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atherogenic dyslipidemia’™
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ABSTRACT

Background: Low-carbohydrate diets have been used to manage
obesity and its metabolic consequences.

Objective: The objective was to study the effects of moderate car-
bohydrate restriction on atherogenic dyslipidemia before and after
weight loss and in conjunction with a low or high dietary saturated
fat intake.

Design: After 1 wk of consuming a basal diet, 178 men with a mean
body mass index (in kg/m?) of 29.2 + 2.0 were randomly assigned
to consume diets with carbohydrate contents of 54% (basal diet),
39%, or 26% of energy and with a low saturated fat content (7-9%
of energy); a fourth group consumed a diet with 26% of energy as
carbohydrate and 15% as saturated fat. After 3 wk, the mean weight
loss (5.12 £ 1.83 kg) was induced in all diet groups by a reduction
of =1000 kcal/d for 5 wk followed by 4 wk of weight stabilization.
Results: The 26%-carbohydrate, low-saturated-fat diet reduced tri-
acylglycerol, apolipoprotein B, small LDL mass, and total: HDL
cholesterol and increased LDL peak diameter. These changes were
significantly different from those with the 54%-carbohydrate diet.
After subsequent weight loss, the changes in all these variables were
significantly greater and the reduction in LDL cholesterol was sig-
nificantly greater with the 54%-carbohydrate diet than with the 26%-
carbohydrate diet. With the 26%-carbohydrate diet, lipoprotein
changes with the higher saturated fat intakes were not significantly
different from those with the lower saturated fat intakes, except for
LDL cholesterol, which decreased less with the higher saturated fat
intake because of an increase in mass of large LDL.

Conclusions: Moderate carbohydrate restriction and weight loss
provide equivalent but nonadditive approaches to improving athero-
genic dyslipidemia. Moreover, beneficial lipid changes resulting
from areduced carbohydrate intake were not significant after weight
loss. Am J Clin Nutr 2006;83:1025-31.
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INTRODUCTION

Excess body weight can result in changes in plasma lipids and
lipoproteins that increase the risk of atherosclerotic cardiovas-
cular disease (CVD), ie, increases in triacylglycerols and small,
dense LDL particles, with variable increases in total LDL cho-
lesterol, and decreases in HDL cholesterol (1). Atherogenic dys-
lipidemia associated with excess adiposity is highly correlated
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with reduced insulin sensitivity and is a major feature of the
metabolic syndrome (2, 3).

Dietary carbohydrates, especially simple sugars, can also pro-
mote atherogenic dyslipidemia, in large part because of effects
on the metabolism of plasma triacylglycerol-rich lipoproteins
(4). High-carbohydrate, low-fat diets have been shown to induce
increased concentrations of small, dense LDL and expression of
the small, dense LDL particle phenotype (LDL subclass pattern
B) in a high proportion of healthy men (5, 6).

Recently, attention has focused on the use of very-low-
carbohydrate diets to achieve weight loss (7-12). Reductions in
dietary carbohydrate intake in such diets are achieved both by
reductions in total calorie intake and by substitution of protein,
fat, or both. Resulting metabolic changes include reductions in
plasma triacylglycerol and reductions or a lack of increase in
LDL cholesterol, despite relatively high dietary contents of sat-
urated fat and cholesterol (7—11). Other studies have examined
the effect on lipoprotein metabolism of less extreme reductions
in carbohydrate intake in conjunction with weight loss (13-16).
These studies, however, have not distinguished the effects of
changes in dietary macronutrients from those of weight loss. The
main objective of the present study was to test the effects of
moderate reductions in carbohydrate intake with and without
weight loss on atherogenic dyslipidemia in overweight and
mildly obese men. In addition, we tested the extent to which
changes in lipoprotein with reductions in carbohydrate intake are
influenced by variations in saturated fat content.

SUBJECTS AND METHODS

Study design and diets

The study design is presented in Figure 1. All subjects con-
sumed the basal diet (54% of energy as carbohydrate) for 1 wk,
after which they were randomly assigned to the basal diet or 1 of
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FIGURE 1. Study design. SF, saturated fat.
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the 3 low-carbohydrate diets. After 3 wk (first stable-weight
period), weight loss was induced by a reduction of ~1000 kcal/d
in each diet for 5 wk, after which energy intake was adjusted to
stabilize weight for 4 wk (final stable-weight period).

The participants were free-living and were instructed not to
alter their physical activity during the study. All participants
received menus designed to provide nutrient intake over 6-d
cycles as specified in Table 1. Nutrient calculations were based
on the nutritional database and algorithms of THE FOOD PRO-
CESSOR software (version 7.3; ESHA Research, Salem, OR).
Frozen, prepared entrees fortified with vitamins and minerals to
meet the Recommended Dietary Allowances (LifeSpring Home
Nutrition, Irvine, CA) were provided for lunch and dinner. The
participants prepared their own breakfasts and snacks according
to menus, and the participants were weighed weekly by the staff,
who adjusted energy intakes if necessary. Adherence was pro-
moted through frequent telephone contacts and weekly meetings
with the dietitians. Compliance was assessed via analysis of a
daily checklist of foods eaten. None of the participants were
eliminated for noncompliance (defined as daily diet deviations
averaging >5% of total energy).

Subjects

Subjects were recruited through mailed solicitations to house-
holds within areasonable driving distance to our outpatient clinic
in Berkeley, CA, through commercially available mailing lists.
Financial and logistical constraints on the number of subjects that
could be managed during the 3-y study required the inclusion of
only one sex to satisfy statistical power calculations. Men were
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chosen because of their higher prevalence of LDL pattern B,
which was the major outcome variable on which the power cal-
culations were based.

The subjects had no history of CVD or other chronic disease
and none were taking drugs known to affect lipid metabolism.
Other eligibility criteria included a body mass index (BMI; kg/
mz) =26-35, total and LDL-cholesterol concentrations below
the 95th percentile for age and sex, a triacylglycerol concentra-
tion =500 mg/dL (5.65 mmol/L), a fasting glucose concentration
=125 mg/dL (6.94 mmol/L), a systolic blood pressure <150 mm
Hg, and a diastolic blood pressure <90 mm Hg. None of the men
smoked, and no alcohol was consumed during the study. All
subjects gave informed consent under a protocol approved by the
Institutional Review Boards of Children’s Hospital Oakland and
the University of California, Berkeley.

The subjects were assigned to groups according to directions
in sealed sequentially numbered envelopes that were the result of
random permutations of subjects into treatment conditions for
randomly determined blocks of 4, 8, 12, 16, 20, or 24 subjects. Of
256 subjects found eligible after screening, 35 declined to enroll
and 43 discontinued after beginning the dietary protocol (Table
2). In most cases, discontinuation resulted from difficulties meet-
ing the time requirements of the study.

Blood samples were obtained after an overnight fast after the
1-wk basal diet, after the first stable-weight period of the exper-
imental diets (week 4), and after weight stabilization after weight
loss (week 13; Figure 1). Plasma was kept at4 °C for =3 d before
processing. At each visit, body weight was measured, and per-
centage body fat was determined by bioimpedance (model TBF-
551; Tanita, Skokie, IL).

Laboratory measurements

Plasma total cholesterol and triacylglycerol concentrations were
determined by enzymatic procedures on an Express 550 Plus ana-
lyzer (Ciba Corning, Oberlin, OH). These measurements were con-
sistently in control as monitored by the Centers for Disease Control
and Prevention—National Heart, Lung, and Blood Institute standard-
ization program. HDL cholesterol was measured after dextran sul-
fate precipitation of plasma (17), and LDL cholesterol was calcu-
lated from the formula of Friedewald et al (18). Apolipoproteins A-I
(apo A-I) and B (apo B) were measured by immunoturbidometric
assay (Express 550 Plus analyzer) (19).

Measurements of mass concentrations of LDL subfractions
were performed by analytic ultracentrifugation as described else-
where (20). LDL I-IV subfractions, ranging from the largest and

TABLE 1
Macronutrient composition of the diets’
54% Carbohydrate 39% 26% 26% Carbohydrate,
(basal) Carbohydrate Carbohydrate high saturated fat
% of energy

Carbohydrate 54 39 26 26

Protein 16 29 29 29

Total fat 30 31 46 45
Saturated 7 8 9 15
Monounsaturated 13 13 27 20
Polyunsaturated 8 8 5 6

! Each diet was controlled for other nutrients as follows: cholesterol, 150 mg/1000 kcal; trans fatty acids, 2% of energy: fiber, 25 g/2000 kcal plus 2.5 g/500
kcal above 2000; carbohydrate, 50% simple and 50% complex; protein, 50% animal and 50% vegetable; dairy intake, 3 portions of milk, yogurt, or cheese per

day.
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TABLE 2
Body weight and plasma lipid and lipoprotein measurements at baseline and changes during the low- and high-saturated-fat (SF) diets’
Low-SF diet (7-9%) High-SF diet (15%) P
54% 39% 26% 26% Low-SF diet High- vs low-SF diet
CHO CHO CHO CHO (ANOVA)? ( test)’

Subjects (n)

Recruited 57 56 59 52 — —

Dropped out 8 14 12 12 — —

Final sample size 49 42 47 40 — —
Weight (kg)

Baseline 91.6 £ 9.0 927+ 9.1 93.6+93 95.6 = 10.1 NS NS

ADiet, stable weight —-0.0+ 04 -02+02 —0.9 £ 0.27 —05%02 0.005 NS

AWeight, stable diet —53%+03 —-5.0x04 —54+03 —48+£04 NS NS
Body fat (%)

Baseline 273 +4.0 28.4 + 4.6 27.5+43 28.0 £ 4.2 NS NS

ADiet, stable weight -0.2x0.1 -0.3x0.1 —04 £0.1 —0.5%+02 0.02 NS

AWeight, stable diet —35%03 —-35%03 -3.6102 -33+03 NS NS
Total cholesterol (mg/dL)

Baseline 203.2 = 34.6 202.1 £232  201.1 £31.7 203.0 + 34.8 NS NS

ADiet, stable weight —-7.4+3.0 —94+28 —21.4 +£32%° —10.7 £3.6 0.002 0.03

AWeight, stable diet —106 £25 —21%29 7.0 £3.1° 22+33 0.0001 NS
LDL cholesterol (mg/dL)

Baseline 130.1 = 30.2 1255 £23.1  129.1 £25.7 127.8 + 32.0 NS NS

ADiet, stable weight —26*3.1 —0.6 £33 —-112+27 —0.7 £3.9 0.04 0.03

AWeight, stable diet —89+25 —12+25 43 +2.77 1.1 £2.7 0.002 NS
Triacylglycerol (log mg/dL)

Baseline 2.16 = 0.20 2.19 £0.23 2.10 £ 0.24 2.18 £ 0.25 NS NS

ADiet, stable weight —0.05+0.02 —0.12+£0.03 —0.19 £0.03” —0.20 £ 0.03 0.0004 NS

AWeight, stable diet —0.07 £0.02  —0.06 £0.02 0.01 = 0.02 —0.03 £0.02 0.04 NS
HDL cholesterol (mg/dL)

Baseline 41.7 £ 8.7 41.6 £9.0 43.1 =124 410 11.1 NS NS

ADiet, stable weight —-13+0.7 0.6 £0.6 04 £0.9 30£1.0 NS 0.06

AWeight, stable diet 1.9£07 20£07 24+0.38 25+£09 NS NS
Apolipoprotein B (mg/dL)

Baseline 102.3 £ 21.7 102.6 = 18.4  100.0 £21.2 104.2 =247 NS NS

ADiet, stable weight —49+20 -95+18 —15.8 £1.97 —125 %21 0.0004 NS

AWeight, stable diet —64+18 -09+24 23+ 1.57 —1.4+£20 0.004 NS
Apolipoprotein A-I (mg/dL)

Baseline 113.8 £ 15.8 1140+ 155 111.0 £ 164 1112 + 143 NS NS

ADiet, stable weight -31%13 0.8t1.6 02=+1.7 23+19 NS NS

AWeight, stable diet -09+15 —08 1.5 29+19 0.8+ 1.7 NS NS
Total:HDL cholesterol

Baseline 5.03 £ 1.17 5.09 £ 1.25 4.93 £ 1.30 5.30 = 1.80 NS NS

ADiet, stable weight —0.05+£0.10 —031+0.10 —0.62+0.127 —-0.7£0.14 0.001 NS

AWeight, stable diet —0.45+0.08 —029+0.11 —0.03 +0.09* —0.16 £ 0.08 0.005 NS
LDL peak particle diameter (A)

Baseline 258.8 £ 8.7 258.5 £ 8.0 260.3 £ 8.5 2589+ 9.2 NS NS

ADiet, stable weight 0.2+0.8 3.5+ 0.9° 3.6 +0.9° 5.1 %11 0.007 NS

AWeight, stable diet 39+£1.0 1.3£038 0.9 £ 0.7 1.9£038 0.02 NS

! All baseline values are X = SD, and all changes (A) are X = SE. To convert cholesterol and triacylglycerol concentrations to ST units (mmol/L), multiply
by 0.0259 and 0.0113, respectively. CHO, carbohydrate. There were no significant differences between groups at baseline.

254%-CHO vs 39%-CHO vs 26%-CHO diet.

#26%-CHO diet only.

#6=8 Significantly different from the 54%-CHO control diet (Scheffe test): “P < 0.01, °P < 0.0001, “P < 0.001, 5P < 0.05.

? Significantly different from the 39%-CHO diet, P < 0.05 (Scheffe test).

most buoyant to the smallest and most dense, were estimated as
lipoproteins of Svedberg flotation rate (S;) 7-12, 5-7, 3-5, and
0-3, respectively (20). Nondenaturing polyacrylamide gradient
gel electrophoresis with lipid staining of plasma was performed
as described previously for determination of peak LDL particle
diameter and LDL subclass patterns A and B (19).

Statistical procedures

Comparisons were made by analysis of variance or covari-
ance, and post hoc analyses of significance by Scheffe’s tests. All

statistical procedures were performed by using STATVIEW
software (version 5.0.1, SAS Institute, Cary, NC). Group
averages at baseline are reported as means + SDs, and group
changes are reported as means £ SEs. Mean changes during the
Adiet, stable-weight phase were calculated as the differences
between study week 4 and week 1, and the mean changes during
the Aweight, stable-diet phase were calculated as the differences
between study week 13 and week 4 (Figure 1). Log transforma-
tions of plasma triacylglycerol concentrations were used to attain
normal distributions. The study was designed to be able to detect
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a 50% reduction in the prevalence of LDL-subclass pattern B
between groups.

RESULTS

No significant differences in lipids, lipoproteins, and apoli-
poproteins were observed between the experimental groups at
baseline (Table 2). The mean (=SD) ages of the men assigned to
low-saturated-fat diets with 54% (50.3 = 9.8 y), 39% (51.5 £
11.6y), or 26% carbohydrate (49.2 £ 9.3 y) or high-saturated-fat
diets with 26% carbohydrate (50.1 = 11.3 y) did not differ sig-
nificantly (P = 0.94). Repeated-measures analysis of variance
showed significant time-by-diet interactions for all lipoprotein
variables except LDL-III: total cholesterol (P = 0.0008), LDL
cholesterol (P = 0.005), triacylglycerol (P = 0.0006), HDL
cholesterol (P = 0.005), apo B (P = 0.008), apo A-I1 (P = 0.04),
total:HDL cholesterol (P = 0.001), LDL peak particle diameter
(P =0.007), LDL-I (P = 0.003), LDL-II (P = 0.004), LDL-III
(P =0.59), and LDL-IV (P = 0.04). Consistent with the design,
body weight, and percentage body fat changed with time (P <
0.0001 for both), but there was no significant time-by-diet inter-
action.

In the initial Adiet, stable-weight phase of the study, the 26%-
carbohydrate, low-saturated-fat diet resulted in reductions from
baseline in total cholesterol, triacylglycerol, apo B, and total:
HDL cholesterol that were greater than the changes observed in
the group remaining on the 54%-carbohydrate diet. However, the
difference in the change in LDL cholesterol between the 26%-
carbohydrate diet and the control diet was not significant by post
hoc analysis (P = 0.13). Despite our effort to maintain constant
weight, the 26%-carbohydrate, low-saturated-fat diet group lost
more weight than did the 54%-carbohydrate group during the
stable-weight period. There was also a trend for a greater reduc-
tion in percentage body fat with the lower-carbohydrate diets
(P < 0.02, analysis of variance). The significance of the lipopro-
tein differences between the 26%- and 54 %-carbohydrate groups
persisted after adjustment for the change in body weight for total
cholesterol (P = 0.01), triacylglycerols (P = 0.02), apo B
(P = 0.001), and total: HDL cholesterol (P = 0.002), whereas
differences in LDL cholesterol and LDL-IV between groups
became marginal (P = 0.09 and P = 0.11, respectively). In
contrast with the findings during the initial Adiet, stable-weight
phase, weight loss and stabilization led to reductions in each
of these variables that were significantly greater with the
54%-carbohydrate diet than with the 26%-carbohydrate, low-
saturated-fat diet.

Repeated-measures analysis of variance showed significant
changes in HDL cholesterol over time that did not differ signif-
icantly by diet. For all diets combined, no significant change in
HDL cholesterol was observed during the stable-weight phase
(P = 0.16). In contrast, significant increases in HDL cholesterol
after weight loss were observed for all diets combined (P <
0.0001). No significant changes in apo A-I were observed with
either of the low-carbohydrate diets before or after weight loss.

In the initial stable-weight phase, LDL peak particle diameter
increased to a significantly greater extent with both the 39%- and
26%-carbohydrate, low-saturated-fat diets than with the 54%-
carbohydrate diet (Table 2). These differences remained signif-
icant when adjusted for the change in weight. After weight loss
and stabilization, there were minimal further changes with the
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lower-carbohydrate diets and a significantly greater increase
with the 54%-carbohydrate diet. These changes could be related
to corresponding differences in plasma mass concentrations of
LDL subfractions as measured by analytic ultracentrifugation
(Table 3).

During the initial stable-weight phase, the 26%-carbohydrate,
low-saturated fat diet resulted in significantly greater decreases
in small LDL-IIT and LDL-IV than did the 54%-carbohydrate
diet. Adjustment for the modest changes in weight reduced the
significance of the LDL-IV reduction (P = 0.07) but not the
LDL-II reduction (P = 0.01). After weight loss and stabiliza-
tion, there were minimal additional changes with the 26%-
carbohydrate, low-saturated-fat diet but significantly greater de-
creases in LDL-III and LDL-IV with the 54%-carbohydrate diet.
Changes with the 39%-carbohydrate diet were of intermediate
magnitude between those of the 2 other diets and were signifi-
cantly different from those with the 26%-carbohydrate, low-
saturated-fat diet for LDL-III in the initial stable-weight period.
For both intervention periods, changes from baseline in LDL-IIT
and LDL-IV were correlated with changes in triacylglycerol: r =
0.37 and 0.36, respectively, before weight loss, and » = 0.52 and
r = 0.48 after weight loss (P < 0.0001 for all).

Changes in peak LDL diameter (Table 2) and mass concen-
trations of LDL subfractions (Table 3) induced by each of the
diets were reflected by changes in the proportions of subjects
exhibiting LDL subclass pattern B (Figure 2). There were linear
reductions in the prevalence of pattern B as a function of reduced
carbohydrate intake after both the stable-weight and weight-loss
periods. However, the slopes of these relations differed (P =
0.04) such that the magnitude of the reduction in expression of
pattern B induced by weight loss increased in association with the
percentage of carbohydrate intake.

Lipid, lipoprotein, and apolipoprotein values did not differ
significantly between the men who consumed the 26%-
carbohydrate diet that contained 15% saturated fat and the men
who consumed the 26%-carbohydrate that contained 9% satu-
rated fat before or after weight loss (Table 2), except for changes
in total and LDL cholesterol during the initial stable-weight
period. The higher-saturated-fat diet led to a smaller decrease in
total and LDL cholesterol than did the lower-saturated-fat diet.

DISCUSSION

The atherogenic dyslipidemia associated with adiposity is
characterized by relative increases in plasma triacylglycerol, re-
ductions in HDL, and increased concentrations of small, dense
LDL particles (1, 21). Weight loss has been shown to improve
these lipid variables as well as the insulin resistance that often
occurs concomitantly (1). The benefits of a reduction in carbo-
hydrate intake below currently recommended intakes have also
been reported, although many studies have examined only the
effects of relatively extreme carbohydrate restriction and have
not distinguished the effects of changes in macronutrient com-
position from those of concurrent weight loss (7-11).

In the present study, we investigated separately the effects of
moderate reductions in carbohydrate intake and body weight on
the components of atherogenic dyslipidemia in moderately over-
weight and mildly obese but otherwise healthy middle-aged men.
As has been shown for diets with more extreme reductions in
carbohydrate, placing men on a diet with 26% carbohydrate
resulted in reductions in plasma triacylglycerol concentrations,
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TABLE 3
Plasma LDL subfraction total mass concentrations at baseline and changes during the low- and high-saturated-fat (SF) diets’
Low-SF diet (7-9%) High-SF diet (15%) P
54% CHO 39% CHO 26% CHO 26% CHO Low-SF diet High- vs low-SF diet
(n=49) (n =42) (n = 47) (n = 40) (ANOVA)Y’ (t test)®
LDL-I
Baseline 90.2 = 35.1 93.0 = 32.6 954 £29.9 94.2 = 37.1 NS NS
ADiet, stable weight —-3.8+3.6 277+38 6.3 4.1 16.1 54 NS NS
AWeight, stable diet -03£39 6.2+3.8 1.1 +47 —1.6 48 NS NS
LDL-II
Baseline 100.0 £ 35.1 99.2 +30.4 101.5 £ 26.0 98.1 £33.0 NS NS
ADiet, stable weight 1.3+33 1.8 +42 —-55+39 3.6£55 NS NS
AWeight, stable diet —-73+4.1 —-0.6 £3.6 23+4.0 =53 %45 NS NS
LDL-III
Baseline 753 +£394 71.7 349 757+ 383 779 + 42.8 NS NS
ADiet, stable weight —53+4.1 —-73+42 —24.5+4.1%° —243 %51 0.002 NS
AWeight, stable diet —16.1 £35 —11.6 £47 —12£3.6° —9.6+£38 0.02 NS
LDL-IV
Baseline 183 £ 15.5 14.1 £ 14.7 16.6 = 13.5 220=*214 NS NS
ADiet, stable weight —1.1+13 —18+22 -72+18° —9.61£26 0.03 NS
AWeight, stable diet —-6.2£2.0 -20=£1.8 14+ 1.17 —24+13 0.007 0.03

! All baseline values are X = SD, and all changes (A) are x + SEM. CHO, carbohydrate. There were no significant differences between groups at baseline.

2 54%-CHO vs 39%-CHO vs 26%-CHO diet.
726%-CHO diet only.

+9 Significantly different from the 54%-CHO control diet (Scheffe test): *P < 0.01, °P < 0.05.

7 Significantly different from the 39%-CHO diet, P < 0.05.

consistent with the known effects of carbohydrate intake on the
metabolism of triacylglycerol-rich lipoproteins (4). Lower car-
bohydrate intakes have also been shown to be associated with
reduced plasma apo B concentrations and a reduced ratio of total
cholesterol to HDL. The reduction in these variables as a function
of carbohydrate intake was significant only for the 26%-
carbohydrate diet group. In comparing the 54%- and 26%-
carbohydrate, low-saturated-fat diets, it is not possible to dis-
criminate the effects of the addition of protein and
monounsaturated fat from those due to the reduction in carbo-
hydrate. However, when the monounsaturated fat content of the
26%-carbohydrate, low-saturated fat diet was reduced from 27%

50 A
h Before
45 weight loss
= A P=0.04 for (P=0.003)
2 351 difference in slope
% g0
= p After
% & weight loss
e 20 1 (P=0.04)
|
9 151
10
5 -
0 T T T L] T T

0 10 20 30 40 50 60
Dietary carbohydrate (%)

FIGURE 2. Prevalence of LDL subclass pattern B as a function of dietary
carbohydrate content for each experimental diet before and after weight loss
and stabilization with the diets. Closed symbols represent the low-saturated-
fatdiet group (n = 49,42, and 47 for the 54%-, 39%-, and 26%-carbohydrate
diets, respectively), and open symbols represent the high-saturated-fat diet
group (n = 40).

to 20%, primarily by replacement with saturated fat, the changes
in triacylglycerol, apo B, and total:HDL cholesterol were not
significantly different. This finding suggests that these changes
were not due primarily to the higher monounsaturated fat content
of the diet.

We showed a linear relation of carbohydrate intake to the
prevalence of LDL pattern B between the diets (Figure 2), in-
cluding 2 with similar fat contents (54% and 39%) and 2 with
similar protein contents (39% and 26%). Hence, it is most likely
that a reduction in carbohydrate intake was the primary dietary
determinant of changes in pattern B expression. Although the
ratio of simple to complex carbohydrate as well as total fiber
content were kept constant with all diets, the possibility of dif-
ferential effects of certain classes of carbohydrates, particularly
sugars and more hydrolysable starches, remains (4).

There was a reduction in LDL cholesterol with the 26%-
carbohydrate, low-saturated-fat diet, although the differences
compared with the higher-carbohydrate diets were of borderline
statistical significance. Examination of changes in LDL subfrac-
tion distribution, however, showed that the low-carbohydrate
dietresulted in significantly lower concentrations of small, dense
LDL. Moreover, the reductions were significantly correlated
with reduced plasma triacylglycerol concentrations, consistent
with the pathways connecting triacylglycerol-rich lipoproteins to
the production of small, dense LDL (21). Hence, the overall
effects of low-carbohydrate diets on the standard LDL-
cholesterol measurement are dependent on the extent to which
such diets differentially modify the metabolism of larger com-
pared with smaller LDL subclasses.

Analysis of LDL subfractions also helps to clarify the differing
effects on LDL cholesterol of low-carbohydrate diets with higher
compared with lower contents of saturated fatty acids. Although
the reductions in small, dense LDL with the 2 diets were similar,
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the higher saturated fat diet produced a somewhat larger offset-
ting increase in large buoyant LDL (Table 3), which resulted in
a smaller net change in total LDL cholesterol. Although the
difference in the response of large LDL between the 2 diets was
not significant, the results are consistent with previous evidence
that saturated fat intake results in an increase of larger LDL rather
than smaller LDL particles (22) that may result from selective
changes in both production and clearance of larger LDL (23).

Concentrations of apo B, a measure of total atherogenic par-
ticle concentrations, as well as total: HDL cholesterol, an inte-
grated measure of CVD risk, decreased similarly with both the
higher- and lower-saturated-fat diets. Moreover, the changes in
LDL cholesterol observed here for both the lower- and higher-
saturated-fat diets (—11 and 1 mg/dL, respectively) were con-
siderably more beneficial than were those predicted on the basis
of studies that used diets with a more conventional macronutrient
composition (—1 and 9 mg/dL, respectively) (24). Overall, these
findings suggest that for most overweight or obese men, the
favorable effect of a reduced carbohydrate intake on pathways
leading to the production of small, dense LDL can substantially
modify the effect of changes in dietary fat composition on LDL
cholesterol.

We found that, with weight loss, there were reductions in
major lipid and lipoprotein indicators of CVD risk (LDL choles-
terol, triacylglycerol, apo B, total:HDL cholesterol, and small,
dense LDL), and that these reductions were much greater with the
higher- than with the lower-carbohydrate diet. Because the esti-
mated energy intake for weight maintenance after weight loss is
estimated to be only several hundred kilocalories less per day
than that before weight loss, the absolute reduction in carbohy-
drate intake after weight loss in the subjects who consumed the
54%-carbohydrate diet was much less than that achieved in the
subjects who consumed the 26%-carbohydrate diet during the
Adiet, stable-weight phase. Hence, although this difference in
carbohydrate intake could have contributed to some extent to the
differences in lipoprotein changes after weight loss with the
higher versus lower carbohydrate diets, the results indicate that
there is an interaction between the effects of carbohydrate intake
and weight loss on these lipoprotein measurements. It is possible
that this finding reflects a convergence of the effects of adiposity
and carbohydrate intake on common pathways that affect these
lipoprotein measures, such that reductions of either can achieve
similar results. However, at least under the conditions studied
here, the effects are not additive—a result that is consistent with
earlier observations (25).

Reductions in small, dense LDL with weight loss have been
reported to be similar on diets with either a high-carbohydrate or
high-monounsaturated fat content (14). This finding is similar to
that of the present study, although, as described above, the effect
of weight loss per se is much greater with diets with higher than
with lower carbohydrate contents. Our data are also consistent
with observations by Noakes and Clifton (26) that weight reduc-
tion with a low-saturated-fat diet produces significantly greater
reductions in LDL cholesterol than does weight reduction with a
high-saturated-fat diet, although we found that the difference in
fatty acid composition, rather than caloric restriction and weight
loss, was the major determinant of this effect.

The interaction of carbohydrate intake and weight loss is also
reflected in their relations to the expression of LDL subclass
pattern B, a phenotype that has been associated with increased
CVD risk (21, 27-29). As shown in Figure 2, the expression of
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this atherogenic metabolic phenotype can be suppressed by ei-
ther intervention, but the magnitude of the effect of reduced
carbohydrate intake is diminished by sufficient weight loss and
vice versa. These observations have implications for the man-
agement of atherogenic dyslipidemia in that low-carbohydrate
diets may be particularly efficacious in those persons who are not
able to achieve or maintain an adequate reduction in adiposity.

Limitations of the present study include the fact that it was
restricted to men and that it was of relatively short duration. It has
been shown, however, that a 4-wk period of weight maintenance
after weight loss with a moderate-fat diet is sufficient to stabilize
plasma lipids and lipoproteins (13). Moreover, evidence from
recent studies (7, 10) indicates that plasma lipid profiles associ-
ated with very-low-carbohydrate diets can persist for as long as
1y, even after weight loss with these diets has been attenuated by
virtue of reduced dietary compliance.

Concerns with carbohydrate restriction include the potential
for inadequate intake of certain beneficial dietary components,
such as fiber and some vitamins, and the possibility of diminished
effectiveness over time. However, with moderate carbohydrate
limitation, such as the 26%-carbohydrate, low-saturated-fat diet
studied in the present study, it is possible to meet the Recom-
mended Dietary Allowances for all essential nutrients and to
maintain adequate fiber intake with appropriate supplementa-
tion. Note that increased physical activity without dietary carbo-
hydrate reduction can also result in improvements in the com-
ponents of atherogenic dyslipidemia (30) and can have the
additional benefit of helping to maintain reductions in body

weight. & |
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