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The mechanisms by which high-carbohydrate, low-saturated-fat diets lower LDL cholesterol (LDLC) concentrations are
unknown. In this study, kinetics of VLDL, intermediate density lipoprotein (IDL), and LDL apoprotein B and VLDL
triglyceride were determined in seven nondiabetic (ND) and seven non-insulin-dependent diabetic (NIDDM) Pima Indian
subjects on high-fat and high-carbohydrate (HICHO) diets. Metabolic changes were similar in ND and NIDDM. On the
HICHO diet, LDLC decreased (131 +/- 8 vs. 110 +/- 7 mg/dl, P less than 0.0001) in all subjects. Mean fasting and 24-h
triglyceride (TG) concentrations were unchanged, as were mean production rates and fractional clearance rates (FCR) of
VLDL apoB and VLDL TG. The mean VLDL apoB pool size (303 +/- 20 vs. 371 +/- 38 mg, P = 0.01) increased owing to a
decrease in the mean transport rate (10.7 +/- 1.1 vs. 8.4 +/- 0.9 mg/kg fat-free mass (ffm) per day, P less than 0.0001)
and the mean rate constant (2.3 +/- 0.2 vs. 1.5 +/- 0.2, P less than 0.001) for the VLDL apoB to IDL apoB conversion
pathway. The mean transport rate of VLDL apoB to LDL apoB via IDL (10.2 +/- 0.9 vs. 8.0 +/- 0.8 mg/kg ffm per day, P
less than 0.001) decreased. Mean LDL apoB concentrations decreased (70 +/- 5 vs. 61 +/- 5 mg/dl, P less than 0.001) on
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Abstract

The mechanisms by which high-carbohydrate, low-saturated-
fat diets lower LDL cholesterol (LDLC) concentrations are
unknown. In this study, kinetics of VLDL, intermediate den-
sity lipoprotein (IDL), and LDL apoprotein B and VLDL tri-
glyceride were determined in seven nondiabetic (ND) and
seven non—insulin-dependent diabetic (NIDDM) Pima Indian
subjects on high-fat and high-carbohydrate (HICHO) diets.
Maetabolic changes were similar in ND and NIDDM. On the
HICHO diet, LDLC decreased (131+8 vs. 110+7 mg/dl, P
< 0.0001) in all subjects. Mean fasting and 24-h triglyceride
(TG) concentrations were unchanged, as were mean production
rates and fractional clearance rates (FCR) of VLDL apoB and
VLDL TG. The mean VLDL apoB pool size (30320 vs.
371+38 mg, P = 0.01) increased owing to a decrease in the
mean transport rate (10.7+1.1 vs. 8.4+0.9 mg/kg fat-free mass
(ffm) per day, P < 0.0001) and the mean rate constant (2.3+0.2
vs. 1.5+0.2, P < 0.001) for the VLDL apoB to IDL apoB
conversion pathway. The mean transport rate of VLDL apoB
to LDL apoB via IDL (10.2+0.9 vs. 8.0+0.8 mg/kg ffm per
day, P < 0.001) decreased. Mean LDL apoB concentrations
decreased (70x5 vs. 61+5 mg/dl, P < 0.001) on the HICHO
diet. Means for total LDL apoB transport rate, LDL apoB
FCR, and LDLC/apoB ratios were unchanged. In summary,
the HICHO diet decreased the activity of mechanisms that
convert VLDL to LDL, which contributed to the decrease in
LDLC in all subjects. There was also evidence in some subjects
for increased activity of LDL apoB clearance mechanisms, and
a decrease in the LDLC to apoB ratio. (J. Clin. Invest. 1990.
86:642-650.) Key words: diabetes  dietary fat « lipoproteins

Introduction

When saturated fatty acids are removed from the diet and
replaced by either polyunsaturated fatty acids (1-5), monoun-
saturated fatty acids (5, 6) or carbohydrates (7, 8), concentra-
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tions of LDL cholesterol fall. The mechanisms where by the
exchange of saturated fatty acids for other nutrients produce a
decrease in LDL cholesterol concentrations are not well un-
derstood. The metabolic changes associated with the exchange
of polyunsaturated for saturated fatty acids have been studied
extensively (2-5). In recent years the substitution of carbohy-
drates for saturated fatty acids has been recommended for the
purpose of LDL cholesterol lowering (9, 10). The metabolic
consequences of this exchange have been studied less thor-
oughly.

The main purpose of this study was to determine the mech-
anisms whereby replacement of saturated fatty acids by com-
plex carbohydrates produces a reduction in LDL cholesterol
concentrations. We also wished to determine whether solid
food, isocaloric, high carbohydrate diets cause an increase in
either VLDL concentrations or hepatic VLDL production.
This issue is of importance because high plasma triglyceride
concentrations have been associated with increased atheroscle-
rosis in diabetic patients (11, 12). The study was carried out in
two groups of patients: those with non-insulin-dependent dia-
betes mellitus (NIDDM)' and those without diabetes.

Methods

Subjects

The subjects for this study were 14 Southwestern American Indians
from the Gila River Indian Reservation. All subjects had a full medical
history and physical examination on admission to the study, with
routine measurements in hematology and biochemistry, and urinaly-
sis. Seven subjects had NIDDM diagnosed by oral glucose tolerance
test by World Health Organization criteria (13). All subjects were free
of significant disease apart from NIDDM, and none had significant
complications of NIDDM. Oral hypoglycemic agents and insulin ther-
apy were stopped 1 wk before admission to the study. No subjects were
taking drugs known to affect carbohydrate or lipid metabolism. The
subjects’ age, sex, weight, body composition, and fasting plasma glu-
cose concentration just before the high-fat diet turnover study are
shown in Table I.

Experimental design

Protocol. Each subject had two admissions to the research ward, at least
4 wk apart. On one admission a high-fat diet was given for 5 wk, and on
the other admission a low-fat, high-carbohydrate diet was given for
between 5 and 7 wk. The high-carbohydrate diet was fed for a longer
baseline period to allow plasma triglyceride concentrations to reach
stable concentrations. Five subjects ate the high-fat diet first, and nine
subjects ate the high-carbohydrate diet first. During the week after the
baseline period (2 wk on the high-fat diet, and 2—4 wk on the high-car-
bohydrate diet) the subjects had a measurement of body composition,
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Table 1. Subjects

Weight Percent body fat
- Fasting
Subject Age Sex HIFAT HICHO HIFAT HICHO glucose
yr % mg/dl
Nondiabetic .
1 28 F 110 110 39 41 ) 88
2 52 M 123 122 34 34 107
3 24 M 89 89 26 25 95
4 32 M 93 94 21 24 91
5 31 M 131 135 35 38 101
6 23 M 156 153 37 34 84
7 44 M 117 114 35 31 101
Mean+SEM 32+4 1179 1178 32+2 32+2 95+3
NIDDM
8 23 M 135 133 36 36 110
9 49 F 81 80 48 46 102
10 47 M 90 91 26 25 233
11 44 F 89 88 43 41 340
12 22 M 79 79 30 30 197
13 42 M 71 71 22 21 . 285
14 43 F 65 65 32 34 229
Mean+SEM 39+4 87+9 87+8 34+4 33+3 214433

Abbreviations: HICHO, high-carbohydrate diet; HIFAT, high-fat diet.

an oral glucose tolerance test, three measurements of fasting plasma
lipoprotein concentrations, a 24-h profile of triglyceride and glucose
concentrations, and a 24-h urinary glucose estimation. After these
tests, the kinetics of apolipoprotein B-100 (apoB) in VLDL, interme-
diate density lipoprotein (IDL), and LDL and of VLDL-triglyceride
were measured.

Diets. Weight maintenance energy requirements were calculated
from body weight. The fasting, posturination body weight was mea-
sured each morning, and these measurements were used to adjust
caloric intake to maintain constant body weight. Diet composition is
shown in Table II. Saturated fatty acids were derived predominantly
from dairy products and were replaced with predominantly complex
carbohydrate of vegetable, legume, and cereal origin, resulting also in
an increase in fiber. Cholesterol content was the same on both diets.
Meals were made from readily available foods, and diet composition
was calculated from tables (14, 15).

Procedures

Body composition. Body composition was estimated by underwater
weighing as previously described (16). This measurement was used to
calculate each subject’s fat-free mass (ffim), for normalization of kinetic
data.

Oral glucose tolerance test. An oral glucose tolerance test was per-
formed using 75 g of glucose (Koladex, Custom Laboratories, Mary-
land). Plasma glucose and insulin concentrations were measured at —5
and 120 min (16).

24-h glucose and triglyceride profile. After a 12-h overnight fast, a
catheter was inserted in an arm vein and kept patent with a slow saline
infusion. Blood was drawn for measurement of plasma glucose and
triglyceride concentrations at 0715 hours, 0800 hours, and two hourly
thereafter until 0600 hours the next morning. Meals were eaten at
0730, 1130, 1630, and 1930 hours, with calories divided in the ratio
20:30:30:20.

Fasting plasma and lipoprotein lipid concentrations. Fasting
plasma lipoproteins were separated by ultracentrifugation as pre-
viously described (16).

VLDL and LDL metabolic studies. VLDL apoB, IDL apoB, LDL
apoB, and VLDL triglyceride kinetics were measured by a previously
described method (17). At the end of the baseline period, 500 ml of
venous blood was collected into citrate dextrose. Red blood cells were
reinfused. VLDL (d < 1.006) and LDL (d 1.019-1.063) were isolated
from the plasma by preparative ultracentrifugation. VLDL were la-
beled with '*'I and LDL with '?°I (18). The iodinated lipoproteins were

Table II. Diets

Diet
Component High fat High carbohydrate
Carbohydrate (%) 43 65
Total (g) 322 498
Simple (g) 102 148
Complex (g) 220 350
Fat (%) 42 21
Polyunsaturated (%) 6 6
Monounsaturated (%) 12 8
Saturated (%) 21 6
Protein (%) 15 15
Animal/vegetable (%) 58:42 41:59
Fiber
Cereal (g) 8 12
Vegetable (g) 12 22
Legume (g) 9 23
Cholesterol (mg) 560 524
Weights are for 3,000-calorie diet.
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diluted in the patient’s own serum, filtered, and tested for sterility and
pyrogenicity.

18 h before the VLDL injection, a fat-free, liquid formula diet was
started that provided the same number of carbohydrate calories and
the same number of protein calories as the subject ate on the weight-
maintenance solid-food diet. The formula feedings started at 1500
hours and were given in 14 three-hourly feedings over the next 42 h.
The solid-food, weight-maintenance diet was then restarted. 18 h after
starting the formula diet (0900 hours), 25 uCi of *'I-VLDL and 300
uCi of tritiated glycerol were injected. 25 uCi of '*’I-LDL was injected
48 h later. The specific activities of '*'I-VLDL apoprotein B and
VLDL triglyceride were measured in 16 samples taken during the 48 h
after the VLDL injections. The specific activity of '3'I-IDL (d 1.006-
1.019) apoprotein B was measured in 24 plasma samples taken during
the 4 d after the VLDL injections. Peak counts of '*'I-IDL were be-
tween 500 and 1,000 cpm. Once three consecutive points were < 50%
above background all further points were excluded. The specific activ-
ity of *'I-LDL apoprotein B was measured in all plasma samples taken
during the 16 d of the study. The peak counts for '*'I-LDL were
between 500 and 2,000 cpm. They were handled in the same way as
BILIDL. The majority of '*'I-IDL points after 48 h and the majority of
BII.LDL points after 10 d were excluded. The specific activity of '2°I in
LDL was measured in 18 samples of fasting plasma taken over the 14 d
after the labeled LDL injection. All plasma samples taken after the
return to the solid-food diet were left to stand overnight at 4°C, and
visible chylomicrons were removed with a pasteur pipette. Measure-
ments of B48 contamination were not made. Six measurements of
plasma insulin and unesterified fatty acid concentrations were made in
the 5 h after the VLDL injections. 24-h urine collections were made to
estimate LDL fractional clearance rate (FCR) from the ratio of radio-
activity in urine and plasma. Plasma volume was calculated from the
distribution volume of LDL calculated from plasma samples taken 10,
20, and 30 min after the LDL injection.

VLDL, IDL, and LDL were isolated by ultracentrifugation, and the
specific activity of apoprotein B in each fraction was estimated after
isopropanol extraction of apoprotein B and quantification by Lowry
assay (19). Specific activity of VLDL triglyceride was measured in the
pooled supernatants obtained during VLDL apoprotein B isolation. A
first-order compartmental model was used to fit the specific activity/
time data using the CONSAM program (20). Rate constants for the
VLDL apoB direct removal pathway (Kpr) and for the VLDL apoB to
IDL apoB conversion pathway (Kyrc) were calculated as the transport
rate of each pathway divided by VLDL apoB pool size.

Statistics. All data are expressed as the mean=+the standard error of
the mean. The normality of distributions was tested by the Kolomo-

gorov-D statistic, and logorithms of non-normally distributed vari-
ables were used in analyses. The paired ¢ test was used to test the
significance of differences between variables measured on the two
diets. Pearsons product moment coefficient was used for correlations,
except for variables with distributions not normalized by logarithmic
transformation (the absolute values of fasting and 2-h glucose and
insulin concentrations), when the Spearman rank order correlation
coefficient was used. The residuals of regression analyses were nor-
mally distributed and there were no relationships between the residuals
and either the predicted values or the independent variables. All statis-
tical analyses were calculated using the Statistical Analysis System,
SAS Institute Inc., Cary, NC.

Results

Plasma concentrations of lipids, glucose, and insulin

Fasting concentrations of plasma total lipids and lipoprotein
lipids are presented in Table III. Plasma concentrations of total
cholesterol and LDL cholesterol fell significantly on the high
carbohydrate diet in both nondiabetic and diabetic groups.
HDL cholesterol concentrations fell significantly on the high-
carbohydrate diet in the nondiabetic group, but were un-
changed in the diabetic group. Total and VLDL triglycerides
were unchanged by the diet in both groups. The 24-hour tri-
glyceride profiles were the same on both diets in both groups
(Table III).

There were no changes in the means of fasting, 2-h, or 24-h
glucose concentrations or of 24-h urinary glucose loss in either
the nondiabetic or diabetic groups (Table IV). However, in
four more severely diabetic subjects there were significant in-
creases in the 24-h urinary glucose loss on the high-carbohy-
drate diet of between 29 and 158 g of glucose per day. Mean
plasma insulin concentrations were the same on the two diets.

Kinetics of apoB-containing lipoproteins

VLDL apoB and VLDL triglycerides. In the nondiabetic sub-
jects, the means for the concentration, production rate, and
FCR of VLDL apoB and VLDL triglyceride were not signifi-
cantly different on the two diets. However, the percentage of
VLDL apoB that was directly removed from plasma (49+2%
vs. 62+2%, P < 0.001) increased on the high-carbohydrate
diet, and the percentage converted to IDL apoB decreased.

Table I11. Changes in Mean Fasting Lipid and 24-h Triglyceride Concentrations

Nondiabetic Diabetic

HIFAT HICHO HIFAT HICHO
Total cholesterol (mg/dl) 186+9 164+10% 185+17 163+3*
Total triglyceride (mg - d/dl) 13510 17220 178+50 185+43
24-h TG area (mg- d/dl) 4,905+374 5,482+686 6,351+1,512 6,133+1,386
VLDL triglyceride (mg - d/dl) 79+7 10612 12546 118+35
VLDL cholesterol (mg/dl) 19+1 24+3 23+6 25+5
VLDL phospholipid (mg/dl) 25+3 32+4 36+8 40+9
LDL cholesterol (mg/dl) 132+7 111+8* 130+15 108+13#
LDL triglyceride (mg- d/dl) 49+6 61x10 60+11 6711
HDL cholesterol (mg/dl) 35+1 28+1* 3243 30+2

All values are given as mean+SEM. Abbreviations: HICHO, high-carbohydrate diet; HIFAT, high-fat diet. * P < 0.01; P <0.001.
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Table IV. Changes in Mean Glucose and Insulin Concentrations

Nondiabetic Diabetic
HIFAT HICHO HIFAT HICHO
Fasting glucose (mg/dl) 95+4 95+2 214433 211+34
2-h glucose (mg/dl) 129+6 139+12 370+37 348+43
24-h glucose area (mg/dl) 2,293+84 2,260+52 5,576+722 5,733+871
24-h urine glucose (mg/dl) 0.410.1 0.2+0.2 55423 105+34
Fasting insulin (uU/ml) 55+14 47+9 42+14 41+10
2-h insulin (uU/ml) 367+117 237432 14657 158+61

All values are given as mean+SEM. Abbreviations: HICHO, high-carbohydrate diet; HIFAT, high-fat diet. * P < 0.01; # P < 0.001.

The rate constant (Kvtic) for the VLDL apoB to IDL apoB
conversion pathway decreased (Table V).

In the diabetic group, the high-carbohydrate diet did not
significantly change the mean concentration, production rate,
or FCR of either VLDL apoB or VLDL triglyceride. However,
as in the nondiabetic subjects, there was an increase in the
mean percentage of VLDL apoB that was directly removed
from plasma (42+4% vs. 56+£5%, P < 0.001). There was a
decrease in the mean conversion rate of VLDL apoB to IDL
apoB and a decrease in the mean rate constant (Kvytic) for this
pathway (Table V).

In general the same trends in VLDL apoB metabolism
occurred in both the nondiabetic and the diabetic subjects,
which may justify combining the data for the two groups
(Table V). When the data were combined there was a signifi-
cant increase in the VLDL apoB pool size (303+20 vs. 378+38
mg VLDL apoB, P = 0.01) on the high-carbohydrate diet. The
increase in VLDL apoB concentrations did not reach statisti-
cal significance (P = 0.02). The difference between the change
in pool size and the change in concentration was due to indi-
vidual changes in the volume of distribution of VLDL apoB.

The mean production rate and the mean FCR for VLDL apoB
were unchanged when the data were combined. The mean
VLDL apoB to IDL apoB conversion rate and the mean rate
constant for conversion of VLDL apoB to IDL apoB were
decreased. The mean VLDL apoB direct uptake rate in-
creased, and the rate constant for this pathway was unchanged.
The change in VLDL apoB concentration was positively cor-
related with the change in the rate of direct uptake of VLDL
apoB (Fig. 1).

There were no changes in either the mean VLDL triglycer-
ide concentration or the mean VLDL triglyceride pool size on
the high-carbohydrate diet when the groups were combined.
The mean production rates and FCRs for VLDL triglyceride
were also unchanged. The mean ratio of triglyceride to apoB in
VLDL was unchanged, and the individual changes in this ratio
did not correlate with any changes in VLDL metabolism.

Mean plasma insulin concentrations and mean plasma
unesterified fatty acid concentrations were unchanged on the
high-carbohydrate diet. Individual changes in insulin concen-
trations were correlated with individual changes in both the
production rate (r = 0.74, P < 0.01) and FCR (r = 0.84, P

Table V. Mean VLDL Apoprotein B and Triglyceride Kinetic Data on High-Fat and High-Carbohydrate Diets

Nondiabetic Diabetic Combined
HIFAT HICHO HIFAT HICHO HIFAT HICHO

Total VLDL :

[ApoB] (mg/dl) 8.0+0.5 9.5+1.1 9.1£1.0 10.7+2.0 8.6+0.6 10.1+1.1

Flux (mg/kg fim per day) 16.1+1.5 16.5+1.5 22.2+1.5 22.6+1.9 19.2+1.5 19.6+1.5

FCR (pools per day) 4.2+0.4 3.6+0.4 44+0.4 4.3+0.6 4.3+0.3 4.0+0.3
Direct removal

Flux (mg/kg ffim per day) 7.8+0.8 9.8+0.6 9.2+1.0 12.8+1.8 8.5+1.0 11.3+1.5*

Kpr 2.1+0.2 2.2+0.3 1.9+0.3 2.4+0.4 2.0+0.3 2.3+0.3
VLDL to IDL conversion

Flux (mg/kg ffim per day) 8.3+0.9 6.6+0.9 13.0£1.6 9.8+1.1* 10.7+1.1 8.3+0.9%

Kyvric 2.1+£0.2 1.3+0.2* 2.5+0.3 1.9+0.3* 2.3+0.2 1.6+0.2¢
VLDL triglyceride

[VLDL TG] (mg/dl) 12710 182+27 167+35 196+51 14718 189+28

Flux (mg/kg ffim per day) 403+66 496+116 890+236 744+168 647+136 620+104

FCR (pools per day) 6.5+0.9 5.2+0.4 8.9+1.3 7.8+1.4 7.7+0.8 6.6+0.8

All values are given as mean+SEM. Abbreviations: HICHO, high-carbohydrate diet; HIFAT, high-fat diet. Kpgr and Kyric are rate constants
for the VLDL direct removal and VLDL to IDL conversion pathways (see Methods). * P < 0.01;* P < 0.001; ¥ P < 0.0001.
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Figure 1. Individual changes in the direct removal rate of VLDL apo
B as a function of the changes in VLDL apoB concentration; r
=0.75, P < 0.01, slope = 1.1+0.3, intercept = 1.2+0.7, NS.

< 0.001) of VLDL triglyceride. There were no correlations
between individual changes in unesterified fatty acid concen-
trations and individual changes in VLDL metabolism.

IDL apoB. Because of the decreased conversion rate of
VLDL apoB to IDL apoB on the high-carbohydrate diet, the
transport rate for IDL apoB was significantly decreased (Table
VI). Even so, IDL apoB concentrations were not decreased
because the FCR for IDL apoB tended to decrease on the
high-carbohydrate diet. All of the label that passed from
VLDL to LDL passed through IDL, and at least 95% of IDL
apoB flux was converted to LDL apoB on both diets.

LDL apoB. In the nondiabetic group (Table VII), there
were significant decreases in mean LDL apoB and mean LDL
cholesterol concentrations. There was a decrease in the mean
production rate of LDL apoB from IDL, although the mean
for total LDL production rate was unchanged, due to an in-
crease in direct input of LDL in two subjects (1 and 4). There
were no changes in either the mean LDL apoB fractional clear-
ance rate or the mean LDL cholesterol to apoB ratio.

In the diabetic group (Table VIII), there was a significant
decrease in the mean LDL cholesterol concentration, and
LDL apoB concentrations tended to decrease. As in the nondi-
abetic group, there was a decrease in the mean production rate

of LDL apoB from IDL, although the mean for total LDL
production rate was unchanged, due to an increase in direct
input of LDL in two subjects (9 and 11). There were no
changes in either the mean LDL apoB fractional clearance rate
or the mean LDL cholesterol to apoB ratio.

When the data were combined, LDL apoB concentrations
were decreased (P < 0.01), but there were no changes in the
total LDL apoB production rate (P = 0.06) or in the LDL
apoB fractional clearance rate (P = 0.15). All subjects had a
decrease in the conversion rate of VLDL apoB to LDL apoB
on the high-carbohydrate diet. However, four subjects had an
increase in direct input of LDL apoB that more than offset the
decreased input from IDL. There was a correlation between
the change in LDL apoB production rate and the change in
LDL apoB concentration (Fig. 2), and this relationship had a
significant negative y-intercept.

Discussion

There are three noteworthy findings in this study. First, the
high-carbohydrate diet induced a decrease in LDL cholesterol
concentrations in all subjects, and this decrease was associated
with an increase in the VLDL apoB pool size and with a de-
crease in the flux and the rate constant (Kytic) of the pathway
that converts VLDL into IDL and LDL. Secondly, we could
find no evidence that a solid-food, isocaloric, high-carbohy-
drate, low-saturated-fat diet causes an increase in VLDL pro-
duction by the liver. Thirdly, the metabolic responses of the
diabetic and nondiabetic subjects to the high carbohydrate diet
were very similar.

Mechanisms for the decrease in LDL cholesterol concen-
trations. The study clearly identified one consistent set of met-
abolic changes that contributed to the fall in LDL cholesterol
concentrations in all subjects. The conversion rate of VLDL
apoB to IDL apoB and LDL apoB was decreased in all sub-
jects. The rate constant for the VLDL to IDL conversion
pathway (Kvtic) was also significantly decreased. A simulta-
neous decrease in the flux and the rate constant for this path-
way strongly suggests that one or more of the mechanisms for
converting VLDL to IDL was impaired by the high-carbohy-
drate diet. The increase in VLDL apoB pool size is a logical
consequence of a decrease in VLDL metabolism in the pres-
ence of an unchanged VLDL production rate. An increase in
VLDL apoB with a high-carbohydrate diet has also been found
by other investigators (21-24). Since the conversion of VLDL
to IDL was decreased, there was a significant increase in the
rate of direct uptake of VLDL by the liver, which is the major
alternative pathway for VLDL metabolism. This finding has
been previously reported in hypertriglyceridemic subjects by

Table VI. Mean IDL Apoprotein B Kinetic Data on High-Fat and High Carbohydrate Diets

Nondiabetic Diabetic Combined
HIFAT HICHO HIFAT HICHO HIFAT HICHO
[ApoB] (mg/dl) 3.2+0.3 3.7+0.4 3.8+0.5 3.8+0.6 3.5+0.3 - 3.8+0.3
Flux (mg/kg ffim per day) 8.3+0.9 6.6+0.9 13.0+1.6 10.1+1.2* 10.7+1.1 8.4+0.9%
FCR (pools per day) 5.6+0.7 3.9+0.7* 6.1+£0.9 5.5+1.9 5.9+0.6 4.7+0.6

All values are given as mean+SEM. Abbreviations: HICHO, high-carbohydrate diet; HIFAT, high-fat diet. * P < 0.01; P <0.001;% P <0.0001.
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Table-VII. Changes in LDL Concentrations, Composition, and Kinetics in Nondiabetic Subjects

Direct synthesis

. . ) . Flux from ) Cholesterol
Subject _ Diet [ApoB] [Chol) Total flux IDL FCR Flux ° % total to apoB ratio

mgy/dl . mg/kg ffim per day _ pools per mg/kg .
. ) day ffm per

_ _ , day i

1 HIFAT 70 133 " 98 9.2 0.30 0.6 6 1.89

HICHO 74 111 11.6 8.7 0.31 29 25 1.49

2 HIFAT 54 69 12.9 6.8 0.43 6.1 47 1.27

HICHO 44 57 8.2 3.4 0.33 4.8 58 1.30

3 HIFAT 78 123 12.0 6.7 0.30 5.3 44 1.59

: HICHO - 58 106 . 8.2 43 0.28 3.9 47 1.85

4 HIFAT . 87 119 16.9 12.5 -0.41 44 26 1.37

HICHO 77 91 17.9 8.9 0.48 9.0 50 1.18

5. HIFAT .74 82 15.6 9.0 0.39 6.6 42 1.11

HICHO 58 69 13.6 8.2 0.43 54 40 1.19

6 - HIFAT = - 60 _ 87 9.1 5.8 0.32 3.3 36 1.45

HICHO 46 .83 7.6 4.4 0.36 32 42 1.82

7 HIFAT 62 108 10.0 8.0 0.26 2.0 20 1.72

: HICHO 52 90 8.9 7.3 0.29 1.6 18 1.75

Mean+SEM HIFAT 69+4 1039 12.3+1.1 8.3+0.8 0.34+0.02 4.0+0.8 3246 1.49+0.10

. HICHO 58+5* 87+7* 10.9+1.4 6.5+0.9% 0.35+0.02 4.4+0.9

40+5

1.51+0.11

Abbreviations: Chol, cholesterol; HICHO, high-carbohydrate diet; HIFAT, high-fat diet. * P < 0.01; * P < 0.001; $ P < 0.0001.

Ginsberg et al. (21). The individual increases in the rate of
VLDL apoB direct removal were positively correlated with the:
individual increases in VLDL apoB concentration (Fig. 1).
This positive correlation. suggests that the increase in VLDL
apoB direct removal was a consequence of the increase in
VLDL apoB concentrations.

It might be argued that the high-carbohydrate diet de-
creased the conversion rate of VLDL to IDL by increasing the
activity of the VLDL direct uptake pathway, leaving less
VLDL to be converted to IDL and LDL. If this were the case,
then a decrease in VLDL apoB pool size would have been
expected, and the correlation between the change in VLDL

Table VIII. Changes in LDL Concentrations, Composition, and Kinetics in Diabetic Subjects

Direct synthesis

, . Cholesterol
. ‘ : Flux from ) : ] ~ toapoB
Subject Diet [ApoB] [Chol] Total flux IDL FCR Flux % total " ratio
mg/dl " mg/kg fim per day pools per mg/kg
R - day fim per
day
8 ' HIFAT 66 102 11.8 74 0.44 48 41 1.56
‘ HICHO 53 84 104 6.0 0.45 44 42 1.59
9 HIFAT 45 61 149 10.6 0.63 43 29 1.37
HICHO 47 53 " 170 6.3 0.74 10.7 63 1.12
10 HIFAT 79 126 14.1 11.6 0.30 2.5 18 1.59
- HICHO 76 12 136 9.8 0.31 3.8 28 1.47
11 ' HIFAT 61 74 16.6 16.6 037 | 00 . 0 1.20
HICHO 60 65 19.7 11.6 046 8.1 4 1.09
12 HIFAT 57 102 150 9.6 0.43 5.4 .36 1.79
HICHO - 44 75 10.6 9.3 0.41 1.3 12 1.69
13 HIFAT 73 100 14.6 115 0.36 3.1 21 137
HICHO 58 77 134 9.9 . 0.42 3.5 26 133
14 HIFAT 113 188 189 17.6 0.29 1.3 7. L6T.
HICHO 110 177 . 17.4 14.4 0.27 3.0 17 . 161
Mean+SEM HIFAT 70+8 108+16 15.1+0.8 12.1+1.4 0.40+0.04 31207  22%6  1.51+0.08
o 9.6+1.1% 0.44+0.06 50%1.2 337 1.41+0.09

HICHO  64%9 92+16*  14.6%13

Abbreviations: Chol, cholesterol; HICHO, high-carbohydrate diet; HIFAT, high-fat diet. * P < 0.01; ¥ P < 0.001; ¢ P < 0.0001.*
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Figure 2. Individual changes in LDL apoB concentration as a func-
tion of changes in LDL apoB production rate; r = 0.72, P < 0.01,
slope = 0.03+0.01, intercept = —5.9+1.6, p < 0.01.

apoB concentration size and the change in VLDL direct up-
take should have been negative. Other findings suggesting that
the activity of the VLDL direct uptake pathway was un-
changed by the high-carbohydrate diet are the unchanged rate
constant (Kpy) for this pathway, and the observation that the
y-intercept for the regression between the changes in VLDL
pool size and VLDL direct uptake (Fig. 1) could not be distin-
guished from zero; i.e., wg: could not detect any change in
VLDL direct uptake that was independent of the change in
VLDL apoB concentrations. '

We do not know the exact: mechanism by which the high-
carbohydrate diet impaired the conversion of VLDL to IDL,
but the mechanism must involve removal of triglyceride from
VLDL particles. Possibilities include a change in VLDL com-
position that decreased the affinity of VLDL for lipoprotein
lipase or hepatic lipase, a decrease in activity of either hepatic
lipase or of lipoprotein lipase (25), or a decrease in the ex-
change of VLDL triglyceride for HDL cholesterol. We were
unable to find any changes in VLDL composition in terms of
the ratios of cholesterol, triglyceride, phospholipid and apo-
protein B (data not shown). Other investigators have reported
changes in the apolipoprotein composition of plasma on a
high-carbohydrate diet (22, 26) that may influence lipolysis. A
decrease in the activity of lipoprotein lipase in postheparin
plasma has also been reported (27, 28).

The VLDL triglyceride data are consistent with the hy-
pothesis that the high-carbohydrate diet decreased the activity
of mechanisms that remove triglyceride from VLDL, even
though the mean FCR for VLDL triglyceride did not decrease.
The FCR for VLDL triglyceride is influenced by both the
activity and the degree of saturation of all processes that re-
move VLDL triglyceride from plasma. These processes in-
clude removal of whole VLDL particles from the plasma, the
triglyceride content of the particles being preferentially re-
moved, lipolysis of triglyceride, and cholesterol/triglyceride ex-
change with HDL. A decrease in triglyceride removal from
VLDL would tend to decrease the mean FCR for VLDL tri-
glyceride. However, this decrease could have been offset by
either of two factors. First, there could be an increase in the

triglyceride content of the VLDL particles being preferentially
removed by the hepatic direct uptake pathway. This is sup-
ported by the finding that although mean VLDL apoB pool
size increased on the high-carbohydrate diet, there was no
change in the VLDL triglyceride pool size. Secondly, the
changes in activity of the VLDL direct removal pathway (Kpy)
were very variable in this study. Two subjects had particularly
large increases in Kpy associated with increases in VLDL tri-
glyceride FCR (individual data not shown). Both of these indi-
viduals had a decrease in the flux and the rate constant for
VLDL conversion of apoB to IDL apoB, which may be a better
index of a change in activity of mechanisms that remove tri-
glyceride from VLDL.

Although a decrease in conversion of VLDL to IDL was a
consistent finding in all subjects studied, it probably does not
account for all of the decrease in LDL cholesterol concentra-
tions. There is evidence for two other mechanisms. Fig. 2 sug-
gests that there was an increase in activity of LDL apoB clear-
ance mechanisms on the high-carbohydrate diet. There was a
significant negative y-intercept in the regression between the
change in LDL apoB production rate and the change in LDL
apoB concentration. In those subjects who had no overall de-
crease in LDL production rate, there was still a decrease in
LDL apoB pool size. This implies that there was an increase in
activity of the mechanisms that clear LDL from plasma, at
least in those subjects whose data points lie close to the y-axis.
The possible causes of an increase in clearance are an increase
in affinity of LDL particles for the LDL receptor, and an in-
crease in LDL receptor number. A high-carbohydrate diet has
been reported to increase affinity of LDL particles for the LDL
receptor (29).2 This is probably the cause of the increase in
activity of LDL clearance mechanisms that we found. An in-
crease in LDL receptor number cannot be excluded, but seems
less likely as there was no evidence in the VLDL and IDL data
for an increase in the activity of mechanisms that directly
remove VLDL and IDL from the plasma.

Four subjects had an increased direct input of LDL apoB,
with no overall change in LDL apoB concentration. The de-
crease in LDL cholesterol concentrations in these subjects was
thus dependent on a decrease in the ratio of LDL cholesterol to
apoB. This change was not noted as consistently in our study
as it has been by previous investigators (21, 22, 30), probably
because of differences in the dietary modifications used.

High-carbohydrate diets and VLDL production. Increased
plasma triglyceride concentrations are associated with athero-
sclerosis in patients with NIDDM (11, 12). Thus, with regard
to the safety of high-carbohydrate diets, it is important to
know that they do not increase either the concentration or the
flux of potentially atherogenic VLDL particles. Although
VLDL apoB pool size was increased in this study, it was not
because of an increase in production rate of VLDL particles by
the liver. It is not known whether this increase in VLDL apoB
pool size is associated with an increased risk for atherosclero-
sis. It is also not known whether this increase in VLDL apoB
pool size would occur on a high-carbohydrate diet with an ad
libitum caloric intake.

2. Hara, H., W. G. H. Abbott, L. Patti, G. Ruotolo, B. A. Swinburn,
Rose M. Fields, S. Kataoka, and B. V. Howard. Increased receptor
binding of LDL from individuals consuming a high carbohydrate, low
saturated fat diet. (Manuscript submitted for publication.)
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‘An increase in plasma and VLDL triglyceride concentra-
tions with isocaloric high-carbohydrate diets has been reported
in some but not all high carbohydrate diet studies (8). The
mechanism for ‘this carbohydrate-induced hypertriglyceride-
mia is not definitely known. Evidence for a decrease in VLDL
triglyceride metabolism can usually be found in kinetic studies
of subjects on high-carbohydrate diets (31-34). Our data also
indicate that a decrease in metabolism of VLDL occurs. The
failure to find an increase in VLDL triglyceride concentrations

suggests that the increase in VLDL removal by the liver was.

sufficient to counteract the decrease in metabolism. An in-
crease in VLDL triglyceride production rate has usually been
found in kinetic studies of subjects who develop carbohy-
drate-induced hypertriglyceridemia (24, 33, 34), and an in-
crease in VLDL triglyceride production rate is probably neces-
sary for carbohydrate-induced hypertriglyceridemia to occur.
Increased VLDL production rates have been noted with su-
crose compared with starch (31), and with saturated fats com-
pared with unsaturated fats (35). Isocaloric high-carbohydrate
diet studies that increase simple sugars (24, 33, 34, 36) or
reduce unsaturated fatty acids (36, 37) may be more likely to
show a carbohydrate-induced rise in tnglycende concentra-
tions.

In summary, there were no significant differences between
the diabetic and the nondiabetic subjects in the response of
apoB and triglyceride kinetics to a high-carbohydrate, low-sat-
urated-fat diet. This diet did not induce hypertriglyceridemia,
and there was no increase in the production rate of VLDL
apoB or VLDL triglyceride. Three mechanisms could be iden-
tified that contributed to the decrease in LDL cholesterol con-
centrations. A decrease in the activity of the mechanisms that
convert VLDL to IDL and LDL was a significant factor in all
subjects. This could be due to a decrease in lipolysis of VLDL
triglyceride, or to a decrease in triglyceride exchange with
HDL. An increase in the activity of mechanisms that clear
LDL apoB from plasma, and a decrease in the LDL cholesterol
to apoB ratio also contributed to the decrease in LDL choles-
terol concentrations in some subjects.
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