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Abstract

The individual effects of dietary cholesterol and fat satura-
tion on plasma lipoprotein concentrations were determined
in an ethnically diverse population of normolipidemic young

men (52 Caucasian, 32 non-Caucasian). The experimental
diets contained - 200 or 600 mg/d of cholesterol, 36-38%
of calories as fat, and high or low proportions of saturated
and polyunsaturated fat (polyunsaturated/saturated fat ra-

tio - 0.8 vs 0.3). At the lower cholesterol intake, the high
saturated fat diet had only a modest effect on LDL choles-
terol in Caucasians (+ 6 mg/di`) and none in non-Cauca-
sians. 600 mg cholesterol with high saturated fat led to a

substantial mean increase in LDL cholesterol, which was

significantly greater in Caucasian than in non-Caucasian
subjects (+ 31 mg/dl vs 16 mg/dl, P < 0.005). 600 mg

cholesterol with increased polyunsaturated fat gave a mean

LDL increase of 16 mg/dl, lower than found when the same

high cholesterol intake was coupled with increased saturated
fat. Variation in cholesterol rather than the proportions of
saturated and polyunsaturated fat had the most influence
on LDL-cholesterol levels. Among non-Caucasians it was

the only significant factor. (J. Clin. Invest. 1995. 95:611-
618.) Key words: cholesterol * dietary fats -ipoproteins
LDL-cholesterol * cholesterol acyltransferase

Introduction

Changes in dietary fat saturation and cholesterol content, alone
or in combination, have often been demonstrated to modify
plasma cholesterol and, in particular, that in LDL (1, 2). That
is, transfer to a diet rich in cholesterol and saturated fat usually
increases LDL cholesterol (LDL-C)' while diets reduced in
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1. Abbreviations used in this paper:CETP, cholesteryl ester transfer
protein; EC, esterified cholesterol; FC, free cholesterol; HC-PUFA, high
cholesterol polyunsaturated fat; HC-SFA, HC saturated fat; IDL, inter-
mediate density lipoprotein; LCAT, lecithin: cholesterol acyltransferase;
LC-PUFA, low cholesterol PUFA; LC-SFA, low cholesterol SFA; LDL-
C, LDL cholesterol; P/S, polyunsaturated/saturated fat ratio; TC, total
cholesterol; TG, triglyceride.

cholesterol and enriched in unsaturated fat have an opposite
effect. Some investigators have concluded that the effect of
saturated fat is most important (3-5). Others have concluded
that dietary cholesterol may be more important, particularly
when the diet is rich in saturated fat (6-8). Additionally, indi-
vidual saturated fatty acids can have variable effects on LDL-
C (9, 10).

The origin of cholesterol in LDL has recently become much
better defined. Much of the cholesteryl ester in plasma is synthe-
sized in HDLfrom lipoprotein or cell membrane free cholesterol
by the action of lecithin:cholesterol acyltransferase (LCAT)
and part of this is transferred, by the action of cholesteryl ester
transfer protein (CETP) to VLDL or its products, intermediate
density lipoprotein (IDL) and LDL (11). However newly se-
creted plasma VLDL, the precursor of plasma LDL, already
contains significant amounts of cholesteryl ester (12). The ac-
tivities of both LCAT and CETP are increased postprandially
(13, 14). LCAT and CETPactivities are also modified by diet
(15). The cholesterol content of newly secreted VLDL may
also be under dietary control. Changes in plasma LDL-C con-
centrations could be the result of changes in the activities of
LCAT or CETP in plasma, the cholesterol content of newly
secreted VLDL, or the rate of removal of LDL from the circula-
tion (16-18).

In the study reported here, we asked whether the amount of
cholesterol consumed, or the saturation of dietary fat, was more
important in determining plasma and LDL cholesterol level;
and whether changes in plasma cholesterol metabolism in fast-
ing and postprandial plasma could explain changes in plasma
cholesterol concentration.

Most studies of the effects of dietary lipids on plasma lipo-
proteins have been carried out in populations either largely
Caucasian or undefined. Because our study population was eth-
nically diverse, we could evaluate the influence of ethnicity on
the response to dietary fat and cholesterol. The data we obtained
suggest that it may have a significant role, particularly in re-
sponse to saturated fat.

Methods

Selection criteria. Individuals recruited to this study were healthy, non-
smoking males (25-35 yr). Weexcluded those with plasma cholesterol
levels above the 90th percentile or below the 5th percentile for age,
those with triglycerides above the 80th percentile (19), or those with
a history of systemic disease such as diabetes or renal failure. Men
whose body weight deviated more than 10% from their ideal body
weight range for height and frame size (based on the 1983 Metropolitan
Life Insurance tables) were also excluded. The protocol, all procedures,
and consent forms were reviewed and approved by the University of
California Committee on Human Research.

Food Intake. Subjects consumed only meals prepared individually
in the General Clinical Research Center. Three meals per day plus a
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Table L Chemical Analysis of Nutrients for the Four Lipid
Study Diets

Nutrient LC-PUFA LC-SFA HC-PUFA HC-SFA

kcal 3,018±109 3,144±61 3,088±146 3,049±50
Protein (g) 113.3±14.2 99.2±1.8 116.7±12.1 106.5±12.7
Fat (g) 123.1±3.0 132.6±2.5 132.2±8.3 120.3±9.9
Carbohydrate (g) 363.5±32.9 388.1±17.5 357.8±6.1 384.1±21.7
Saturated Fat (g) 35.8±2.7 55.5±1.4 43.6±3.8 58.9±6.4
Polyunsaturated

Fat (g) 29.7±1.2 21.1±3.6 35.2±3.5 16.4±0.9
Monounsaturated

Fat (g) 57.6±2.8 56.0±4.4 53.4±3.8 44.8±6.2
Cholesterol (mg) 175.5±40.2 202.5±3.3 602.8±55.8 635.4±45.1

Percentage kcal
Protein 15.1±2.2 12.6±0.2 15.1±0.90 14.0± 1.9

Percentage kcal
Carbohydrate 48.1±3.0 49.4±1.4 46.4±1.4 50.4±2.2

Percentage kcal
Fat 36.7±0.7 38.0±1.1 38.5±1.0 35.5±2.9

14:0 (g) 2.7±0.5 5.3±0.6 2.9±0.8 7.6±1.3
16:0 (g) 20.3±1.8 27.9±1.2 24.2±2.3 30.9±3.0
18:0 (g) 9.6±0.9 16.0±0.8 12.7±0.2 14.1±1.1
16:1 (g) 1.2±0.3 1.8±0.4 1.4±0.5 2.0±0.1
18:1 (g) 55.5±2.5 52.7±4.3 51.4±3.5 41.4±6.0
18:2 (g) 27.5±1.0 19.0±2.8 32.0±3.4 15.0±1.3
18:3 (g) 2.2±0.5 2.1±0.8 3.0±0.1 1.4±0.1

Total fat calculated from composites. Saturated, monounsaturated and polyunsatu-
rated fat represent the total mass of fatty acids. In the report of individual fatty
acids, gas-liquid chromatography peaks containing <0.2% of total fatty acids are
not included. Values are means±SD of the 3-d diet cycle. Diet composites were
analyzed by Hazelton Labs America, Madison, WI.

snack were provided. The caloric content of the food was calculated to
maintain body weight. Body weight was maintained within 3 lbs of
starting weight for each individual throughout the 6-wk study. Energy
requirements were estimated from the Harris-Benedict equation (20)
and a detailed physical activity questionnaire. Body weights were mea-
sured daily, and exercise levels were kept constant and monitored by
the dietician. All food was prepared using recipes designed for this
study; no formulas or liquid supplements were used.

Experimental design. Upon first entry into the study, all subjects
consumed for a 2-wk washout period a baseline diet designed to contain

- 200 mg/d cholesterol and a high proportion of unsaturated fat. The
compositions of this diet (low cholesterol, high polyunsaturated fat diet
[LC-PUFA]) and others consumed in this study were confirmed by
chemical analysis (Table I). Subjects were consecutively assigned to
one of four diet groups after the washout period. One group continued
to eat the baseline (LC-PUFA) diet for a further 4 wk (Fig. 1). The
other three groups changed at that time to diets low in cholesterol but
high in saturated fat (LC-SFA), high in cholesterol and high in saturated
fat (HC-SFA), or high in cholesterol and high in polyunsaturated fat
(HC-PUFA) (Table I).

At the beginning (day 1) and the end (day 15 ) of the 2-wk washout
period, blood was collected after an overnight fast. Postprandial blood
sampling was done after each subject consumed a test meal. For this
and all subsequent postprandial tests (Fig. 1) the test meal consisted of
one third of daily calories, fat, and cholesterol of the diet being con-
sumed during the previous two wk. On days 1 and 15 an LC-PUFA
test meal was consumed. Further blood samples were drawn 3, 6, 9,
and 12 h postprandially. During this period no food was taken. In
each case, blood was withdrawn into ice-cooled plastic tubes containing
sodium citrate (pH 7.0, final concentration 0.01 M) and immediately
cooled at 0°C to inhibit esterification of free cholesterol by LCAT or
the transfer of preformed cholesteryl esters among plasma lipoprotein
classes. Plasma was obtained by centrifugation at 2-4°C (2,000 g, 30
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Figure 1. Experimental design. Squares indicate the timing of fasting
and postprandial blood sampling. Diets consumed in the washout and
experimental periods are described in Table I.

min) and used in the assays described below. In addition, at weeks 4
and 6 of the study, i.e., after 2 and then 4 wk of the experimental diets,
fasting plus four postprandial blood samples at 3-h intervals were again

obtained after a test meal.
Determination of plasma lipoprotein concentrations. Plasma and

lipoprotein total and free cholesterol (TC, FC) and triglyceride (TG)
were determined by automated enzymatic assays with an autoanalyzer
(Cobas Mira; Roche Laboratories, Nutley NJ) (21, 22); except that
in the case of VLDL cholesterol levels, where the high postprandial
concentration of triglyceride-rich particles affected the linearity of the
enzymatic cholesterol assay, an ABA-100 chromatic analyzer (Abbott
Laboratories, North Chicago, IL) was used. All assays were routinely
calibrated against plasma samples provided by the Center for Disease
Control, Atlanta, GA. Total cholesterol and triglyceride were measured
with reagents supplied by Roche Diagnostics (Branchburg, NJ); free
cholesterol was determined with cholesterol oxidase (Wako Chemicals,
Richmond, VA). Plasma free and total HDL cholesterol were assayed
in plasma after precipitation of VLDL and LDL with dextran sulfate
and Mg"+ (23). Portions of plasma were centrifuged after adjustment
of density to 1.006 or 1.019 glml. VLDL total cholesterol and triglycer-
ide were determined by autoanalyzer on the d 1.006 g/ml supernatant
fraction (24). IDL (1.006 < d < 1.019 g/ml) was determined as the
difference between the concentration of cholesterol or triglyceride in

the d 1.019 and d 1.006 g/ml supernatant fractions. LDL lipid was

determined as: (plasma - [HDL + IDL + VLDL]). Triplicate samples
were assayed in each case, with a coefficient of variation of <2%.
Plasma and lipoprotein lipid values are expressed as milligrams per
deciliter plasma.

Determination of LCAT and CETP activities. LCAT activity was

determined as the rate of decrease of plasma FC mass with time at 370C
in the presence of 10 mMTris-HCL buffer, 1 mMdisodium EDTA
(pH 7.4) (25). This is equivalent to the rate of increase of total plasma
esterified cholesterol (EC). In the same plasma samples we also mea-

sured the rate at which EC increased in HDL at 37TC. The rate of EC
transfer to VLDL and LDL from HDL (26) was then calculated as:

[Increase in VLDL, LDL EC] = [Increase in total plasma EC
- increase in HDLEC].

Pentuplicate samples were assayed at each time point, with a coeffi-
cient of variation of < 1.0% in each case.

Data analysis. The design of this study required a 2-wk washout
phase followed by 4 wk of an experimental diet. To avoid possible
variability due to the habitual diet all subjects received the identical
LC-PUFA washout diet. The purpose of this design was to attempt to
achieve a common baseline for all subjects.

The autoanalyzer output was captured into computer (IBM80; IBM
Corp., Armonk, NY) using custom software. The statistical analyses
were performed using the SAS statistical software package (SAS Insti-
tute, Cary, NC). Evaluation of the fasting lipoproteins at weeks 2, 4,
and 6 used one-way ANOVAmethods. Analysis of the postprandial
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Table II. Physical Characteristics of Study Subjects

Diet Group

LC-PUFA LC-SFA HC-PUFA HC-SFA

n 21 21 20 22
Age (yr) 27.5±2.9 29.6±3.1 30.0±2.9 29.2±2.8
*Body Mass Index 23.4±1.8 23.8±2.4 23.7±1.6 23.5±2.0
tMaintenance Energy

Requirement
(kcal) 3,254±619 3,188±412 3,206±407 3,258±617

BEE (kcal) 1,757±124 1,829±205 1,822±114 1,761±169
IlActivity Factor 1.8±0.3 1.7±0.2 1.7±0.2 1.8±0.3
Race (%)

Caucasian 67 57 60 64
Asian 14 14 20 18
Black 14 10 10 9
Hispanic 5 19 10 9

* Body mass index in weight (kg)/height (M2). I Calculated energy intake needed
to maintain weight within 3 pounds throughout the study period (BEE X Activity
Factor). ' Calculated basal energy expenditure using the Harris-Benedict equation.
11 Estimated from a modified exercise questionnaire (Maximize Your Body Poten-
tial, Joyce D. Nash, Ph.D., Palo Alto: Bull Publishing Company, 1986). Values
are means±SD.

means obtained over 12 h required a repeated measures structure for
ANOVA. For some analyses, differences from baseline were used to
assess the magnitude of change. As an alternative to posthoc tests, we
constructed contrast statements rather than test all pairwise multiple
comparisons (27). These specific statistical tests were used to evaluate
the impact of either the fat and/or cholesterol components of the experi-
mental diets and to subdivide the total statistical variability. Because
there are only two levels of each of the two factors (fat and cholesterol)
the hypotheses tested by the defined contrasts for the fat and cholesterol
components are the same as the two main effects in a two-way factorial
design. When a comparison of two diet groups was needed following
an ANOVAprocedure, a t test on the adjusted group means was carried
out. This uses the mean square error as in multiple comparison proce-
dures. Correlations between the fasting values at 2-wk intervals and
between postprandial measurements were assessed using Pearson's cor-
relation coefficient.

Results

A total of 96 subjects was evaluated and met the eligibility
criteria described above. A complete data set was collected
from 84. The remaining individuals withdrew either before (six
subjects) or during (five subjects) the study, or incomplete data
were collected (one subject). Mean entry age, body mass index,
activity level, and energy requirement of the 84 individuals are
shown in Table II. About 60% of the volunteers in each group
was Caucasian, while the remainder was made up of similar
proportions of Black, Asian, and Hispanic volunteers (11, 16,
and 11%, respectively). This is similar to the proportions of
the same groups in the population from which the volunteers
were drawn. As assessed by a 5-d food record and 24-h recall,
there were no major differences in the nutrients reported con-
sumed by subjects from different ethnic groups, nor between
those individuals of all ethnic groups who were later assigned
to the four diet groups. The percentage of total calories as fat
in the habitual diet reported averaged 35%. The mean calculated
cholesterol intake was 350 mg/d.

Fasting cholesterol concentrations. At the beginning of the
washout period (day 1) the plasma cholesterol level

Table III. Fasting Plasma Cholesterol and Triglyceride
Concentrations

Week 2 end
Diet Lipid of washout Week 4 Week 6

LC-PUFA TC 162.1±25.6 161.8±26.1 160.3±24.7
(n = 21) TG 75.9±35.3 79.3±38.4 72.0±26.7

LC-SFA TC 163.6±31.7 166.1±28.6 165.2±24.7
(n = 21) TG 92.6±49.1 93.2±47.2 101.3±58.8

HC-PUFA TC 166.8±24.8 185.7±26.1* 186.0±27.4$
(n = 20) TG 73.4±22.7 80.8±26.0 80.8±22.0

HC-SFA TC 164.2±22.0 196.0±23.9* 193.5±29.5*
(n = 22) TG 65.7±19.2 85.6±33.2* 83.3±29.2*§

Values are means± 1 SD. Increase from end of washout compared with
the change after either LC diet for the same time interval. * P < 0.0001.
* P < 0.003. ' HC-SFA vs LC-PUFA only.

(mean±SD) for all subjects was 172±28 mg/dl-' and plasma
triglyceride was 86±37 mg/dl. LDL-C was 112±23 mg/dl and
HDL-cholesterol was 49±13 mg/dl. Day 1 plasma total and
LDL-C levels were slightly lower for Caucasians than for non-
Caucasians (TC: 168 vs 179 mg/dl, P = 0.15; LDL-C: 107 vs
119 mg/dl, P = 0.03). After 14 d of the washout diet the mean
LDL fasting value in Caucasians (101 mg/dl on average) was
now much lower compared with the other three groups (Asians
121 mg/dl; Blacks 121 mg/dl; Hispanics 118 mg/dl) (four-
way comparison, P = 0.006). The P values for the difference
between LDL values at day 15 in Caucasians compared with
Asians, Blacks, and Hispanics were 0.03, 0.01, and 0.02, respec-
tively. As a result when the Caucasian group was compared
with the combined non-Caucasians, mean fasting total choles-
terol and specifically its LDL component, were significantly
higher for non-Caucasians after the washout diet (P = 0.002
and 0.002, respectively). Mean fasting IDL cholesterol was also
higher after the washout diet in the non-Caucasians (5.4 vs 4.2
mg/dl, P = 0.02) as was the free cholesterol (44.7 vs 40.4 mg/
dl, P = 0.004). At the end of the washout period the mean
concentration of VLDL cholesterol in all subjects was 7.6±5.6
mg/dl, and that of HDL 43.8±10.5 mg/dl. The concentration
of triglyceride in VLDL was 41.0±29.0 mg/dl and in IDL it
was 4.0±4.7 mg/dl. There was no significant difference in these
concentrations when Caucasian and non-Caucasian groups were
compared.

Mean cholesterol concentrations among the four diet groups
were found to differ after the first 2 wk of the experimental
diets (Table Ill). Those continuing on the LC-PUFA diet (both
Caucasians and non-Caucasians) did not demonstrate any sig-
nificant change in mean values over the experimental period in
either plasma or LDL cholesterol. This result indicates that
equilibrium had been reached during the 2-wk washout period.
In the LC-SFA group, whose diet now contained more saturated
and less polyunsaturated fat but a similar low cholesterol con-
tent, there was also little mean change in fasting plasma choles-
terol level. At the beginning of the experimental period, mean
plasma cholesterol was 164 mg/dl, while after 2 and 4 wk of
saturated fat diet it averaged 166 and 165 mg/dl, respectively
(Table HI). The change in saturated fat content (LC-PUFA vs
LC-SFA) did not affect mean LDL-C overall or within the
non-Caucasian subgroup, but when the Caucasian group was
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Table IV. Mean Weeks 2 and 4 Fasting Plasma LDL-C by Diet and Ethnic Group

Total Caucasian Non-Caucasian
(n = 84) (n = 52) (n = 32)

Diet Mean Change Mean Change Mean Change

LC-PUFA 106.2 103.8 111.0
104.2 -2.0 101.7 -2.1 109.2 -1.8

LC-SFA 108.7 96.3 123.9
112.0 3.3 102.6 6.3 123.2 -0.7

HC-PUFA 109.2 100.6 122.1
124.8 15.6 119.0 18.4 133.5 11.4

HC-SFA 108.7 102.0 120.4
134.1 25.4 132.9 30.9 136.2 15.8

Comparison of fasting LDL-C by diet at week 2: Total, P = 0.98; Caucasian, P = 0.74; non-Caucasian, P = 0.84. LDL-C values are from the end
of the washout (week 2 of study) and after 2 wk of experimental diet (week 4 of study).

Change in fasting LDL-C: Total Caucasians Non-Caucasians

Cholesterol effect
LC-PUFA vs HC-PUFA P < 0.0001 <0.0001 NS
LC-SFA vs HC-SFA P < 0.0001 <0.0001 0.04

Fat effect
LC-PUFA vs LC-SFA P = NS 0.05 NS
HC-PUFA vs HC-SFA P = 0.02 0.004 NS

considered separately, LDL-C means differed between the end
of the washout period and after 2 wk of the experimental diet
(P = 0.05, Table IV). A different result was obtained with the
HC-SFA diet, which compared to the washout had higher levels
of both saturated fat and cholesterol. In this case there was an
overall mean increase of 32 mg/dl in plasma total cholesterol
after 2 wk. Most of the change (+ 25 mg/dl on average) was
in LDL (Fig. 2). There was a significantly greater response in
Caucasian than in non-Caucasian subjects (Table IV) (30.9
mg/dl vs 15.8 mg/dl, P = 0.004). On the HC-PUFA diet,
where increased cholesterol was combined with more polyun-
saturated fat, total plasma cholesterol also increased compared
to the washout period. The mean increment was + 19 mg/dl in
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Figure 2. Changes in the concentration of LDL and HDLcholesterol
on the four test diets during the experimental period. The data shown
are the difference in the mean fasting values between the end of the
washout period and after 2 wk of each experimental diet. (Open bars)
LC-PUFA; (light shading) LC-SFA; (heavy shading) HC-PUFA; (filled
bars), HC-SFA.

this case (P < 0.001 compared to washout), significantly less
than with the HC-SFA diet (P = 0.001). This same relationship
was observed in the LDL-C component (P = 0.02, Table IV).
However the response of the non-Caucasians to the HC-SFA
and the HC-PUFAdiets did not differ significantly. These data
indicate that in the presence of either high or low cholesterol
intake, there was a significant response to saturated fat among
the Caucasian subjects but not among the non-Caucasians.

The distributions of individual changes in LDL-C over the
first 2 wk of the experimental diets for the LC-PUFA, LC-SFA,
HC-PUFA, and HC-SFA diets are shown in Fig. 3. In the case
of the HC-SFA diet group, it was observed that seven of eight
values for the non-Caucasian subjects were less than the mean
for the Caucasians.

There was no significant correlation between LDL choles-
terol concentration at the end of the washout period and any
subsequent increase in LDL cholesterol found on the HC-PUFA
or HC-SFA diets (r = 0.27, P = 0.09). On all of the diets,
there was no further significant change in plasma or LDL cho-
lesterol levels when the same diet was continued for a further
2 wk.

After the washout there was no difference in mean fasting
HDLcholesterol when analyzed by diet or race. The magnitude
of change from the washout during the experimental diet period
(Fig. 2) did not differ statistically by diet either overall or for
any pairwise combination.

Postprandial effects on plasma cholesterol levels. There
was significant difference among the fasting mean plasma free
cholesterol concentrations at weeks four and six in that on aver-
age, higher levels were observed in individuals consuming cho-
lesterol-rich diets (four-way ANOVA, P = 0.005 and 0.006,
respectively); but acute postprandial changes were similar with
all of the four test meal cholesterol/fat combinations. The re-
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Figure 3. LDL cholesterol response of individual donors in response to
the four experimental diets. Values shown are the difference between
fasting concentrations at the end of the washout period and after two
weeks of experimental diet. (Closed circles) Caucasian subjects, (open
circles) non-Caucasian subjects. Arrows indicate mean LDL-C for the
combined diet group.

sults after an HC-SFA test meal at weeks 2, 4, and 6 are shown
in Table V. Values rose by 1-2 mg/dl at 3-9 h and then
decreased again to fasting levels at 12 h.

The pattern of EC response above fasting levels was also
similar with each of the four test meals at 2, 4, and 6 wk. HDL
EC levels increased from fasting levels by 12 h postprandially
(+ 1.6, 1.8, and 1.9 mg/dl on average at weeks 2, 4, and 6).
This was a significant difference at each time point (P
< 0.0001). Fig. 4 displays the magnitude of change from fast-
ing for the HC-SFA diet at weeks 2, 4, and 6. The rest of the
postprandial increase in cholesteryl ester was found in LDL.
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0 3 6 9 12 0 3 6 9 12 0 3 69 12
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Figure 4. Changes from fasting in lipoprotein cholesterol content in
postprandial plasma at the end of the 2-wk washout period (left) and
after 2 wk (center) and 4 wk (right) consumption of the HC-SFA diet.
Values are the mean differences of all subjects in this experimental
group. (Open circles) VLDL cholesterol; (closed circles) IDL + LDL
cholesterol; (closed triangles) HDL cholesterol. Comparable changes
were found in the other diet groups.

These changes were part of a marked redistribution of choles-
terol between plasma lipoprotein classes. There was first a sig-
nificant but transient postprandial increase of VLDL cholesterol
(P < 0.0001) peaking simultaneously with triglyceride after 3
h. There was a simultaneous but opposite pattern in the choles-
terol content of the LDL+ IDL fraction. Later in the postprandial
cycle (9-12 h) these effects were reversed, so that the major
final effect (12 h) was an increase in LDL+ IDL ECover initial
levels (P < 0.0001).

Fasting triglyceride levels. After the washout, mean fasting
triglyceride values differed somewhat among the four diet
groups, with those individuals selected to receive the LC-SFA
diet having a higher concentration (Table III, P = 0.07). There-
fore, subsequent changes in TG concentration were related to
baseline values obtained at the end of the washout period. After
2 wk of the experimental diets a significant increase in mean

TG occurred among those receiving a high cholesterol diet
(+ 13.9 mg/dl for the combined HC-PUFA and HC-SFA
groups vs + 2.0 mg/dl for the combined LC-PUFA and LC-
SFA groups, P = 0.003). This difference may, however, reflect
at least in part the higher initial concentration of TG in the LC-
SFA group. No further change occurred between weeks 4 and
6. In addition, no difference between Caucasians and non-Cau-
casians occurred in fasting TG after the washout phase or in
the increase in TG at weeks 4 and 6 of the study.

Table V. Plasma Fasting and Postprandial Free and Esterified Cholesterol after the HC-SFA Diet

Hours postprandial

Study week 0 3 6 9 12

Week 2
FC 41.4±6.5 42.7±6.3 42.2±6.1 42.7±6.5 41.8±6.0
EC 122.9±15.9 121.0±15.1 122.4±13.3 125.5±14.0 126.0±13.8

Week 4
FC 50.3±8.4 51.6±8.0 52.1±8.5 51.6±8.5 50.7±8.9
EC 145.7±17.0 144.5±16.6 146.8±18.0 149.7±18.6 150.8±19.2

Week 6
FC 51.0±8.2 51.8±9.1 52.3±8.8 51.6±8.1 51.1±9.1
EC 142.5±21.6 137.8±21.9 139.1±21.7 141.7±21.1 144.0±23.6

Values shown are mean±SD.
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Figure 5. Changes in plasma triglyceride during postprandial lipemia
for each diet. (Circles) end of the 2-wk washout diet period; (triangles)
after 2 wk of experimental diets; (squares), after 4 wk of the experimen-
tal diets. Values shown are means for all subjects in each experimental
group.

Postprandial triglyceride concentrations. The absorption of
dietary fat was followed by a doubling of the fasting level of
plasma triglyceride 3 h postprandially, typically followed by a
decline below fasting levels at 9-12 h (Fig. 5). Fasting triglyc-
eride was highly predictive of the magnitude of postprandial
response at 3 h at weeks 2, 4, and 6 (r = 0.70, P < 0.001 ). We
also found a lower 3-h postprandial triglyceride concentration in
Caucasians compared with non-Caucasians (at the end of the
washout period, 137.6 vs 180.0 mg/dl, P = 0.03; after 2 wk of
experimental diet, 169.2 vs 208.0 mg/dl, P = 0.04; after 4 wk
of experimental diet, 167.8 vs 200.0 mg/dl, P = 0.06). For the
entire postprandial interval these differences persisted.

Fasting and postprandial plasma LCATactivity. There was
a significant difference in mean LCAT activity among the four
diet groups at the end of the washout period, with the LC-PUFA
and LC-SFA groups (20.0 and 21.3 ug/ml per h, respectively)
being higher than the HC-PUFAand HC-SFA groups (15.5 and
14.9 pg/ml per h, respectively) (P = 0.0004). After 2 wk of
the experimental diets the mean fasting rate of LCAT activity
decreased for those consuming a low cholesterol diet, while it
increased with a high cholesterol diet, resulting in equivalent
mean fasting rates (LC-PUFA 16.7, LC-SFA 18.0, HC-PUFA
17.7, and HC-SFA 17.3 ug/ml per h, respectively). After a
further 2 wk (4 wk in all on the experimental diets) mean fasting
values in each case tended to return towards their original values
(LC-PUFA 18.0, LC-SFA 19.7, HC-PUFA 16.2, and HC-SFA
16.6 ,pg/ml per h, respectively) (P = 0.18).

All four diets resulted in a generally similar pattern in the
12-h postprandial period after 2 wk of experimental diet (Fig.
6) but with a significant difference among the five means ob-
tained at 3-h intervals (P < 0.0001). Activities increased post-
prandially above fasting baseline values with a peak at 6 h,
lagging from the maximum postprandial triglyceride concentra-
tion (3 h), and then decreased to close to their original values
by 12 h, indicating a curvilinear effect. At week 4 the highest
postprandial response was found in the HC-PUFAgroup, while
a lower response was found with the HC-SFA diet. However,
the difference in the level of postprandial response due to diet
(Fig. 6) was of only borderline significance (P = 0.06). No
difference occurred at 6 wk.

There was a modest but significant difference between Cau-
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Figure 6. Fasting and postprandial values for LCAT activity (above)
and CETPactivity (below) after 2 wks on the four experimental diets.
(Circles) LC-PUFA; (triangles) LC-SFA; (squares) HC-PUFA; (dia-
monds) HC-SFA.

casian and non-Caucasian groups in baseline fasting LCAT ac-

tivity (16.7±5.7 vs 19.8±6.6 ,ig/ml per h, P = 0.03), along
with a difference in the test meal response over 12 h of LCAT
values (wk 2) (P = 0.05). This ethnic difference was not seen

after 4 wk of experimental diet, however.
A significant correlation was found between LCAT and tri-

glyceride values both in fasting plasma and 3 h postprandially.
In fasting plasma, this correlation at weeks 2, 4, and 6 was r

= 0.56, P < 0.001; r = 0.32, P = 0.003; and r = 0.41, P
< 0.001. In 3 h postprandial plasma, the correlation at weeks
2, 4, and 6 was r = 0.51, P < 0.001; r = 0.36, P = 0.001; and
r = 0.39, P < 0.001.

Fasting and postprandial plasma CETPactivities. On aver-

age there was little or no net transfer of cholesteryl esters from
HDL to VLDL and LDL in fasting plasma after the washout
period (overall mean - 0.5 tig ml/h EC transferred, vs an aver-

age of 18.0 ug/ml per h EC synthesized by LCAT). After 2
wk of the experimental diets there was a significant difference
among the 0-12-h interval means (P < 0.0001) with maximal
activity with all of the four diets at 3 h. coincident with the
maximum of plasma triglyceride (Fig. 6). A significant diet
effect was also observed at this time (P = 0.006) with the
highest activities found with the HC-PUFA and HC-SFA
groups. However, the diet and postprandial effects became non-

significant after 4 wk of the experimental diets. Lower CETP
values (P = 0.03) were found in the Caucasians after 2 wk of
the study diets, but were not observed after 4 wk.

Discussion

In this study, we measured the independent contributions of
changes in the proportions of saturated and polyunsaturated fat
and of cholesterol to LDL-C changes in Caucasian and non-

Caucasian young men. The data of Hegsted and Keys and subse-
quent work (3-5) predicted that with the diet changes used,
these modifications in fat and cholesterol would each contribute
substantially to increases in total cholesterol, and that these
would be additive (Table VI).

In agreement with earlier reports (28, 29) we observed con-
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Table VI. Changes in Plasma Cholesterol Predicted and Observed

LC-PUFA LC-SFA HC-PUFA HC-SFA

mg/dl

Keys equation 0 +18.5 +13.1 +33.7
Hegsted equation 0 +16.5 +15.4 +35.7
Observed (all) -0.3 +2.4 +18.8 +31.8
Observed (Caucasian) +0.5 +4.6 +17.6 +35.7
Observed (non-Caucasian) -1.8 -0.4 +20.6 +24.9

Analysis of variance: Total Caucasian Non-Caucasian

Cholesterol effect
LC-PUFA vs HC-PUFA P < 0.0001 P = 0.0002 P = 0.007
LC-SFA vs HC-SFA P < 0.0001 P < 0.0001 P = 0.002

Fat saturation effect
LC-PUFA vs LC-SFA P = 0.48 P = 0.34 P = 0.85
HC-PUFA vs HC-SFA P = 0.001 P = 0.0001 P = 0.57

siderable variation in the response to dietary fat and cholesterol.
However the experimental data showed unequivocally that in
our population, increasing saturated fat at the expense of poly-
unsaturated fat alone had little effect on average total cholesterol
and LDL-C concentrations.

In hamsters and at least some nonhuman primates, the hy-
percholesterolemic effect of dietary saturated fat is greatly am-
plified by addition of cholesterol to the diet (30), but this effect
has not been observed in guinea pigs (31). It is generally be-
lieved that the effect of dietary saturated fats in humans is
independent of dietary cholesterol. However, from a recent anal-
ysis of literature data, Hayes and Khosla have concluded that
in normolipidemic subjects consuming < 300 mg cholesterol
daily, the major dietary saturated fatty acid, palmitic acid, has
no effect upon plasma cholesterol concentration, most of the
observed variance being explained by intake of myristic and
linoleic acids (2). At higher levels of dietary cholesterol, pal-
mitic acid may be hypercholesterolemic, an effect attributed to
partial downregulation of the LDL receptor by dietary choles-
terol (2). In our subjects ingesting - 200 mg cholesterol daily,
little effect on total cholesterol or LDL-C was observed when
the polyunsaturated/saturated fat ratio was reduced from 0.83
to 0.38, achieved by increases in consumption of myristic and
stearic as well as palmitic acid.

The converse situation-reduced effect of dietary choles-
terol on serum cholesterol and LDL-C when polyunsaturate-
rich diets are fed-has been observed by some, but not all
investigators, as reviewed elsewhere (3, 32, 33). In a systematic
study of this question, Schonfeld et al. varied the P/S ratio of
the diet from 0.25 to 0.4, 0.8, and 2.5 in normolipemic young
men fed diets containing 300 mgcholesterol or with the addition
of three or six eggs (calculated as containing an additional 750
or 1,500 mg cholesterol) (7). They found graded responses to
a given amount of added cholesterol. At the highest P/S ratio,
no effect of adding 750 or 1,500 mg of cholesterol on total
cholesterol or LDL-C was observed in six subjects. In our study,
the result of adding - 400 mg cholesterol to the diet at a P/S
ratio of - 0.8 was slightly greater than that predicted by the
Keys and Hegsted equations, and the combined effect of a cho-

lesterol and saturated fatty acid-rich diet was close to that
predicted by these equations.

One reason for the differences found in the current study
may be the inclusion of a substantial proportion of non-Cauca-
sians in the study population. On average these subjects showed
little or no response to replacement of saturated for polyunsatu-
rated fat (alone or in combination with cholesterol) although
their response to cholesterol was similar to that of Caucasians
(Table VI). Ethnicity was not given in most previous studies,
although the number of non-Caucasians was unlikely to have
been large. Even in Caucasians the effect of replacing saturated
for polyunsaturated fat was much less than predicted when di-
etary cholesterol was low. It is possible that the relatively high
level of monounsaturates in this study (- 40%of total fat calo-
ries) could have inhibited the hypercholesterolemic effect of fat
saturation; but this seems unlikely because response to the HC-
SFA diet was similar to that predicted by the Keys and Hegsted
equations. It seems more likely that saturated fat did interact
with cholesterol in this study to increase cholesterol's hypercho-
lesterolemic effect, at least in some individuals. If this interpre-
tation is correct this interaction may represent a factor, possibly
genetic, that is relatively common in Caucasians, but much less
common in non-Caucasians.

In contrast to these findings with plasma cholesterol, fasting
and postprandial triglyceride levels did not differ among ethnic
groups. Plasma fasting triglyceride was unaffected by dietary
fat saturation. This probably reflects the stable body weight of
the subjects, a major determinant of plasma triglyceride levels
(34). Postprandial triglyceride response was highly correlated
with fasting triglyceride concentration, consistent with previous
data (35), but was unaffected by the basal diet.

Both LCAT and CETP activities increased postprandially,
consistent with previous reports (13, 14, 36). CETP increased
with triglyceride, peaking at - 3 h, probably because VLDL
triglyceride was rate limiting for cholesteryl ester transfer (37).
The maximal increase in LCAToccurred later (6-9 h). Fasting
LCAT rates were not affected by diet, and the general shape of
the postprandial response curve of LCATwas similar regardless
of the composition of the test meal consumed. In the case of
CETP, fasting rates were increased after 2 wk consumption of
the HC-PUFAand LC-SFA diets. The mean increase in CETP
activity found with the HC-PUFA and LC-SFA diets (- +5
jig/ml per h averaged over the 12-h period of measurement)
would represent an increase of (5 x 60 x 100) or + 30 mg/
dl in VLDL-C and LDL-C over the estimated 60-h residence
time of LDL (38). However, there was no parallel change in
LDL-C. In LC-SFA group, LDL-C was almost unchanged; in
the HC-SFA group, LDL-C increased but CETP activity was
unchanged by diet; while in the HC-PUFAgroup, CETPactivity
was increased. Over a longer period (4 wk) while LDL-C was
maintained, CETPactivity decreased once more toward baseline
in the LC-SFA and HC-PUFA groups. These results indicate
that factors other than CETP activity are preeminent in de-
termining LDL-C. In many mammals, probably including hu-
mans, the effect of saturated fat is exerted mainly at the level
of the LDL receptor (30). This may be the longer-term, CETP-
independent mechanism that maintains elevated LDL-C when
mean CETPactivity, initially increased, has returned to its origi-
nal levels.

Findings in this study, including the influence of dietary
cholesterol as related to dietary fat saturation, differences be-
tween ethnic groups, and trends in LCAT and CETP activity,
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will all need to be confirmed by further research to determine
if they apply more broadly to the population. Our subjects were
relatively young. It is possible that with age the importance of
dietary fat saturation (relative to cholesterol) increases. There
may also be unrecognized differences in physiology, perhaps
reflecting lifestyle factors such as exercise, body mass index,
or habitual diet that distinguish this population sample, although
Caucasians and non-Caucasians appeared not to differ in these
respects. If the differing dietary responses of Caucasians and
other ethnic groups observed here apply to the greater popula-
tion, this could have important implications for public health
and education.
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