0.05) by 6 h 
after the MCT meal (Fig. 3A). By contrast, on day 6 
NEFA concentrations increased progressively to reach 
statistical significance (P< 0.05) after the LCT meal, 
whereas NEFA concentrations remained relatively con- 
stant after MCT meal (Fig. 3B). 

The decline in total fasting NEFA that occurred with 
MCT feeding during the 6-day period (time 0 point of 
Fig. 3A) was due primarily to a decrease in C18-C20 
fatty acids as shown in Fig. 4A inasmuch as MCFA ac- 
tually increased slightly during this period from 10.0 
pglml(10 % of total fasting NEFA) before the meal test on 
day 1 to 17.0 pg/ml (26% of the total fasting NEFA) on 
day 6.  

After consumption of the meal on day 1, LCFA de- 
clined substantially and MCFA increased slightly (Fig. 
4A), accounting for the decline in total NEFA previously 

shown in Fig. 3A. On a percentage basis, MCFA in- 
creased from 10 % to between 30 and 50 % of total NEFA 
after ingestion of the MCT-containing meal on day 1. 
After ingestion of the meal on day 6 (Fig. 4B) there were 
slight decreases in LCFA and increases in MCFA so that 
the percentage of MCFA increased from 26 % to between 
30 and 50% of the total NEFA. 

Fig. 5 presents the changes in plasma composition of 
NEFAs after the LCT diet on days 1 and 6.  There was no 
significant change in the fasting concentrations of any fat- 
ty acids after 6 days of the LCT diet; MCFA represented 
approximately 7 %  of the total NEFA over this period 
(time 0 on Figs. 5A and 5B). The test meal on day 1 pro- 
duced no significant change in the concentrations of the 
different fatty acids with MCFA comprising less than 
10 % of the total NEFA following the meal (Fig. 5A). After 
the test meal consumption on day 6 (Fig. 5B), the increase 
in NEFA was due to increased concentrations of LCFA, 
specifically C18-C20 fatty acids. Neither MCFA nor C14- 
C16 fatty acids changed during the meal test on day 6 .  

TABLE 5. Fatty acid composition of cholesteryl esters on day 6 of each diet period in four subjects 

LCT Diet MCT Diet 
Fatty 
Acid Fasting 2 H  3 H  Fasting 2 H  3n 

~ 

percent of total cholesteryl ester fat& acids 

8:O ND ND ND ND ND ND 
lo:o ND ND ND ND ND ND 
12:o ND ND ND ND ND ND 
14:O 0.8 f 0.5 ND ND 1.8 + 0.6 1.8 f 0.6 1.2 f 0.7 
16:O 11.0 f 0.5 10.8 * 0.3 10.9 f 0.3 14.9 f 0.5 15.5 f 0.9 14.4 f 0.4 
16: 1 1.9 f 0.2 2.3 f 0.6 2.5 f 0.3 9.1 f 0.6 9.3 f 1.4 8.1 f 1.3 
18:O 1.2 f 0.1 1.0 f 0.3 1.0 f 0.3 0.6 + 0.6 ND 0.9 f 0.6 
18:1,2 77.0 f 0.6 77.0 f 0.7 76.5 f 0.4 64.2 f 1.4 63.9 f 1 . 1  64.5 f 0.9 
20:4 8.1 f 0.7 8.9 f 0.7 9.4 f 0.1 9.4 f 1 . 7  9.5 f 1.6 10.3 f 1.2 
22:6 4.6 f 0.2 4.9 f 0.4 4.4 f 0.2 4.4 f 0.3  5.2 f 0.3 5.7 f 0.9 

Fasting, 2-h, and 3-h values are before and after the test meal on day 6. ND, nondetectable levels. 
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0-0 MCT DAY 1 A 
125-- 0-OLCT 

* 

Q 25+ 
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TIME POST MEAL (MIN) 

P o  2 2  
0 60 120 180 240 300 360 420 

TIME POST MEAL (MIN) 

Fig. 3. Total plasma concentrations of nonesterified fatty acids are 
shown before and after the test meals on day 1 (A) and day 6 (B). The 
meals were consumed after the time 0 samples were taken. An asterisk 
(*) signifies a significant (Pc0.05) difference between diets. 

Insulin and glucose 

There were no significant differences in either insulin 
or glucose concentrations as measured in subjects fasted 
overnight before the test meal on day 6, although insulin 
values tended to be higher during MCT feeding. Meal in- 
gestion produced a rise in both insulin and glucose on 
both diets. The peak values for insulin and glucose oc- 
curred at 30 min after the meal for both diets. Insulin 
concentrations were not different between diets at any 
time point, and the total area under the 6-h curve was not 
significantly different (754 * 163 ,uU/ml for MCT vs 
610 * 79 pU/ml for LCT, NS). Although glucose concen- 
tration did not differ significantly between diets at any 
time point, the total area under the 6-h curve was slightly 
(but not significantly) greater for LCT than for MCT 
(596 * 11 mg/dl vs 561 f 10 mg/dl). 

DISCUSSION 

The pattern of blood lipids seen during the MCT diet 
differed from that seen during the LCT diet and also 

differed from reports in the literature of the effects of 
lesser amounts of MCT on blood lipid metabolism. Our 
results are consistent with the hypothesis that ingestion of 
large amounts of MCT in a diet providing calories in ex- 
cess of maintenance can promote substantial synthesis of 
LCFA by the liver. This synthesis of LCFA from acetate 
or from chain elongation of C8 and C10 fatty acids is en- 
ergetically expensive, and could account for the unex- 
pectedly large thermic effect of diets containing a large 
proportion of fat-calories as MCT (8). 

The significant reduction in plasma total cholesterol 
with the LCT diet is consistent with numerous studies 
that have shown that diets rich in PUFAs lower choles- 
terol concentrations (18, 19). Although this response was 
not unexpected, three points are noteworthy. First, the 
cholesterol-lowering effect occurred rapidly (within 6 
days), and second it occurred at a high level of total fat 
and calorie intake. Third, given that the P/S ratio of the 
LCT diet was 3.0 and that the diet was cholesterol-free, 
one might have expected a greater cholesterol lowering 
than observed. However, the excessive total caloric intake 
and the provision of a significant amount of simple carbo- 
hydrate in the formula diet may have mitigated the effect 
of the high P/S ratio. 

w 
0-0 C6-Cl2 z 

v) O-OC14-Cl6 
A-A c18-c20 

W 

P o s  
0 60 120 180 240 300 360 4 

TIME POST MEAL (MIN) 

MCT - DAY 6 

v) D-DC6-Cl2 
50 *-*C14-C16 Y A-A c18-c20 
40 

g j  30 
G: 

20 3 10 

g J : : : : : :  z o  
0 60 120 180 240 300 360 4 

TIME POST MEAL (MIN) 
Fig. 4. 
and after the MCT meals on day 1 (A) and day 6 (B). 

The composition of nonesterified fatty acids is shown before 
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The composition of nonesterified fatty acids is shown before Fig. 5. 
and after the LCT meals on day 1 (A) and day 6 (B). 

Although MCT feeding did not alter total cholesterol 
levels, it is misleading to conclude that the MCT diet had 
no effect on cholesterol metabolism. For example, fasting 
plasma triglycerides were increased by nearly threefold 
after 6 days of the MCT diet. If one assumes that the bulk 
of fasting plasma triglyceride is present in VLDL, then 
according to Friedewald’s equation (20), VLDL choles- 
terol concentrations by the end of the 6-day feeding 
period can be estimated to have been 67 mg/dl, a level 
substantially above the baseline value of 23 mg/dl and 
above the 25 mg/dl level seen after 6 days on the LCT 
diet. Furthermore, using the same equation, LDL choles- 
terol concentrations can be estimated to have been 91 
mg/dl after 1 week of MCT feeding, a drop of 33 mg/dl 
compared to baseline and a level that was 10 mg/dl below 
that of subjects fed the LCT diet. It is possible, however, 
that Friedewald’s equation is inappropriate for estimation 
of LDL cholesterol during MCT feeding. If, for example, 
the cholesterol to triglyceride ratio of the VLDL produced 
during MCT treatment was decreased, we would have 
overestimated VLDL cholesterol. Consequently, we 
would have overestimated any decline in LDL cholesterol 
that may have occurred. Since we did not measure LDL 
cholesterol directly in this study, it is not possible to 

distinguish between these possibilities. However, it is in- 
teresting that in a follow-up study (Swift, L. L., J. 0. 
Hill, and J. C. Peters, unpublished data) in which MCT 
was fed to subjects at a maintenance level of energy in- 
take (;.e., not overfed), plasma triglycerides were elevated 
without any change in the cholesterol to triglyceride ratio 
in VLDL as compared to that seen during maintenance 
feeding of LCT. 

Although we did not measure LDL cholesterol directly 
in this study and thus cannot definitively conclude that 
MCT caused LDL to decline, it is noteworthy that other 
investigators have seen effects of MCT on LDL metab- 
olism in animals. Woollett, Spady, and Dietschy (21) 
recently compared the effects of MCT, hydrogenated 
coconut oil, and chow, either with or without added 
dietary cholesterol, on cholesterol metabolism in ham- 
sters. They found that feeding MCT either with or 
without added dietary cholesterol consistently increased 
receptor-dependent LDL transport in both liver and 
other tissues. Despite an increase in LDL production rate 
in hamsters fed the MCT diet (presumably due to in- 
creased VLDL production), the increased clearance capa- 
city prevented a large increase in plasma LDL cholesterol 
when compared to animals fed the low-fat chow control 
diet. These observations in hamsters raise the possibility 
that similar changes in LDL clearance capacity may oc- 
cur in humans during MCT feeding, mechanism that 
could provide the basis for a reduction in circulating 
LDL cholesterol concentration. 

HDL cholesterol concentrations were not significantly 
altered by either diet, but tended to be slightly lowered 
by MCT feeding. A switch from the typical diets eaten by 
Americans to a diet high in long-chain saturated fatty 
acids generally would not be expected to cause large 
increases in VLDL cholesterol and triglycerides or to pro- 
duce a decrease in LDL levels (22). Therefore, the influ- 
ence of the MCT diet on cholesterol metabolism is proba- 
bly an effect of the shorter chain length of its constituent 
fatty acids and not due to its high degree of saturation. 

Fasting NEFA levels were unchanged by 6 days of LCT 
feeding and the pattern of changes after the LCT meal 
was similar on days 1 and 6. There was a slight drop in 
NEFA during the first hour after each LCT meal, follow- 
ed by a gradual increase in NEFA. The lack of a larger 
drop in total NEFA after the LCT meals may seem sur- 
prising in view of the usually dramatic suppression of 
12-h fasting NEFA levels after a pure carbohydrate load. 
Although our test meal contained a sizeable amount of 
carbohydrate (112 g), it also contained a large load of fat 
(44 g). It is possible that endogenous release of fatty acids 
from adipose tissue was suppressed by the mixed meal, 
but that a significant amount of NEFA entered the plasma 
pool during the hours after the meal due to intravascular 
hydrolysis of diet-derived triglycerides and incomplete 
clearance of the released fatty acids. The data in Fig. 5 
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showing the responses of NEFA of different chain lengths 
support this idea. NEFA with 14-16 carbon atoms (mostly 
Cl6) indeed declined after meal ingestion and did not 
return to starting values until 6 h later, indicative of the 
expected response to a meal containing carbohydrate. 
The response of these fatty acids to the meal can be used 
as a marker of endogenous fatty acid release since they 
made up more than 30 % of the NEFA pool after the 12-h 
fast, but were present in the diet at only 11 % of the total 
fatty acids. In contrast to the response of the C14-16 fatty 
acids, C18-20 fatty acids fell below the time zero level 
only at the 60-min time point and actually exceeded the 
fasting level after 4 h. Since fatty acids of (218-20 chain 
length comprised 85% of the dietary fatty acids, the in- 
crease in this fraction of total NEFA 60 min after the meal 
suggests that they are of dietary origin. In support of this 
notion, Heimberg, Dunn, and Wilcox (23) have reported 
that even after a single fatty meal, dietary fatty acids 
appear in the plasma NEFA pool. These fatty acids ori- 
ginate from intravascular hydrolysis of diet-derived chy- 
lomicron and VLDL triglycerides. They also reported 
differences in NEFA response between safflower oil (LCT) 
and coconut oil (MCT) that were similar to the dif- 
ferences we found between LCT and MCT. 

The postprandial drop in NEFA after the MCT meal 
on day 1 was the composite effect of a large drop in the 
C14-C20 fatty acid fractions, coupled with a rise in the 
C6-Cl2 fatty acids (mostly C8 and C10). The drop in the 
longer chain fatty acids reflects the expected meal- 
induced suppression of endogenous fat mobilization 
(since these fatty acids were absent from the meal). The 
increase in the medium chain fatty acids was most likely 
due to incomplete clearance by the liver of incoming diet- 
derived MCFA (24). This is probable because: I )  incor- 
poration of medium chain fatty acids into chylomicron 
and VLDL triglyceride is reported to be low (1) and these 
lipoproteins would thus not be the source of significant 
medium chain fatty acids, and 2) the plasma response was 
essentially the same on day 6 as on day 1, but on day 1 
the medium chain fatty acids would most likely not have 
been of adipose origin, since that was the first exposure to 
MCT. Other workers (25) have found similar proportions 
of MCFA in the plasma NEFA following an MCT load. 

Six days of MCT feeding significantly lowered fasting 
NEFA levels. This difference could be explained by the 
slightly higher fasting insulin levels seen with MCT 
feeding in this study (40 6 pU/ml; NS), 
and reported by others (26, 27). Six days of MCT feeding 
lowered fasting levels of C14-16 and C18-20 fatty acids, 
probably reflecting suppression of endogenous fat mobil- 
ization during excess calorie ingestion. These fatty acids 
were further reduced after the meal on day 6, presumably 
as a result of meal-induced insulin secretion. Six days of 
MCT feeding increased fasting C6-12 fatty acid levels, 
perhaps indicating some release of MCFA that had been 

12 vs 22 

stored in depot fat during the preceding MCT feeding. 
After the meal on day 6, the free MCFA increased to the 
same extent as on day 1, although at a slower rate. This 
difference in time course may reflect more efficient liver 
clearance and metabolism of MCFA on day 6 compared 
to day 1, or relatively more incorporation of MCFA into 
chylomicron triglyceride and less transport of MCFA in 
the free acid form. 

The precise mechanism of the threefold elevation in 
triglycerides observed with MCT feeding is not known. 
However, a consideration of the pathways of MCT metab- 
olism yields a possible explanation. Most of the C8 and 
C10 fatty acids released by hydrolysis of MCT in the gut 
are not reesterified by the enterocyte to triglyceride, but 
enter the portal vein as NEFA bound to albumin. The 
MCFA travel to the liver where they bypass the rate- 
controlling step in long-chain fatty acid oxidation, car- 
nitine acyl transferase, and are rapidly and extensively 
oxidized to 2-carbon fragments (acetyl-coA). The acetyl- 
CoA thus formed can be further degraded to COP and 
H 2 0  via the Krebs cycle, can be converted into ketone 
bodies, or can served as substrate for de novo fatty acid 
synthesis. We found that increased fatty acid oxidation 
and ketone body formation did occur with MCT feeding, 
but that cannot alone explain the increased energy expen- 
diture (8). Therefore, we believe substantial hepatic fatty 
acid synthesis occurred as well. 

Previous studies have suggested that hepatic fatty acid 
synthesis can be altered by MCT diets. Kritchevsky and 
Tepper (28) reported enhanced rates of de novo fatty acid 
synthesis from acetate by livers of rats fed MCT diets for 
7 days. Crozier (29) has also reported increased rates of 
lipogenesis in livers of rats chronically fed MCT diets. 
Leveille, Pardini, and Tillotson (30), demonstrated that 
chain lengthening activity as measured by conversion of 
[l-'*C]palmitate to C18 fatty acids was greater in livers 
of rats fed MCT compared to rats fed LCT. They also 
reported that fatty acid desaturation as measured by con- 
version of [2-'*C]stearate to oleate was also enhanced by 
an MCT diet. Thus, MCT diets, especially when fed in 
excess of caloric needs, might lead to increased de novo 
fatty acids synthesis and enhanced fatty acid elongation 
activity by the liver. This, in turn, would be expected to 
increase hepatic triglyceride production and very low den- 
sity lipoprotein secretion, and could account for the 
elevated fasting plasma triglyceride concentrations seen in 
subjects fed the MCT diet. In support of the idea that in- 
creased de novo fatty acid synthesis occurred during ex- 
cess MCT feeding was the finding that the relative per- 
centage of 16:O in fasting triglycerides of subjects during 
MCT feeding was almost twice that of subjects fed the 
LCT diet, even though the LCT diet provided five times 
more 16:O than did the MCT diet. In fact, 16:O was 
elevated in all blood lipid classes from subjects during the 
MCT diet feeding compared with the pattern seen during 
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LCT feeding. However, 16:l was increased in triglyc- 
erides and cholesteryl esters and 18:O and 18:l were in- 
creased in triglycerides of MCT-fed subjects. This would 
suggest that MCT may also stimulate chain elongation 
and desaturation as reported by Leveille et al. (30). Our 
data are consistent with increased de novo fatty acid syn- 
thesis as well as increased chain elongation and desatura- 
tion with excess MCT feeding. These energetically costly 
activities could account for a substantial portion of the in- 
creased energy expenditure reported with excess MCT 
feeding (8). 

There is a similarity between the changes in blood 
lipids produced by MCT feeding and those reported to 
occur with feeding high carbohydrate diets. The initial 
(1-3 weeks) response of normal healthy individuals to 
switching from a normal fat diet (35-40 % of calories from 
fat) to one low in fat and high in carbohydrate is an in- 
crease in fasting plasma total triglycerides, a decrease in 
HDL, and little or no change in total cholesterol (31). 
This response is dose-related but after several weeks or 
months the blood lipid pattern returns to the pattern seen 
prior to dietary manipulation, presumably as a result of 
metabolic adaptation. Excessive carbohydrate intake 
would be expected to fuel enhanced glycogen storage and 
de novo fatty acid synthesis from the acetate supplied by 
enhanced glycolytic flux. The changes observed with 
MCT feeding are similar and not characteristic of high 
saturated fat feeding (at least not comparable to long 
chain saturated fat). It is tempting to speculate that the 
changes in blood lipids seen during MCT feeding share 
a common mechanism with those occurring during high 
carbohydrate ingestion. Whether or not the hypertriglyc- 
eridemia resulting from MCT ingestion disappears with 
time on the diet, as is the case with long-term high- 
carbohydrate intake (31), and whether the responses to 
MCT and carbohydrate are indeed the same awaits fur- 
ther investigation. 

In conclusion, this study has shown that 6 days of MCT 
overfeeding leads to marked alterations in lipid metab- 
olism characterized by substantial elevations of fasting 
triglyceride concentrations accompanied by decreases in 
plasma LDL and HDL cholesterol concentrations. Fur- 
thermore the triglyceride fraction was enriched in 16:O 
compared to triglycerides from subjects fed the LCT diet. 
Overfeeding soybean oil, on the other hand, led to de- 
creases in total cholesterol and LDL cholesterol, with no 
change in triglyceride or HDL cholesterol concentrations, 
These results are consistent with the idea that excess 
MCFA intake leads to increased hepatic fatty acid synthe- 
sis and triglyceride secretion. Increased fatty acid synthe- 
sis either from acetate or from chain elongation of C8 and 
C10 fatty acids is energetically costly and would result in 
a lesser efficiency of storage of ingested MCT-derived en- 
ergy as depot lipid compared to deposition of energy from 
LCT. This scheme is consistent with our previous finding 

that MCT overfeeding results in a greater increase in 
postprandial energy expenditure than LCT overfeeding. 
In fact, the observed increase in postprandial thermo- 
genesis agrees well with the theoretical costs of hepatic 
de novo lipogenesis (8). The inefficient storage of diet- 
derived MCFA relative to LCFA might suggest that MCT 
would be useful in helping control body weight. However, 
it must be noted that significant de novo lipogenesis would 
not be expected to occur with MCT incorporation into 
diets fed at restricted or maintenance levels, and under 
such conditions, MCT and LCT might produce similar 
themorgenic responses. Yost and Eckel(32) reported that 
an 800 kcal/day diet containing 24% of calories as MCT 
did not lead to greater weight loss than an isocaloric diet 
containing LCT. Finally, although the subjects in the 
present study were overfed, the differences in blood lipid 
responses to MCT and LCT, and the overall changes in 
blood lipid profiles seen relative to baseline values, were 
more importantly determined by the type of fat fed rather 
than the amount of fat consumed. M 
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