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Abstract Dietary n-3 fatty acids (FAs) found in fish oils 
markedly lower plasma triglyceride (TG) and very low density 
lipoprotein (VLDL) levels in both normal and hypertriglyceri- 
demic subjects. The present study examined the mechanism of 
this effect. Ten subjects with widely different plasma triglyceride 
levels (82 to 1002 mg/dl) were fed metabolically controlled diets 
containing 20% fat. The control diet contained a blend of cocoa 
butter and peanut oil (P/S = 0.8). The test diet contained fish 
oil (P/S = 1.1) and provided 10-17 g of n-3 FAs per day (depend- 
ing on calorie intake). After 3 to 5 weeks of each diet, the kine- 
tics of VLDL-TG were determined over a 48-h period after the 
injection of [3H]glycerol. The fish oil diet reduced the VLDL- 
TG synthetic rate from 23 * 14.3 (mean * SD) to 12.6 f 
7.5 mg/h per kg ideal weight (P<O.O05) and increased the frac- 
tional catabolic rate (FCR) for VLDL-TG from 0.23 * 0.12 to 
0.38 * 0.16 h - 1 (PC0.005). At the same time, there was a 
66 % reduction of plasma triglyceride levels, resulting largely 
from a 78% decrease in VLDL-TG levels (398 * 317 to 87 + 
77 mg/dl; PC0.005). There was a strong correlation (Y = 0.83; 
P<O.Ol) between the change in synthetic rates and pool sizes, 
but there was no correlation (r = 0.24; NS) between changes in 
FCRs and pool sizes. The VLDL cholesterol: triglyceride ratio 
increased during the n-3 diet suggesting that smaller VLDL 
particles were present. These particles would be expected to 
leave the VLDL fraction more rapidly than larger particles pro- 
ducing a higher FCR. m We conclude that the hypotriglyc- 
eridemic effect of fish oil appears to be caused primarily by an 
inhibition of very low density lipoprotein-triglyceride synthesis, 
but an additional, independent effect upon VLDL catabolsim 
cannot be ruled out.-Harris, W. S., W. E. Connor, D. R. 
Illingworth, D. W. Rothrock, and D. M. Foster. Effects of fish 
oil on VLDL triglyceride kinetics in humans. J Lipid Res. 1990. 
31: 1549-1558. 

Supplementary key words fractional catabolic rate n-3 fatty acids 

in cultured cells (5- 12) have supported the hypothesis 
that n-3 fatty acids inhibit the synthesis of triglyceride, 
thereby reducing the rate of secretion of VLDL triglyc- 
eride from the liver. The kinetics of VLDL triglyceride in 
humans given n-3 fatty acids have been reported in three 
earlier trials (13-15). However, these studies were limited 
by either the failure to give n-3 fatty acids during the 
actual kinetic studies, the lack of a control period, dietary 
inconsistencies among subjects, or by examining very 
small numbers of patients with rare types of secondary 
hyperlipidemia. 

The purpose of the current study was to examine the 
effects of dietary n-3 fatty acids on VLDL triglyceride 
kinetics in a relatively larger number of individuals who 
were given fish oil during the turnover study. Subjects 
with widely varying baseline triglyceride levels were pur- 
posely chosen in order to determine whether the mechan- 
ism(s) of triglyceride lowering by fish oil was influenced by 
the magnitude of the hypertriglyceridemia. 

METHODS 

Subjects 
Ten male subjects participated in this study (Table 1) 

which was conducted in the Clinical Research Center of 
the Oregon Health Sciences University. They were se- 
lected on the basis of having a wide range of fasting 

Abbreviations: FAs, fatty acids; VLDL, very low density lipoproteins; 
LDL, low density lipoproteins; HDL, high density lipoproteins; FCR, 
fractional catabolic rate; TG, triglyceride; PIS, polyunsaturated to 
saturated fatty acid ratio; IBW, ideal body weight; IDL, intermediate 
density lipoproteins, 

'An abstract of this work was published previously: Circ. Res. 1984. 
32: 560A. 

'To whom reprint requests should be addressed at: Lipid and 
Arteriosclerosis Prevention Clinic, Department of Medicine, University 
of Kansas Medical Center, 3800 Cambridge, Kansas City, KS 66103. 

The primary effect of dietary fish oils rich in n-3 fatty 
acids is to lower total plasma and very low density hpo- 
protein (VLDL) triglyceride levels (1-3). This could result 
from an inhibition of triglyceride secretion, an enhance- 
merit Of removal, Or a combination Of these 
effects. Liver perfusion studies (4) and a variety of studies 

Journal of Lipid Research Volume 31, 1990 1549 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 1 .  Description of subjects 

Plasma Lipid Levels at Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Y’ 

30 
24 
37 
35 
60 
57 
61 
59 
65 
34 

cm 

181 
177 
180 
174 
160 
174 
180 
188 
173 
185 

k 
76 
68 
77 
79 
69 
99 
77 
117 
78 
89 

73.6 
71.9 
72.3 
69.5 
62.7 
69.5 
72.7 
81.4 
68.6 
79.1 

169 
169 
142 
222 
370 
670 
235 
320 
300 
201 

mg/dl 

34 
77 
91 

170 
670 

4180 
1145 
1396 
859 
414 

“IBW is ideal body weight based upon Metropolitan Life Insurance C o .  Tables, 1983 

plasma triglyceride concentrations, from 34 to 4180 mg/dl 
at entry, so that the mechanism of action of dietary fish 
oils could be studied in subjects with greatly different 
pool sizes of plasma triglyceride. Two of the hypertriglyc- 
eridemic subjects were obese and had adult-onset diabetes 
(#6 and #8) for which they required stable doses of in- 
sulin. Informed consent was obtained from each partici- 
pant. The study protocol had been approved by the 
Committee on Human Research of the Oregon Health 
Sciences University. 

Protocol 
This study utilized a randomized, controlled, crossover 

design. The experimental diets were consumed for a 
period of 3-5 weeks before the actual VLDL turnover 
procedure was conducted. This provided time for the 
plasma triglyceride levels to stabilize, particularly in the 
subjects with severe hypertriglyceridemia. Seven subjects 
consumed the control diet first followed by the fish oil diet, 
and in the remaining three the order was reversed. The 
subjects returned to their home diets for at least 1 month 
before beginning the next dietary phase. 

and carbohydrate as a liquid formula, but the oil compo- 
nent (MaxEPAR, R. P. Scherer, Clearwater, FL) was 
given separately in three divided doses daily. It was not 
mixed into the formulas because of its strong flavor. The 
fatty acid composition of the two diets is presented in 
Table 2. The principal difference between the two diets 
was the higher content of IinoIeic acid (18:2 n-6) in the 
control diet and the presence of n-3 fatty acids in the fish 
oil diet. The former diet contained virtually no n-3 fatty 
acids while the latter provided a daily intake pf 10-17 g 
fatty acids (about 5 %  of total calorie intake). Saturated 
fatty acid intakes were similar. The cholesterol intake of 
each subject in each of the two diets was identical (110 
mg/1000 kcal) and averaged about 275 mg/day. Cholester- 
ol was derived from dried egg yolk and the fish oil. 
Weights were maintained by adjusting calorie intake. 

VLDL triglyceride kinetic studies 
The protocol utilized for the turnover studies was 

described previously by Zech et al. (17) Briefly, after 1 

TABLE 2. Dietaw fat composition 

Diets 
To compare the effects of dietary n-3 fatty acids on 

VLDL triglyceride metabolism, liquid formula diets con- 
taining -20 % fat, 65 % carbohydrate, and 15 % protein 
were fed during both the control and the fish oil dietary 
periods. Three bran muffins per day were given to provide 
fiber. Protein was derived from calcium caseinate and 
nonfat dry milk, and the carbohydrate sources were 
ModucalR (Mead Johnson, Evansville, IN), nonfat dry 
milk (lactose), and sucrose. The two diets differed only in 
the type of fat they contained. The control diet contained 
a blend of cocoa butter and peanut oil (1:2) which was in- 
corporated into the formulas as described in detail pre- 
viously (16). The n-3 fatty acid diet provided protein 

source 

Control Fish Oil 

Cocoa Butter-Peanut Oil (1:2) MaxEPAR” 

Fatty acid compositionb 
Saturated 
Monounsaturated 
Polyunsaturated 

18:2 n-6 
20:5 n-3 
22:6 n-3 

30 32 
46 30 
24 36 

22 
0 
0 

3 
16 
10 

Total n-3 fattv acids (e/dav) 0 10-17’ 

“R. P. Scherer Co. (Clearwater, FL). 
’Fatty acids (% of total) were determined by gas chromatography. 
‘Depending on calorie intake. 
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36-h pre-feeding period (see below), 300 ,uCi of [3H]gly~- 
erol in sterile saline solution was injected intravenously 
through an indwelling catheter. Blood samples were 
drawn immediately before the injection and at 0.25, 1, 2, 
3, 4, 5, 6, 8, 10, 12 h and every 3 h thereafter for a total 
of 48 h. Blood was collected into EDTA tubes (1 mg/ml) 
and spun to obtain the plasma which was subsequently 
centrifuged at density 1.006 g/ml for 11.5 h at 50,000 
rpm in a Beckman 50.3 fixed angle rotor. The top 1.2 ml 
of each 6 . 5 4  ultracentrifuge tube was removed by tube 
slicing and the VLDL fraction contained therein was 
transferred immediately to 20 ml of isopropyl alcohol. 
The solution was mixed, about 2 g of zeolite mixture was 
added to bind the phospholipids, and the supernatant was 
removed for measurement of VLDL triglyceride mass by 
the AutoAnalyzer I1 (Technicon Instruments, Tarrytown, 
NY) (18) and radioactivity by Packard TriCarb Scintilla- 
tion Counter (Downers Grove, IL). The specific activity 
(dpm/mg) of the VLDL triglyceride was then calculated. 
The fraction of the injected dose per ml of plasma was 
derived from the specific activity after idealizing plasma 
VLDL triglyceride values according to Zech et al. (17). 
Both specific activity and fraction of injected dose were 
plotted over time and produced virtually identical kinetic 
parameters. 

In previous studies of VLDL kinetics (17), the total 
caloric intake was reduced to 60% of the eucalork level 
by selectively removing all dietary fat (40% of calories) 
without changing the absolute quantities of carbohydrate 
and protein ingested. In our study, the total calories were 
also reduced by 40% beginning 36 h before the injection 
of the [3H]glycerol. However, the amount of fat, carbohy- 
drate, and protein was equally reduced in order to retain 
some n-3 fatty acids in the diet. The formula was given 
in divided doses every 3 h around the clock until the end 
of the turnover protocol (36 h pre-study plus 48 h of turn- 
over study; a total of 84 h), and on this regime each sub- 
ject consumed about 4 g of fat (containing 1.2 g of n-3 
fatty acids during the fish oil period) with each of the 3-h 
feedings. These intakes of n-3 fatty acids were still ade- 
quate to maintain reduced plasma triglyceride levels (1). 

Our decision to retain some n-3 fatty acids in the 
feeding protocol was based upon two preliminary studies. 
In the first, we sought to determine whether and how 
rapidly plasma triglyceride levels would change when the 
fish oil was completely removed from the diet. For this 
study, subject #10 consumed the eucaloric fish oil diet up 
to 36 h before the [3H]glycerol injection, and fish oil was 
then removed from his diet. Plasma triglyceride levels in 
this subject increased by almost 80% (from 133 to 230 
mg/dl) over the 48-h period of the turnover study, in- 
dicating that plasma triglycerides were clearly not in a 
steady state during his VLDL turnover study. Other trials 
have also documented the very rapid changes that occur 
in lipoprotein metabolism when fish oil is removed from 

the diet (19, 20). The results from subject #10 indicated 
that, in order to maintain stable triglyceride levels during 
the VLDL turnover study, n-3 fatty acids needed to be 
taken throughout the period of the turnover study. This 
subject was unable to continue with the study for personal 
reasons, leaving nine subjects for whom complete kinetic 
data were available. 

Since n-3 fatty acids had to be included in the turn- 
over diet, control fats also had to be fed during the con- 
trol period. Therefore, we conducted a second preliminary 
trial to investigate the effects of the added fat on VLDL 
triglyceride kinetics. Subject #1 was studied once while 
consuming our modified low-fat (control) formula and 
then re-studied on a fat-free formula as used by Zech et 
al. (17). Both studies were performed while the subject 
was consuming the control background diet. Since the 
decay curves in both studies were very similar (Fig. 1) we 
proceeded with the modified dietary protocol for the re- 
maining eight subjects. 

Data analysis 

The VLDL triglyceride turnover curves were analyzed 
using the multicompartmental models proposed by Zech 
et al. (17). The model was used to estimate the residence 
time of triglyceride in the plasma VLDL density range. The 
reciprocal of this value is the fractional catabolic rate 
(FCR) for VLDL triglyceride. The synthetic (or produc- 
tion) rate of VLDL triglyceride was then calculated as the 
product of the FCR times the pool size divided by the 
ideal body weight (IBW) (21). Ideal body weights were 
calculated from the Metropolitan Life Insurance Co. 1983 
table, and plasma volume was calculated as (0.045 x 
IBW) + (0.01 x excess kg over IBW) according to Grundy 
et al. (22). The size of the VLDL triglyceride pool was 
calculated from the plasma concentration and the plasma 
volume. 

-8 
10 

Without FatA 
Control Fato 

A 

0 0  
0 

nn 10 20 30 40 

Hours 

Fig. 1. The effect of a low fat diet versus a fat-free diet on VLDL tri- 
glyceride turnover curves. Subject #1 was studied once while receiving 
a low-fat diet 0 which ptwvided about 4 g of fish oil e ~ ~ y  3 h for 48 h, 
and once while consuming a fat-free diet (A). [SH]Glycerol was injected 
at time zero and the radioactivity appearing in the VLDL triglyceride 
fraction was plotted over time. 
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The Zech model is characterized by two synthetic 
pathways for VLDL triglyceride from plasma glycerol, the 
so-called “fast” and “slow” pathways. Since the plasma 
glycerol pool size was not measured in these studies, no 
inferences can be drawn vis-&-vis the actual contribution 
that plasma glycerol made to VLDL triglyceride synthe- 
sis. We could, however, compare the relative ratios of flux 
through the fast and slow pathways to see whether the 
dietary intervention produced a relative change in either 
of these pathways. This was achieved by analyzing each of 
the two studies (fish oil and control) in a given individual 
simultaneously. 

Statistical analysis 

Because all subjects served as their own controls, the 
Student’s t-test for paired observations was carried out 
according to Winer (23). 

RESULTS 

Plasma lipids and lipoproteins 

The institution of the low fat, low cholesterol control 
diet caused plasma lipid levels to decrease substantially 
from entry values (compare Tables 1 and 3). This was par- 
ticularly evident in patient #6 whose massive chylomi- 
cronemia resolved on the control diet leading to marked 
decreases in both cholesterol and triglyceride levels. 

The isocaloric substitution of fish oil for the control 
vegetable fat produced significant reductions in the total 
and lipoprotein lipid levels in all ten subjects. Individual 
data for each subject is given in Table 3. Mean choles- 
terol levels for all ten subjects fell from 195 to 144 mg/dl 
( - 26 %, P< 0.001) and triglyceride levels were reduced 
from 442 to 150 mg/dl ( - 66%, P<0.025). Decreases in 
total plasma cholesterol and triglyceride levels resulted 

TABLE 3. Influence of dietary omega fatty acids upon plasma lipids and lipoproteins 

Cholesterol Triglyceride 

Subiect Diet Total VLDL LDL HDL Total VLDL 

mg/dl 

12 
< 5  

mf/dl 

36 
12 

1 Control 
Fish oil 

151 
129 

127 
102 

38 
31 

83 
43 

2 Control 
Fish oil 

151 
140 

9 
< 5  

108 
92 

33 
49 

a2 
42 

49 
16 

3 Control 
Fish oil 

Control 
Fish oil 

Control 
Fish oil 

Control 
Fish oil 

Control 
Fish oil 

Control 
Fish oil 

Control 
Fish oil 

Control 
Fish oil 

150 
118 

20 
< 5  

a2 
75 

46 
41 

141 
59 

101 
1 1  

157 
119 

41 
22 

94 
a5 

24 
20 

326 
153 

293 
113 

4 

5 238 
229 

216 
168 

212 
129 

220 
190 

274 
129 

177 
92 

78 
17 

133 
204 

33 
22 

383 
113 

337 
43 

6 97 
za 

100 
133 

20 
11 

616 
21 1 

545 
129 

7 117 
13 

76 
95 

28 
17 

714 
163 

644 
49 

8 1 oa 
35 

a5 
153 

24 
9 

745 
272 

1002 
312 

698 
196 

9 223 
57 

35 
56 

33 
13 

984 
225 

10 124 
28 

33 
31 

26 
22 

328 
133 

294 
74 

Mean * SD 

Percentage change 
P value 

Control 
Fish oil 

195 i 44 
144 f 40 

- 26 
0.001 

83 i 66 
21 f 17 

- 75 
0.005 

87 i 34 
103 f 50 

NS 
+ i a  

31 f 8 
24 i 13 

0.005 
- 23 

442 5 314 
150 f 93 

0.025 
- 66 

398 * 313 
a7 * 77 

- 87 
0.005 

~ ~~ 

Values were determined 1-4 days before the VLDL turnover study began 
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almost entirely from reductions in VLDL cholesterol (83 
to 21 mg/dl), and VLDL triglyceride (398 to 87 mg/dl) 
( P <  0.005, both). LDL cholesterol levels increased, but 
not significantly, whereas HDL cholesterol concentrations 
fell from 31 to 24 mg/dl (PC0.005). 

VLDL triglyceride kinetics 

The dietary regimes used during the turnover studies 
(60 % of eucaloric levels) produced stable levels of plasma 
triglycerides. The only exception to this was a small mean 
decrease (370 to 311 mg/dl, Pc0.05) which occurred be- 
tween 0 and 12 h during the control diet. Between 12 and 
48 h, triglyceride levels remained stable. 

The incorporation of n-3 fatty acids into the diet 
caused a 72 % decrease in the VLDL triglyceride pool size 
(11.4 to 3.2 g, Pc0.025) (Table 4). This was accompanied 
by a significant rise in the cholesterol/triglyceride ratio 
in VLDL during the fish oil period (0.18 to 0.25, Pc0.05) 
suggesting the presence of smaller particles. There was a 
45% reduction in both the VLDL triglyceride synthetic 
rate (23 to 12.6 mg/h per kg IBW, PC0.05) and the 
residence time of triglycerides in the VLDL density frac- 
tion (5.8 to 3.2 h, P<0.005). The reciprocal of the 
residence time is the FCR which was increased by 65% 
(0.23 to 0.38 h-’, P<0.005). The ratio of the fast to the 
slow synthetic pathways did not change with fish oil 
feeding. The same trends in each kinetic parameter were 
seen in both normal and hypertriglyceridemic subjects 
(Table 5). Mean triglyceride levels decreased by 69% and 
72 %, respectively, whereas VLDL triglyceride synthetic 
rates were reduced by 48 % and 45 % and the FCR for 
VLDL triglyceride increased 74 % and 76 %, respectively. 
Representative decay curves for labeled VLDL triglyc- 
eride for one patient (#7) on the control and fish oil en- 
riched diets are shown in Fig. 2. 

DISCUSSION 

The object of this present investigation was to define 
the mechanism(s) responsible for the marked reduction in 
VLDL levels that occur during consumption of diets rich 
in n-3 fatty acids. In this study, n-3 fatty acids appeared 
to have two actions: a reduction in the rate at which tri- 
glycerides enter the VLDL density fraction and an in- 
crease in their fractional removal rate from that fraction. 
This dual effect was responsible for the remarkably rapid 
and extensive hypotriglyceridemic action which reduced 
plasma VLDL triglyceride levels by 72 % in this trial and 
to similar extents in previous studies (1, 24-28). Accom- 
panying the marked fall in VLDL levels was a tendency 
toward higher LDL cholesterol levels, as has been ob- 
served in other fish oil trials with hypotriglyceridemic pa- 
tients (l), and in studies with hypotriglyceridemic drugs 
such as gemfibrozil (29). The increase was observed only 

in those patients with triglyceride levels over 350 mg/dl; 
LDL levels tended to decrease in those subjects with more 
normal triglyceride levels, confirming earlier observations 
(1). Although the mechanism of the LDL raising effect is 
not known, fish oil may enhance the conversion of VLDL 
to LDL in hypertriglyceridemic patients (30). Alter- 
natively, fish oil treatment may have increased levels of 
the intermediate density lipoproteins (VLDL remnants) 
that would have been isolated with LDL in this study. 

The inhibition of VLDL triglyceride synthesis by n-3 
fatty acids receives support from several other studies. 
Nestel et al. (13) reported that dietary n-3 fatty acids 
lowered the secretion rates of both VLDL apolipoprotein 
B and VLDL triglyceride in humans. Carbohydrate- 
induced hypertriglyceridemia can be completely inhibited 
by the inclusion of n-3 fatty acids in the diet, again sug- 
gesting inhibition of VLDL triglyceride synthesis (19). 
Sanders et al. (14) found that 15 ml of fish oil given daily 
to four hyperlipidemic patients produced a significant 
decrease in VLDL triglyceride synthesis. Finally, the 
effects of fish oil supplementation on VLDL triglyceride 
kinetics in two patients with the rare disease lipodys- 
trophic diabetes mellitus were recently reported by Stac- 
poole et al. (15). In one patient, the 20% fish oil diet 
lowered triglyceride levels from 2,835 to 1,576 mg/dl. This 
reduction was associated with a 50% reduction in syn- 
thetic rates and no change in FCR. Neither triglyceride 
levels nor kinetic parameters were affected by fish oil 
therapy in the other patient. In our study, all patients 
responded with changes in synthesis and FCR. 

In primary cultures of isolated rabbit (7) and rat (5) 
hepatocytes, eicosapentaenoic acid specifically inhibited 
triglyceride synthesis, perhaps via inhibition of 
diacylglycerol acyltransferase (6) or phosphatidate phos- 
phohydrolase (8). Perfused liver studies by Wong et al. (4) 
demonstrated that fish oil-fed rats produced less VLDL 
triglyceride and more ketones than control-fed animals. 
N-3 fatty acids from shellfish were found in inhibit fatty 
acid synthesis in rat livers (9) and in isolated rat hepato- 
cytes (10). Further studies revealed that the mass of lipo- 
genic enzymes (not their activity) appeared to be reduced 
(11). This was recently corroborated by Clarke and Arm- 
strong (12) who reported that n-3 fatty acids reduced 
levels of mRNA for acetyl-CoA carboxylase in rat liver. 
Thus, evidence is available to support the view that n-3 
fatty acids inhibit the synthesis of both fatty acids and 
triglycerides in the liver. 

In addition to the decreased synthetic rates for VLDL 
triglyceride, we also found that fractional catabolic rates 
were significantly increased in every subject during the 
fish oil diet. Thus, the average triglyceride molecule re- 
mained in the plasma VLDL fraction for a shorter period 
of time during the fish oil feeding phase than during the 
control phase. Nestel et al. (13) also reported small in- 
creases in the FCR for VLDL triglyceride in two of three 
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TABLE 5. Effects of dietary fish oil on VLDL triglyceride (TG) kinetics: normals versus 
hypertriglyceridemic patients" 

VLDL Parameter 

Normal (n = 3) Hypertriglyceridemic (n = 6) 

Control Fish Oil 96 Change Controi Fish Oil % Change 

Triglyceride (mg/dl) 67 i 32 21 f 6 - 69 461 f 254 127 f 51 - 72 
T G  pool size (9) 2.2 i 1.04 0.68 i 0.2 - 69 16.04 i 9.5 4.4 f 2.11 - 73 
T G  synthetic rate (mg/h) 687 f 119 359 f 90 - 48 2185 f 969 1198 * 471 - 45 
T G  synthetic rate (mg/h/kg IBW) 9 . 4  f 1.7 4.9 f 1.3 - 48 29.9 f 12.6 16.5 i 6.1 - 45 

T G  residence time (h) 5.4 i 1.5 3.3 i 0.6 - 39 12.2 i 5.8 6.5 i 2.7 - 47 
T G  FCR (h-I) 0.31 f 0.11 0.54 i 0.11 + 74 0.17 f. 0.08 0.3 f 0.11 + 76 

Ratio of fast/slow synthetic pathways 1.7 f 0.5 1.6 f 0.8 - 6  2.6 i 0.7 + 8  2.8 i 1.4 

"Subjects 1, 2, and 3 were considered normal; 4-9 were considered hypertriglyceridemic. 
Values were determined as average T G  values over the 48 h of the VLDL turnover study. 

normolipidemic subjects and in both of the hypertriglyc- 
eridemic patients they studied. FCRs for VLDL apopro- 
tein B were increased in the normolipidemic subjects, but 
not in the two hyperlipidemic patients. In contrast, 
Sanders et al. (14) reported no mean change in the FCR 
for VLDL triglyceride in four hypertriglyceridemic pa- 
tients treated with 15 g of fish oil per day. 

The difference between the results of these earlier trials 
and those noted in the present study may be attributed to 
several factors. In the present study, carefully controlled, 
liquid formula diets were fed, and all patients were studied 
on both dietary regimens in a randomized, crossoyer 
design. Perhaps most importantly, n-3 fatty acids were in- 
cluded in the diet during the turnover study in the present 
trial, but not in the others (13, 14). Once these agents are 
removed from the diet, triglyceride metabolism changes 
rapidly with plasma levels beginning to rise within 24 h 
(19, 20). Thus, even when plasma triglyceride levels were 
reported to be stable in previous studies, it is possible that 
hepatic triglyceride metabolism was in a nonsteady state. 

Several factors may potentially contribute to the in- 
crease in FCR for VLDL-TG observed when the study 
subjects were on the fish oil-enriched diet. The increase 
was greatest in those subjects with lower triglyceride con- 
centrations and was less pronounced in the patients with 
pre-existent hypertriglyceridemia (Fig. 3); this suggests 
that decreases in VLDL pool size (particularly at concen- 
trations that are below those needed to saturate physiolo- 
gical removal mechanisms) per se may contribute to the 
increase in FCR. 

The FCR increase could have resulted from enhanced 
clearance mechanisms (e.g., stimulation of lipoprotein 
lipase activity), or it could have been secondary to the 
secretion of smaller VLDL particles that would spend less 
time in the VLDL density fraction. With respect to the 
first possibility, we (31) and others (32) have shown that 
in vitro postheparin lipolytic activity was unaffected by 
fish oil consumption. In the rat, triglyceride-rich lipopro- 
teins carrying fish oil were not hydrolyzed more quickly 

Harris et at. 

in vitro (33), nor were they removed more rapidly from 
the circulation in vivo than control particles (34). Never- 
theless, Weintraub et al. (32) reported that chylomicrons 
isolated from volunteers after an oral fish (or vegetable) 
oil load were hydrolyzed by bovine lipoprotein lipase 
more rapidly than chylomicrons containing saturated 
fats. The significance of this in vitro observation is 
unclear, however, since an oral load of fish oil produces 
the same fat tolerance curves as control fats (31). Thus, 
although it appears unlikely that the presence of n-3 fatty 
acids in the VLDL triglycerides enhances their lipolysis in 
vivo, this possibility deserves further study 

The second potential explanation for the increased 
FCR in the fish oil phase is that fish oil causes the secre- 
tion of smaller, triglyceride-poor VLDL particles. The in- 
crease in the VLDL cholesterol-to-triglyceride ratio 
suggests that the fish oil diet was associated with smaller 
VLDL particles as also reported by Nestel et al. (13), 
Sanders et al. (14), and Inagaki and Harris (35). Such 
particles could leave the VLDL density range more rapid- 

till 1 . , , , , . . . , . , , , , , , , . , . . . . , . . , , , . , . . , , ., . , . . . . , . L.-L 

0 10 20 30 40 
Hours 

Fig. 2. VLDL triglyceride turnover curves for subject #7 during the 
control (A)  and fish oil (0) diets. At time zero, 300 pCi of [3H]glycerol 
was injected and the radioactivity subsequently isolated in the VLDL 
fraction was plotted over 48 h. The curves were constructed using the 
SAAM computer program. 
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VLDL-TG (mg/dl) 

Individual VLDL triglyceride levels and fractional catabolic 
rates before (0) and after (0) fish oil treatment 

ly than larger particles, even with an unchanged lipolytic 
activity. The FCR is calculated as the reciprocal of the 
residence time of triglyceride in the VLDL fraction. If 
the size of a newly secreted VLDL particle is reduced by 
an intervention, then the amount of time that that parti- 
cle would spend in the VLDL density fraction would like- 
ly be shorter than the time a larger particle would spend 
in that fraction (see Fig. 4). If this were the case, then 
the kinetics of one spectrum of VLDL particles was 
measured during the control phase while that of another 
spectrum was measured in the fish oil phase. This may 
have contributed to the decreased residence time, and 
thus increased the FCR. 

Further support for the secretion of smaller VLDL par- 
ticles comes from the finding the LDL levels tended to rise 
in our subjects during the fish oil phase. If smaller VLDL 
particles were being made, then it is possible that some 
of the these might float in the LDL density range (espe- 
cially when LDL includes IDL as in this study). The ap- 
parent "independent" secretion of LDL in some fish 
oil-treated subjects was interpreted as the secretion of 
triglyceride-poor VLDL (13). Alternatively, smaller 
VLDL may be more readily converted into LDL than 

TG TG TG 

CONTROL 
t 

n-3 FA 

Fig. 4. The potential effects of n-3 fatty acids on VLDL particle size 
and the subsequent point of entry into the VLDL delipidation chain. 
Smaller VLDL particles would, of necessity, spend less time in the 
VLDL density range, thus producing shorter residence times. Since the 
FCR is the reciprocal of the residence time, the FCR would increase 
despite no change in the activity of lipolytic enzymes. 

1 1  
> 100 200 300 400 500 800 700 800 

VLDL-TG (mg/dl) 

Fig. 5.  
(0) and after (0) fish oil trratment. 

Individual VLDL triglyceride levels and synthetic ratcs before 

large VLDL (36). Huff and Telford (30) reported such an 
effect in miniature pigs fed fish oil. 

Curves depicting how the VLDL-triglyceride pool size 
of each subject changed with production rate and FCR 
are given in Fig. 5 and Fig. 3 ,  respectively. These curves 
support the contention of Grundy and Vega (37) that 
there is a unique relationship between production rate 
and pool size for each individual, with some people effi- 
ciently shutting off production at high pool sizes and 
others less able to do this. It would appear that the hyper- 
triglyceridemic patients experienced a smaller increase in 
FCR than did those with lower levels. The mean change 
in FCR for the four subjects with the highest triglyceride 
levels was 0.139; the four subjects with lowest levels, the 
FCR changes an average of 0.189. 

An examination of the relationship between the change 
in plasma triglyceride pool size and the changes in syn- 
thetic rates (Fig. 6) and in FCR (Fig. 7) is revealing. 
There was a strong, positive correlation ( r  = 0.83; P< 
0.01) between the change in synthetic rates and pool sizes, 

25 T 

r = 0.83 
p ( 0.01 

04 
0 5 10 15 20 

Change in plasma TC pool size (9) 

-4 
25 

Fig. 6. Tlie relationship between the change in VLDL triglyceride 
synthetic rate and pool size (n = 9). Both changes were calculated by 
subtracting the value on the fish oil diet from the control value (Table 4). 
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Change in plasma TG pool sire (9) 

5 10 15 20 25 

r = 0.25 
N.S. 

-0.5 1 
Fig. 7. The relationship between the change in VLDL triglyceride 
FCR and pool size (n = 9). Both changes were calculated by subtracting 
the value on the fish oil diet from the control value (Table 4). 

but there was no correlation between changes in FCR 
and pool size ( r  = 0.24, NS). Thus, these data support 
the hypothesis that the primary effect of n-3 fatty acids 
was on triglyceride synthesis and not on catabolism. 

HDL cholesterol levels were reduced by 23 % in the fish 
oil period in this trial. This has been reported previously 
(19, 27, 38, 39), but it is not a consistent finding (1). The 
mechanism responsible for this reduction is unknown, but 
we speculate it may result from the decreased flux of 
triglyceride-rich lipoproteins. In support of this explana- 
tion, it has recently been shown that a diet rich in n-3 
fatty acids produced significantly lower post-prandial chy- 
lomicron levels (31, 32). Because HDL arises, at least in 
part, from the surface components of triglyceride-rich 
lipoproteins (40), a reduction in triglyceride flux through 
both chylomicrons and VLDL may have contributed to 
the reduction in HDL cholesterol levels. The effects of 
fish oil on HDL metabolism will require further study, es- 
pecially in view of the fact that when moderate doses of 
fish oils have been given, HDL cholesterol levels have 
been reported to increase (1, 15, 25, 26, 41, 42). 

In conclusion, the reduction in VLDL triglyceride 
levels that occurred with the feeding of n-3 fatty acids to 
human subjects was mediated primarily by a reduction in 
VLDL-TG synthesis. This mechanism appeared to oper- 
ate in all subjects regardless of baseline plasma triglyc- 
eride levels, age, or body weight. Nevertheless, an effect 
of fish oil on VLDL triglyceride removal rates cannot be 
excluded from these data. I 
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