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A B S T R A C T On a high carbohydrate, fat-free diet,
control and hypertriglyceridemic subject had a three-
fold increase in d < 1.006, very low density lipoprotein
(VLDL) triglyceride, and somewhat lesser increases
in VLDL cholesterol and protein. Cholesterol and pro-
tein in 1.006 <d < 1.21 lipoprotein decreased in a re-
ciprocal fashion, suggesting that these components might
have been utilized in VLDL production. Electron mi-
croscope studies demonstrated a significant increase in
the size of lipoprotein particles of the VLDL class and,
in three of four subjects, an apparent increase in par-
ticle number. The change in particle size correlated with
an increase in the triglyceride/protein ratio of the d <
1.006 lipoprotein. Hypertriglyceridemic individuals dif-
fered from the control subjects in that they had greater
absolute increases in VLDL triglyceride, cholesterol,
and protein, and greater decreases in 1.006 <d < 1.21
cholesterol and protein. In addition, they had larger
VLDL particles with a higher triglyceride/protein ratio,
both before the study and at the peak of the carbohy-
drate effect. The data suggest that the increase in plasma
triglycerides induced by a high carbohydrate diet is
usually due to the appearance in plasma of both greater
numbers of VLDL particles and larger particles that
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are relatively richer in triglyceride content than those
isolated during the basal state.

INTRODUCTION
High carbohydrate low fat diets increase the concentra-
tion of plasma triglycerides in both normal and hyper-
triglyceridemic subjects (1-5). According to current
theory, these diets cause protracted elevations of blood
glucose and insulin (5-7) which in turn lead to an in-
creased synthesis and release of triglyceride-rich very
low density lipoproteins (VLDL)l by the liver (5, 6,
8-10). As far as is known, decreased triglyceride utiliza-
tion by peripheral tissues is not a causative factor (7,
9, 10) although a decrease in postheparin lipolytic ac-
tivity has been reported (11).

In this study, the mechanism of carbohydrate-induced
hypertriglyceridemia was investigated in man, utilizing
a combined biochemical and electron microscopic ap-
proach which we have previously used to study the
regulation of hepatic (VLDL) production in the rat
(12). Five normal individuals and four patients with
endogenous hypertriglyceridemia were fed a high carbo-
hydrate diet to increase their plasma triglyceride con-
centration. Serial measurements were made of the ra-
tios of the lipid to protein constituents in VLDL, and
of the size and relative number of lipoprotein particles
within this fraction. From these data the thesis was
evolved that carbohydrate-induced hypertriglyceridemia
is usually due to the appearance in plasma both of a
greater number of VLDL particles and of larger par-
ticles that are richer in triglyceride than those isolated

' Abbreviations used in this paper: VLDL, very low den-
sity lipoprotein; LDL, low density lipoprotein.
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TABLE I
Description of Experimental Subjects

%of Type of lipoprotein
Ideal electrophoretic

Patient Age Height Wt. wt* patternt

cm kg
Control

R. K. 25 187 93 +18
J. K. 33 178 59 -15
E. M. 28 183 77 + 3
N. R. 31 175 59 -11
C. T. 32 185 80 + 4

Hypertriglyceridemic
P. C. 33 175 85 +22 Vi
P. D. 43 172 93 +37 IV
E. L. 31 169 79 +21 IV
J. L. 33 169 72 +10 IV, V§

* 1959 Metropolitan Life Insutance Tables (23).
t Classification of Fredrickson et al. (18).
§ J. L.'s lipoprotein pattern was type V when first seen but
reverted to type IV when he was placed on an isocaloric diet
in which the fat content-had been raised from 40 to 60%at the
expense of carbohydrate. PC's plasma contained considerable
numbers of chylomicra, even after a 36 hour fast, whereas
J. L.'s plasma did not.

during low or normoglyceridemic periods. A preliminary
report of part of this work has already appeared (13).

METHODS

Dietary studies. After an overnight fast, male normal
volunteers (research fellows or medical students, Table I)
who had been on their usual diets were placed on an iso-
caloric formula composed of Dexin2 (a partial starch hy-
drolysate containing 62% dextrins, 18% maltodextrins, and
19% maltose) and skimmed milk flavored with chocolate
syrup.3 In two studies (JK, NR%) Dextri-maltose' a starch
hydrolysate composed of dextrins and maltose) was sub-
stituted for. Dexin because the latter was no longer avail-
able. Both formulas were supplemented each day with a
boiled potato and approximately 16 ounces of Coca Cola,
making the final dietary composition: carbohydrate 85%,
protein 15%o, and fat 1%. The diet was taken in three to
five feedings. Subjects were maintained on this regimen
for 8 days, during which time they were allowed to carry
on the usual activities.

Four hypertriglyceridemic patients with normal glucose
tolerance and normal levels of plasma postheparin lipolytic
activity (14) were also investigated (Table I). Hepatic and
renal disease, hypothyroidism and other causes of secondary
hypertriglyceridemia were ruled out. Before the study,
patients P. D. and E. L. were on the usual diets while
patients P. C. and J. L. were on 1800 calorie reducing diets
containing fat (50%), carbohydrate (30%o), and protein
(20%o). During the study all were maintained on a regimen

'Burroughs-Wellcome Co., Tuckahoe, N. Y.
'Hershey Co., Hershey, Pa.
'Mead Johnson Co., Evansville, Ind.

identical with that of the control group, except that their
induction period was started after a 36 hr fast to minimize
the presence of chylomicra in the circulation. Two of the
hypertriglyceridemic subjects (P. D. and E. L.) were in-
duced while on a metabolic ward, and the remainder as
outpatients. At the end of their induction period of 14 days,
all of the patients in this group were fasted for 4 days
in the hospital in order to acutely lower their plasma tri-
glyceride levels. While on the diets, body weight did not
differ from preinduction levels by more than +0.5 kg in
any of the control or hypertriglyceridemic subjects.

Plasma analyses. Preprandial morning venous blood
specimens were collected on at least 2 of every 3 study
days. The blood was immediately placed in tubes containing
Nas EDTA, 1 mg/ml blood, and the red cells removed by
centrifugation at 4VC. Total plasma cholesterol was deter-
mined using the method of Chiamori and Henry (15), and
triglycerides according to Carlson (16). Postheparin lipo-
lytic activity was assayed in the hypertriglyceridemic pa-
tients while they were on their usual diets, as described by
Biale and Shafrir (14). Intralipid emulsion5 was used as
substrate. Lipoprotein electrophoresis was carried out ac-
cording to Lees and Hatch (17), and the patterns classified
as described by Fredrickson, Levy, and Lees (18). Intra-
venous glucose tolerance tests were performed as described
by Soeldner, Gleason, Williams, Garcia, Beardwood, and
Marble (19). Blood glucose was determined using an auto-
analyzer.-

Lipoprotein separation. A portion of plasma was layered
under 0.15 M NaCl-1 mmEDTA (d = 1.006) and centri-
fuged for 16 hr at 40,000 rpm (about 100,000 g) and 10'C
in the No. 50 rotor of a Spinco model L ultracentrifuge.'
The metal parts of the tube cap were covered with a thin
coat 'of silicone jelly to minimize adhesion of floating
VLDL particles. After centrifugation, the tubes were sliced
1-1.5 cm from the top using a Spinco tube slicer. The
milky VLDL rich layer was aspirated into a syringe and
the tube cap was gently flushed with the NaCl-EDTA solu-
tion to remove adherent VLDL. The VLDL collected in
this way were then relayered under the NaCl-EDTA solu-
tion and recentrifuged as before.

To determine whether VLDL isolated in this manner
were contaminated with other plasma proteins, the washed
VLDL were subjected to an additional centrifugation.
There was no tendency of either the triglyceride/protein
or cholesterol/protein ratio to increase. In four experiments
these ratios varied within ±+8% (SD) of the value obtained
after two ultracentrifugations.

The washed VLDL were analyzed for triglyceride and
cholesterol. Protein content was determined by the method
of Lowry, Rosebrough, Farr, and Randall (20). Since it
was frequently slightly opalescent due to the presence of
lipid, the final color solution in the protein assay was
clarified by extracting twice with 3-4 ml of heptane. Simi-
lar treatment of standard protein solutions did not result in
loss of color.

A portion of the infranatant plasma obtained from the
first ultracentrifugation was brought to a density of 1.21
by the addition of a concentrated KBr-NaCl solution (21).
It was then centrifuged for 16 hr in the No. 50 rotor of
the ultracentrifuge at 45,000 rpm (about 120,000 g). The
lipoproteins which floated at this density range (1.006 < d

5Vitrum, Stockholm. Sweden.
'Technicon Co., Chauncey, N. Y.
'Beckman Instruments, Palo Alto, Calif.
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< 1.21) were isolated by slicing the upper 1.0-1.5 cm por-
tion of the tube. They were then recentrifuged under similar
conditions and their protein content determined.

Electron microscopy. On several days during the study,
0.1-0.3 ml of fresh unrefrigerated plasma was fixed in
phosphate-buffered 2% osmium tetroxide. A portion of the
fixed plasma was then shadow-cast using the method de-
scribed by Jones and Price (22). Particle diameter was
determined on photographic enlargements of the electron
micrographs. The shadowing procedure, as determined sub-
sequently by comparing fixed and shadowed with fixed and
unshadowed particles, added -- 150 +Angstroms (A) to
measured particle diameter. This was corrected for in all
calculations. Particles which did not yield shadow lengths
appropriate to their apparent diameter were omitted on the
assumption that they were probably compressed or flattened
during processing. Particles whose borders could not be
delineated because of clumping were also discounted. Be-
tween 0 and 5% of particles were eliminated for these rea-
sons. Visual estimates of particle number were based on
comparisons of samples that had been diluted to the same
degree.

TABLE I I
Plasma Triglyceride and Cholesterol Levels in Control

Subjects on High Carbohydrate Diet

Day of maximal
triglyceride

Preinduction value End of induction
Subject (day 0) (day 6 or 7) (day 8)

Triglyceride, jimole/100 ml
R. K. 72 196 196
J. K. 108 143 108
E. M. 116 187 161
N. R.1 73 200 128

2 81 80t 113 155t 89 108t
3* 861 153 107

C. T. 71 206 197

Mean 4SE 89 ±9 177 ±12 154 -20§

Cholesterol, mg/100 ml
R. K. 209 187 137
J. K. 160 126 153
E. M. 180 135 132
N. R.1 155 137 123

2 164 160t 153 149t 124 129t
3* 162 158i 139

C. T. 167 145 142

Mean ±sE 175 ±9 148 ±10 139 4±1011
* Received 25% of carbohydrate as fructose.
t Value used in claculations.
§ Difference between maximal level of triglyceride and that
recorded at end of induction, when calculated as a paired
comparison, was 23 ±-8 (P = 0.05).

11 With subject J. K. excluded, the paired difference between
the cholesterol level when triglyceride was at a maximum and
the cholesterol level at the end of induction was 19 ±6 (0.1
> P > 0.05).
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FIGURE 1 Changes in plasma triglyceride and cholesterol
levels in three subjects with type IV hyperlipoproteinemia
during carbohydrate induction and fasting. Each point and
vertical bar represent the mean +SE of six determinations.
See footnote to Table V. When calculated as paired com-
parisons, the differences in cholesterol values were statisti-
cally significant as follows: preinduction vs. minimum cho-
lesterol: 47 ±8, P <0.001; minimum cholesterol vs. end of
induction; 24 +8, P < 0.05 and end of induction vs. end
of fast; 41 ±9, P < 0.01.

Statistical analyses were based on group comparisons un-
less other-wise noted. Significance was determined using
Student's "t" test.

RESULTS

Biochemical studies
Plasna triglycerides. The effect of the high carbo-

hydrate formula upon plasma triglyceride concentration
is shown in Tables II and III, and Figs. 1-3. In control
subjects, plasma triglycerides rose 1.5- to 3-fold, with
peak levels occurring between the 6th and 7th day (Ta-
ble II, Fig. 2). In several individuals, triglyceride levels
had already begun to fall by the end of -the study.

Hypertriglyceridemic subjects were fasted for 36 hr
before starting on the diet. Despite this, they generally
had basal triglyceride levels well above the mean of the
control group (Table III, Figs. 1, 3). They also had far
greater increases in plasma triglycerides during the
study; with the exception of patient P. C., an individual
who possibly had type V hyperlipoproteinemia, they
failed to have a secondary fall. During a 4 day fast,
triglyceride levels in the hypertriglyceridemic group
returned toward preinduction concentrations; in no
instance, however, did they return to normal.

Plasma cholesterol. Plasma cholesterol decreased ini-
tially in all subjects while on the high carbohydrate

Very Low Density Lipoproteins in Hypertriglyceridemia 1357



TABLE I I I
Plasma Triglyceride and Cholesterol Levels in Hypertriglyceridemic Subjects on High Carbohydrate Diet

Day of minimal Day of maximal
Preinduction cholesterol value triglyceride value End of induction End of fast

Patient (day 0) (day 7 or 8) (day 13 or 14) (day 14) (day 18)

Triglyceride, Amole/100 ml
P. C. 565 565 (day 15) 927 618 298
P.D. 116 564 974 974 231
E. L. 308 562 1156 1156 251
J. L. 266 674 799 708 300

Mean ±sE 314 ±93 591 428 963 +74 844 ±123 270 ±17

Cholesterol, mg/100 ml
P. C. 261 175 (day 15) 224 (day 6) 199 213
P. D. 284 235 278 278 349
E. L. 288 230 259 259 279
J. L. 183 127 154 180 240

Mean ±SE 254 ±24 192 ±26 229 ±27 229 ±-23 270 ±20

All subjects were on a high carbohydrate diet from day 0 to 14. Between day 15 and 18 they were fasted.
When calculated as a paired comparison, the mean difference ±iSE between cholesterol before induction
and on the day plasma cholesterol was at a minimum was 62 ±11. The mean difference between choles-
terol levels at the end of the fast and at the end of the induction period was 41 ±t 14.

formula. However, it did not vary in a simple inverse
manner with plasma triglyceride. In the control group
(Table II), cholesterol tended to decrease after the tri-
glyceride concentration had reached its peak, although
one individual (J. K). had a secondary rise. In hyper-
triglyceridemic subjects (Table III, Fig. 1), plasma
cholesterol reached its nadir before the triglyceride con-
centration had reached its maximum, and thereafter, it

250 r

200

150

100

50

C

200

150

100

50

0

- - - --0x.,...o.

/ 345A
,/ 338 A "

296 A

*I/

High carbohydrate diet

o 2 4 6 8

Days of study

10
C

8 o

E0
6 CL

a)
4 n._

>10'

8

6

4
Additional

control
day

FIGURE 2 Relation between plasma triglyceride levels (0),
mean particle diameter (A) and the triglyceride/,protein
ratio (-) of d < 1.006 lipoprotein in two control subjects
on a high carbohydrate diet.

returned toward preinduction levels. During the fast
there was a pronounced rise in plasma cholesterol in all
the hypertriglyceridemic subjects.

VLDL composition. During carbohydrate induction,
the ratio of triglyceride/protein and triglyceride/cho-
lesterol of the VLDL fraction increased in all subjects
(Table IV, Figs. 2, 3). In general, these changes cor-
related with the increases in plasma triglyceride and
particle diameter (vide infra). Subject E. L. was some-
what atypical in that he had no increase in the tri-
glyceride/protein ratio of his d < 1.006 lipoprotein be-
tween days 5 and 10 of the induction period despite the
fact that his plasma triglyceride increased by more than
400 amole/100 ml. The significance of this observation
remains to be established.

The hypertriglyceridemic patients had significantly
higher triglyceride/protein ratios than the control group
before induction, a finding which we have corroborated
in a comparison of 10 control and 5 hypertriglyceridemic
subjects (4.65 ±0.28 versus 6.48 +0.13, P < 0.001).
This difference was maintained during the period of
carbohydrate feeding although at higher ratios. During
the fast, triglyceride/protein ratios returned to their
preinduction levels as the plasma triglyceride concen-
tration decreased.

To obtain an estimate of the absolute content of tri-
glyceride, protein, and cholesterol in d < 1.006 lipopro-
tein, measured values had to be corrected for variable
losses during isolation and washing. This was accom-
plished by assuming that VLDL contained 50% of
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TABLE IV
Compositional Changes in d <1.006 Lipoprotein during Carbohydrate Induction and Fasting

Preinduction Maximal tri-
.Day of maximal vs. maximal tri- glyceride vs.

Preinduction triglyceride value End of fast glyceride end of fast

Triglyceride protein ratio, pmole/mg
Control (5) 4.5 ±0.5 6.8 40.3 P < 0.01

Hypertriglyceridemic* (8) 6.2 ±0.3t 9.3 ±0.3t 5.9 40.3 P < 0.001 P < 0.001

TI riglyceride/cholesterol ratio, ,um ole/mg
Control (3) 3.6 ±0.3 4.4 40.1 P < 0.05
Hypertriglyceridemic (8) 4.3 ±0.2 6.3 40.31 4.4 ±0.6 P < 0.001 P < 0.025

Cholesterol/protein ratio, mg/mg
Control (3) 1.7 ±0.0 1.5 ±0.1 NS
Hypertriglyceridemic (8) 1.6 ±0.1 1.5 ±0.1 1.4 ±0O.1 NS NS

Number in parentheses indicates number used in experiment. Values are means ±SE for indicated number of measure-
ments.
* See footnote to Table V.

Significantly different from control, P < 0.05.

plasma triglyceride when total plasma-triglyceride levels
were less than 100 *mole/100 ml, and that at higher
triglyceride concentrations they contained all but 50
Amole/100 ml of the triglycerides in plasma. These as-
sumptions are based upon triglyceride distribution in
lipoproteins of fasting subjects as reported in the litera-
ture (24) and from the maximum percentage of plasma
triglycerides which we found in d < 1.006 lipoprotein in
the present study. The reported values for d < 1.006
protein and triglyceride would have been approximately
25% lower if not for these corrections. Losses of this
magnitude are unavoidable if it is desired to obtain a
stable VLDL suspension by gentle procedures. More
vigorous flushing of the centrifuge cap (see Methods)
would probably have given more quantitative yields;
however, it is associated with signs of VLDL disrup-
tion, such as clumping and freely floating lipid droplets.

The estimates of triglyceride, cholesterol, and protein
content in d < 1.006 lipoprotein are reported in Table V.
During the period of formula feeding, the content of all
three of these lipoprotein constituents increased in both
normal and hypertriglyceridemic subjects. The absolute
magnitude of the increases was substantially greater in
the hypertriglyceridemic patients; the percentage in-
crements, however, were similar in the two sets of sub-
jects. In accord with the findings of earlier reports
(17, 25, 26), the hypertriglyceridemic patients had
higher levels of VLDL triglyceride, cholesterol and pro-
tein before induction.

Composition of higher density lipoproteins. In both
groups of subjects, the increase in VLDL protein dur-
ing carbohydrate induction was associated with a sig-
nificant decrease in the protein content of 1.006 < d <

1.21 lipoprotein (Table VI). The decrease was more
than sufficient to account for the entire increment in
VLDL protein; in fact, it exceeded the latter to such an
extent that a net decrease in total d < 1.21 lipoprotein
protein was usually apparent. In general, changes in the
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TABLE V
Composition of d <1.006 (VLDL) Lipoprotein

P*

Preinduction vs Maximal trigly-
Day of maximal tri- maximal tri- ceride vs. end

Preinduction glyceride value End of fast glyceride of fast

Triglyceride, umole/100 ml
Controlt (5) 37 ±-6.4 119 ±12 <0.001
Hypertriglyceridemic (8) 280 4t60 886 448 254 419 <0.001 <0.001

Protein, mg/100 ml
Control (5) 8.4 4±1.2 18 ±1.3 <0.001
Hypertriglyceridemic (8) 44 ± 9 96 44 43 ±3 <0.01 <0.001

Cholesterol, mg/100 ml
Control (3) 11.7 ±0.1 24.2 ±4.7 <0.05
Hypertriglyceridemic (8) 78 ±16 137 ±12 52 ±10 <0.025 <0.001

Number in parentheses indicates number used in experiment. Values are means ±SE for the indicated number of mea-
surements.
For each of the 4 hypertriglyceridemic subjects, preinduction values were taken from days 0 and 1, end of fast values
from days 17 and 18, and maximal triglyceride values from the 2 days on which plasma triglycerides were highest.
* Paired comparisons.
t Preinduction triglyceride values for control group do not correspond with values in Table II, since values for J. K.
were obtained on a different control day. This was necessary as he had inadvertently eaten a fatty meal within 10 hours
of his day 0 specimen and had an artifactually high triglyceride/protein ratio due to the presence of chylomicra in his
circulation.

concentration of 1.006 < d < 1.21 and total plasma cho-
lesterol roughly paralleled these changes in lipoprotein
protein.

The hypertriglyceridemic patients had substantially
greater decreases of 1.006 < d < 1.21 protein and cho-

lesterol in association with the greater increases in these
constituents in the VLDL fraction. It is of interest that
their total d < 1.21 protein decreased during induction
because before the study their hypertriglyceridemia was
associated with elevated levels of this fraction.

TABLE VI
Composition of 1.006 <d <1.21 Lipoproteins

P*

Day of maxi- Preinduction End of in-
mal triglyceride End of in- vs. end of duction vs.

Preinduction value duction End of fast induction end of fast

1.006 < d < 1.21 protein, mg/100 ml
Control (5) 226 ±25 194 ±26 175 ±26 <0.005t
Hypertriglyceridemic (6) 286 ±18 199 ±26 204 ±25 294 ±48 <0.005 <0.025

Total d < 1.21 lipoprotein protein, mg/100 ml
Control (5) 235 ±25 208 ±22 191 ±28 <0.01-
Hypertriglyceridemic (6) 341 415 299 ±29 291 433 335 450 <0.025 <0.05

Cholesterol in 1.006 < d < 1.21 lipoprotein§, mg/100 ml
Control (3) 158 43 115 ±10 107 ±2 - <0.001 -
Hypertriglyceridemic (8) 175 420 79 ±9 108 ±15 189 421 <0.005 <0.005

Values are means ±sE of indicated number of measurements. See footnote to Table V. Numbers in parenthe-
ses indicates numbers used in experiment.
* Paired comparisons.
t Paired comparison of Preinduction values vs values both at end of induction and at time triglyceride was
maximum.
§ Calculated by subtraction of d <1.006 cholesterol from total plasma cholesterol.

1360 N. B. Ruderman, A. L. Jones, R. M. Krauss, and E. Shafrir



TABLE VII
Effect of High Carbohydrate Diet on Particle Size

Percent of total particles counted*

Control
Hypertriglyceridemic

Patient E. M. Patient C. T. Patient P. C.
Particle diam-

eter (A) Control day Day 7 Day 8 Control day Day 7 Day 8 Day 10 2 days fasted

170-230 57 31 24 53 10 22 17 23
230-260 27 18 24 26 14 22 16 13
260- 17 51 53 21 76 56 67 64

Total number
of particles
counted 60 110 131 140 331 222 95 138

Values are rounded off to the nearest whole number.
* Particles less than 170 A were visualized but were not counted.

Electron microscopic studies
The chemical data suggest that the increment in

VLDL triglyceride probably did not result from a simple
increase in the number of VLDL particles in plasma.
This is evident from the fact that if particle composition
were unchanged, the increment in VLDL protein would
have accounted for only about 50% of the increment in
VLDL triglyceride (Table V). This finding could be
explained by an increase in particle size. It is widely
held that triglyceride is distributed throughout the vol-
ume of the spherical VLDL particle, whereas, protein
is distributed on the surface (26-30). The relative vol-
umes in which triglyceride and protein are distributed
can therefore be calculated from the following ex-
pressions:

triglyceride distribution space (particle_ w (d - 14)3
core volume) 6

protein distribution space8 (parti- -rdw ir(d - 14)3
cle coat volume) 6 6

where d here denotes particle diameter in Angstrom(s)
(A) and the average thickness of the surface coat is
assumed to be 7 A (26, 29). From these equations it
can be seen that an increase in particle diameter would
be associated with a relatively greater increment in the
distribution space of triglyceride than of protein. Indeed,
Gustafson, Alaupovic, and Furman (27) have demon-
strated that the concentration of triglyceride relative to
protein in subfractions of d < 1.006 lipoproteins is re-
lated to the size of the particles within the subfraction:
the larger the particles; the higher the triglyceride to
protein ratio.

8 In essence this term behaves like the formula for the
surface area of a sphere, i.e., 4/3 7rr2.

To evaluate particle size in the present study, par-
ticle diameter was measured in the plasma of several
subjects utilizing the electron microscope. In agreement
with the findings of others (27, 31, 32), we have found
in a separate study that particles between 170-230 A are
exclusively LDL and particles above 260 A, almost ex-
clusively VLDL. The 230-260 A group contained a mix-
ture of the two subclasses with the LDL predominating
(Jones, unpublished data). When calculating the diam-
eter and volume of VLDL particles, the latter fraction
was omitted. Omission of the 230-260 A particles could
not have qualitatively altered the findings in any sub-
ject with the possible exception of patient P. C. Even
here, a drastic increase in the percentage of VLDL par-
ticles in the fraction would have been required.

Relative numbers of LDL and VLDL particles. In
accord with the chemical changes in d < 1.006 and
1.006 <d < 1.21 lipoprotein, there was an increase in
the percentage of VLDL size particles at the expense
of LDL particles during carbohydrate induction (Table
VII). The changes were less striking in the hypertri-
glyceridemic subject, possibly because he had a high per-
centage of VLDL particles even when not induced. The
proportion of particles between 230 and 260 A decreased
somewhat in the two control subjects.

VLDL size during induction. The mean diameter of
VLDL size particles increased in all sub jects during
induction (Figs. 2-5, Tables VIII, IX). The increase
was generalized. There was both a reduction in the
relative number of small (260-325 A) particles and an
increase in the number of larger ones. In addition, par-
ticles larger than any of those seen in the basal state
were noted (Figs. 4, 5).

The hypertriglyceridemic patients had larger particles
than the control subjects, before and after carbohydrate
induction. Before induction, it was difficult to find a par-
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'FABLE VIII
Effect of High Carbohydrate Diet on Diameter of Particles within the VLDL Fraction

Percent of total particles counted

Control
Hypertriglyceridemic

Patient E. M. Patient C. T. Patient P. C.

Particle diameter (A) Control day Day 7 Day 8 Control day Day 7 Day 8 Day 10 2 days fasted

260-275 80 18 23 66 10 18 13 10
275-325 20 50 32 7 37 33 28 35
325-375 21 36 24 36 30 26 32
375-525 9 15 4 16 13 19 20
525-675 2 6 1.2 1.5 11 2
675-825 0.4 1.5
825- 1.5

Number of particles
counted 10 56 69 29 250 125 64 88

Mean particle
diameter (A) 274 323 344 296 345 338 367 346

ValtLies above 2%are rounded off to the nearest whole ntimber.

tide larger than 375 A in the plasma of either control
subjects, whereas, more than 20% of the particles in the
plasma of subjects P. C. and J. L. (Fig. 5) were in
this range. After induction, a variable but significant
proportion of particles in the plasma of the control sub-
jects were 375 A or greater, including a small percentage
above 525 A. Only one particle above 825 A was noted
of the more than 500 measured. In contrast, 10% of
the particles in subject J. L.'s plasma were 825 A or
greater incuding several larger than 1000 A. Particles
of the latter dimensions were also noted in the plasma
of subject P. D. on a day when his plasma triglyceride
level was 974 Amole/100 ml and the triglyceride/protein
ratio of his VLDL was 9.8.

There was not sufficient morphologic data to permit
accurate quantitative measurements of particle diameter
and volume (vide infra) in several of the hypertri-
glyceridemic subjects. Nevertheless, qualitative observa-
tions, coupled with the fact that subjects P. D. and E. L.
had markedlv elevated triglyceride/protein ratios
throughout the studv, makes it very likely that their
particles were considerably larger than those of the
control subject.

TABLE IX
Effect of High Carbohydrate Diet on Diameter of VLDL Parti-

cles in Hypertriglyceridemic
Subject J. L.

Percent of total particles counted

Control
Particle diameter (A) day Day I I)ay 6 Day 8

260-275 14 10 4 3
275-325 35 24 13 11
325-375 24 22 9 9
375-525 27 31 40 26
525-675 11 20 22
675-825 1.1 1 10 19
825- 0).4 7 10

Number of particles
counted 282 105 199 100

Mleani particle
diameter 346 377 500 578

Values above 2% are
number.

rounded off to the nearest whole

FIGURE 4 Electron micrographs of plasma lipoprotein particles in two control subjects.
X 60,000. Lower panel: C. T. Before induction (left) a homogenous population of 400 to
450 A (arrow) particles are seen (diameter including shadowing artifact). After 7 days on
a 1Hgh carbohydrate diet (right), there is a generalized increase in particle number. The
particle in the postinduction specimen indicated by the arrow is 700 A. Upper pa;ncl: E. MI.
Particles in the preinduction specimen (left) are 350 to 400 A (arrow) in diameter. After
8 days of formula feeding, particle diameter varies over a much wider range (right) and a
few large particles are seen. The 1150 A particle (arrow) seen in the postinduction specimen
was the largest seen in any control subject.
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FIGURE 5 Plasma lipoprotein particles of patient J. L. The plasma is - 2 times more dilute
than that of the control subjects show in Fig. 5. Before the study (left), there is a hetero-
geneous population of particles with particle diameter varying between 300 and 700 A. The
arrow points to a particle of 500 A. After 8 days of high carbohydrate feeding (right),
numerous particles of chylomicron proportions are noted. The particle indicated by the arrow
is 1450 A. X 60,000.

Particle number. Increased numbers of VLDL par-
ticles were consistently seen in the plasmas of the con-
trol subjects after induction (Fig. 4, Tables VII, VIII).
It was difficult to determine whether a similar phenome-
non occurred in the hypertriglyceridemic subjects since
they had a very large number of particles in their plasma
even before induction; in fact, their plasma frequently
had to be diluted several times more than that of the
control subjects in order to achieve adequate resolution
of the individual particles.

The above observations suggest that the high carbohy-
drate diet increased the number, as well as the size of
plasma VLDL particles in the control subjects. They
also suggest that the hypertriglyceridemic patients had
a greater number of particles than the control subjects
when both were in the basal state. To evaluate these
points further, the extent to which the differences in
VLDL triglyceride and protein in these situations could
be attributed to the difference in particle volume was
calculated (Table X). Presumably, that portion of the

difference not accountable for by the disparity in volume
would reflect a difference in particle number.

The results obtained in this way must be regarded as
semiquantitative since the 230-260 A fraction was
omitted and because the inclusion of too few or too
many very large particles could markedly alter the re-
sults. Despite these limitations, a reasonably clear-cut
and consistent picture emerged in each subject. The
data reveal that the increase in particle volume only
accounted for part of the induction increment in VLDL
triglyceride and protein in the two control subjects and
patient P. C. Likewise, less than 30% of the preinduc-
tion difference in VLDL triglyceride and protein be-
tween control and hypertriglyceridemic subjects could
be attributed to the differences in particle volume. These
findings, therefore, confirm the impression of increased
particle number gained by direct visualization of the
fixed plasma.

Subject J. L. was exceptional in that his increase
in particle volume during induction was more than suffi-
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TABLE X

Relationship Between Changes in Particle Volume and the Increment
in VLDL Triglyceride (TG) and Protein

Per cent
Per cent TG protein incre-

Mean particle increment due Mean particle ment due to
Patient Day of study TG core volume to volume Protein surface volume A volume

jimolel A X 10-6 mg/lOO ml A X 10-6
100 ml

Controls
E. M. * 43 9.3 6.4 1.6

7 134 18 44 17.7 2.3 25
8 111 22.8 (18.4)4 101 (62)t 16.1 2.5 (2.4)t 37 (33)t

C. T. * 42 12.7 7.9 1.9
7 156 20.2 22 20.5 2.5 20
8 147 18 18 19.9 2.3 14

Hypertriglyceridemic
J. L. 0 216 28 32.3 2.6

1 284 40 138 41.2 3.4 109
6 526 89 152 57.9 6.1 169
8 624 125 183 69.3 8.0 182

P. C. 10 798 32.1 36 102 3.8 29
16 (day 2 fast) 307 20.4 62.5 3.2

Mean particle core volume = d =260 L (d 6 J)] nd/nt and mean particle surface volume = (d = 260

[rd6 - r(d - 14)3] nd/nt where d = particle diameter in A nd = number of particles of diameter d and nt

= total number of particles counted.
* Specimen taken on a control day several weeks after the termination of the study (See Fig. 2).
t Parenthetical result obtained if one unusually large particle of 850 A was omitted from the calculations.

cient to account for the entire increment in his VLDL
protein and triglyceride. The reason for the difference
between patients J. L. and P. C. was not apparent. It
remains to be determined whether it reflects a different
basis for the hypertriglyceridemia in the two patients.

DISCUSSION

It has long been appreciated that fat-free high carbo-
hydrate diets cause a marked elevation in plasma tri-
glycerides (1-5). The data presented here suggest that
this rise is usually due to the apparence in plasma of
both greater numbers of VLDL particles and of par-
ticles that are larger and relatively richer in triglyceride
than those found in the basal state. In one subject with
hypertriglyceridemia, however, the increment in VLDL
triglyceride could be accounted for solely on the basis
of an increase in particle size.

The reason for the appearance of large particles dur-
ing carbohydrate induction is a matter of interest. Sev-
eral studies in animals and man indicate that hypertri-
glyceridemia, due to carbohydrate induction, results from
increased hepatic triglyceride production and release

(6, 9, 10). This raises the question: does the liver pro-
duce the larger particles with increased triglyceride
content only when it is synthesizing triglyceride at a
high rate, or, does it normally produce such particles?
In the latter case, the particles might not be seen in
plasma unless the capacity of peripheral tissues to utilize
lipoprotein triglyceride is overloaded.

Which of these explanations is correct cannot be de-
termined at present; certain animal studies, however,
suggest that the liver does produce larger VLDL par-
ticles when triglyceride synthesis is stimulated. Wehave
found that perfusion of a rat liver with a free fatty acid-
rich medium causes an increase in triglyceride output
which is, in part, due to an increase in the size of the
VLDL particles released by the liver (12). As in this
investigation, an increase in the triglyceride/protein ra-
tion of the VLDL fraction was observed. In another
study, Windmueller and Spaeth (33) noted that per-
fused livers obtained from fasted-refed rats released tri-
glyceride at two and one-half times the rate of livers
from animals fed ad libitum. They did not determine
particle size directly; they observed, however, that the
triglyceride/phospholipid ratio in the d < 1.016 frac-
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tion of the perfusate from the fasted-refed group was
two times higher, indicating that the livers of these ani-
mals were releasing larger lipoprotein particles (27).
Finally, MlahleVy Hamilton, and LeQuire demonstrated
that the VLDL isolated from the Golgi apparatus of rat
liver are morphologically (Hamilton, personal communi-
cation) and chemically (34) very similar to plasma
VLDL isolated from the same animals. This suggests
that, at any given time, most of the VLDL particles in
the circulation have not been substantially altered in
composition since leaving the liver.

The above mentioned studies suggest that in the rat,
large VLDL particles with an increased triglyceride
content can result from excessive rates of hepatic tri-
glyceride synthesis. It remains to be seen whether this
is the case in man, particularly in the pathologic situa-
tion of type IV hyperlipoproteinemia, where such par-
ticles have been found in the circulation, both before and
after carbohydrate induction (references 26, 35, 36, and
this study).

Particles above 800 A in diameter accounted for a
significant percentage of the increment in particle vol-
ume in patient J. L. (days 6 and 8). They were of no
importance in any of the control subjects or in hyper-
triglyceridemic subject P. C. It has been previously
demonstrated that rat liver can produce VLDL particles
of this size if triglyceride synthesis is sufficiently stim-
ulated (12). Although in the present study, all subjects
were on essentially fat-free diets, the possibility that
some of the larger VLDL particles and perhaps even
some of the smaller ones were produced by intestine
rather than liver cannot be excluded. Conceivably, the
intestine could have synthesized triglyceride from fatty
acids derived from the hydrolysis of bile phospholipids
and triglycerides (37) or from fatty acids it had syn-
thesized itself (38). The studies of Windmueller and
Levy (39) suggest that lipoprotein of intestinal origin
can account for 10% of total VLDL production in rats
on a fat-free diet. Ockner, Hughes, and Isselbaclher
(40) have suggested that intestinal synthesis may ac-
count for an even greater proportion of VLDL produc-
tion in a fasting rat. The quantitative importance of in-
testinal VLDL production in man is not known.

In addition to having larger VLDL particles, the hv-
pertriglyceridemic subjects also had a greater number
of VLDL particles in their circulation; in fact, before
induction, differences in particle number accounted for a
greater part of the disparity in triglyceride levels be-
tween the two groups than did the differences in par-
ticle volume. Increased numbers of particles were also
found in the two control subjects at the peak of indtuc-
tion and accounted for the major part of the increase in
their VLDL triglyceride. As is the case with the in-
crease in particle size, it remains to be determined

whether these increases in particle number reflect he-
patic overproduction, peripheral underutilization, or a
combination of the two.

Electron microscopic studies of liver may prove
helpful in solving the problem since overproduction of
hypertriglyceridemia in animals is associated with an
increased number of VLDL particles in intracellular
organelles and in the space of Disse. To date, this has
been demonstrated in animals who were hypertriglyceri-
demic because of nephrosis,0 anti-insulin serum injec-
tion (41), cortisone treatment (42), and ethanol ad-
ministration (43).

The protein and cholesterol content of VLDL rose
substantially as plasma and VLDL triglyceride in-
creased. The observation that these constituents de-
creased in a reciprocal fashion in higher density lipo-
proteins suggests that they may have been utilized in
the production of VLDL. Such a possibility would seem
to be compatible with the evidence on the presence of a-
and 8-apoprotein peptides within the structure of VLDL
(18). It is also in accord with the observation of Lees
and Fredrickson (35) that the rise in plasma triglycer-
ides during carbohydrate induction is associated with a
decrease in the staining intensity of the a- and P-bands
in a lipoprotein electrophoretogram.

The decrease of cholesterol and protein in the 1.006 <
d < 1.21 lipoprotein fraction was greater than the in-
crement of these constituents in the d < 1.006 fraction
suggesting that an additional factor may have been in-
fluencing their metabolism. In this regard, the observed
decrease in total plasma cholesterol is of interest. As
reviewed by MacDonald (44), several investigators
have reported that fat-free, high-carbohydrate diets
lower plasma cholesterol levels. It has been suggested
that this effect is related to the ingestion of large quan-
tities of certain carbohydrates rather than to a lack of
any dietary constituent, since cholesterol levels can be
restored to normal if fructose replaces glucose as the
carbohydrate source (45). Our observation that fasting
can also restore cholesterol levels in a carbohydrate-
induced individual would appear to support this view.

To date, the electron microscope has been used rela-
tivelv little in the study of lipoprotein physiology and
pathophysiology in man. Nevertheless, it may become
an increasingly important tool in such investigations
since it both provides a unique means of evaluating cer-
tain aspects of lipoprotein metabolism within the liver
cell and offers a rapid method for evaluating particle
size in plasma. For instance, it is not known whether
certain types of endogenous hypertriglyceridemia, e.g.
Type IV hyperlipoproteinemia, are primarily due to an
overproduction or underutilization of triglyceride. Iso-

9Jones, A. L., D. Hamilton, N. Ruderman, and E. Shaf-
rir. Data in preparation.
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topic studies of triglyceride turnover have frequently
yielded conflicting results (6, 9. 46. 47). Furthermore,
it has been suggested that certain instances of decreased
triglyceride removal may be secondary to increased tri-
glyceride production (48, 49). The findings presented
here and those of other recent morphologic investigca-
tions (42-43, 50 51) suggest that the electron microscope
may' be helpful in solving this problem since increased
rates of hepatic VLDL production can probable he- de-
tected by the presence of greater numbers of anlld/or
larger lipoprotein particles in hepatocyte organelles.
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