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Cardiovascular and Hormonal Aspects of
Very-Low-Carbohydrate Ketogenic Diets

Jeff S. Volek and Matthew J. Sharman

Abstract

VOLEK, JEFF S. AND MATTHEW J. SHARMAN.
Cardiovascular and hormonal aspects of very-low-
carbohydrate ketogenic diets. Obes Res. 2004;12:
1155-123S.

In recent years, restriction of carbohydrate intake for weight
loss has become widespread. Our research group began
studying physiological responses to very-low-carbohydrate
ketogenic diets (VLCKDs) in the late 1990s because we felt
there was a significant void in the literature and limited
understanding of metabolic responses to VLCKDs. This
launched us into a line of research examining the physio-
logical effects of VLCKDs. In this paper, we briefly over-
view nine studies we have published on isoenergetic and
hypoenergetic VLCKDs in men and women. These studies
have focused on blood lipid responses to VLCKDs, but we
have also addressed changes in body weight, body compo-
sition, and hormones. Compared with low-fat diets, short-
term VLCKDs consistently result in improvements in fat
loss, fasting and postprandial triacylglycerols, high-density
lipoprotein-cholesterol, the distribution of low-density li-
poprotein-cholesterol subclasses, and insulin resistance.
These are the key metabolic abnormalities of metabolic
syndrome, a problem of epidemic proportions in the United
States. There is substantial variability in total cholesterol
and low-density lipoprotein-cholesterol responses to
VLCKD. The factors responsible for this variability are not
known, and studies designed to identify methods to predict
blood lipid responses to VLCKD and other dietary ap-
proaches represent critical areas for nutrition researchers.
Further research is warranted to validate the physiologi-
cal effects of VLCKD over longer periods of time, in-
cluding studies that modify the quality of macronutrients
(i.e., the type of fat and protein) and the interaction with
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other interventions (e.g., exercise, dietary supplements,
drugs).

Key words: very-low-carbohydrate diet, blood lipids,
ketogenic diet, triglycerides, hormones

Introduction

The popularity of weight-loss diets that limit intake of
carbohydrates has increased dramatically in recent years.
Very-low-carbohydrate diets (i.e., <50 g/d) result in a met-
abolic state of ketosis, and these diets are commonly re-
ferred to as “ketogenic” diets. Very-low-carbohydrate “ke-
togenic” diets (VLCKDs)' are dramatically different from
standard recommendations that focus on restriction of di-
etary fat and emphasize carbohydrates. A common criticism
of VLCKDs has been related to the high total fat, saturated
fat, and cholesterol content, and thus, the potential adverse
effects on blood lipoproteins and other risk factors for
cardiovascular disease and diabetes (1). Although fre-
quently criticized on these grounds, there is little research to
support these concerns. Our research group began studying
blood lipid and hormonal responses to VLCKDs ~6 years
ago because we felt there was a significant void in the
literature and widespread misunderstanding with respect to
basic physiological adaptations to carbohydrate restriction.
This launched us into a line of research examining the
physiological effects of VLCKDs, with a focus on how such
diets affect weight loss, body composition, hormones, blood
lipoproteins, and other risk factors for cardiovascular
disease.

This article overviews results from several studies we
have conducted in healthy normal weight and overweight
men and women. A primary purpose is to provide nutrition
scientists, clinicians, and other health professionals with
accurate information regarding the expected metabolic, hor-
monal, and lipoprotein responses to a VLCKD. We hope

! Nonstandard abbreviations: VLCKD, very-low-carbohydrate ketogenic diet; LDL-C, low-
density lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; TAG, triacyl-
glycerol; AUC, area under the curve; REE, resting energy expenditure; HOMA, homeostatic
model assessment.
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Table 1. Daily nutrient intakes in subjects consuming a VLCKD
Nutrient Study 1/2 Study 3/4 Study 5 Study 6/9 Study 7 Study 8

Energy (kcal) 2112 2335 1793 1855 1288 1542
Protein (g) 147 176 128 130 88 108
Protein (%) 28 30 29 28 28 29
Carbohydrate (g) 39 46 43 36 29 32
Carbohydrate (%) 7 8 10 8 9 9
Fat (g) 151 157 118 130 88 106
Fat (%) 64 61 60 63 63 62
SFA (g) 37 56 41 46 34 38
MUFA (g) 70 57 35 48 29 38
PUFA (g) 24 24 20 20 12 16
Cholesterol (mg) 397 741 650 731 470 593
Alcohol (%) 1 1 1 1 0 0

Studies 1 through 9 refer to those described in the Results section.

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.

this overview of VLCKDs provides a background on which
to formulate ideas and testable hypotheses and stimulate
further research in this area.

Research Methods and Procedures

With respect to the studies conducted by our research
group described in the next section, there are some common
elements related to our experimental approach and the na-
ture of the VLCKD intervention used in these studies. The
VLCKD was designed to restrict carbohydrates to a level
that induces ketosis. To ensure appropriate carbohydrate
restriction, subjects monitored their level of ketosis daily
using urine reagent strips that produce a relative color
change in the presence of one of the primary ketones,
acetoacetic acid. We have found this to be a very sensitive
indicator of carbohydrate restriction and compliance to the
VLCKD. On this basis, all subjects in our studies assigned
to the VLCKD were in ketosis for the majority of the
experimental period. The macronutrient distribution goals
of the VLCKD as a percentage of total energy were ~30%
protein, ~60% fat, and <10% carbohydrate. There were no
restrictions on the type of fat from saturated and unsaturated
sources or cholesterol levels (with the exception of our first
experiment described in Study 1). Foods commonly con-
sumed were beef (e.g., hamburger, steak), poultry (e.g.,
chicken, turkey), fish, vegetable oils, various nuts/seeds and
peanut butter, moderate amounts of vegetables, salads with
low-carbohydrate dressing, moderate amounts of cheese,
eggs, protein powder, and water or low-carbohydrate diet
drinks, etc. All subjects received extensive initial instruction
(including detailed diet packets) and weekly follow-up di-

etetic education. Subjects received thorough instructions for
completing detailed weighed food records during baseline
and various phases of the VLCKD. These food records were
subsequently analyzed using regularly updated nutrient
analysis software. The actual nutrient composition of the
VLCKD consumed in our various studies are presented in
Table 1. In each case, carbohydrate intake was <50 g/d and
<10% of total energy. Protein intake ranged from 28% to
30% and fat from 60% to 64% of total energy. Energy levels
were either assigned to the nearest 837kJ (200 kcal) incre-
ment based on resting energy expenditure obtained using
indirect calorimetry (for Studies 3 to 9) or the Harris—
Benedict equation (for Studies 1 and 2) at the start of the
study and appropriate activity factors.

We have implemented experimental measures to control
some of the variability that often confounds individual
lipoprotein responses to a change in diet composition. In all
our studies, by performing blood draws on two separate
occasions at each time-point, we controlled day-to-day vari-
ability in blood lipids. Physical activity patterns were con-
trolled before and during the experimental period. We ob-
tained blood measures in a fully postabsorptive (fasting)
state after a 12-hour overnight fast. All testing for premeno-
pausal women was performed between days 2 and 4 of the
follicular phase. In addition to studying fasting blood lipids
and hormones, we have also examined postprandial lipid
and hormone responses to a fat-rich meal before and after a
VLCKD. These oral meal-tolerance tests were conducted
after an overnight fast and involved subjects consuming a
standardized fat-rich meal, while blood samples were taken
at 60-minute intervals for a total of 8 hours after the meal to
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assess the level of postprandial lipemia and other metabo-
lites and hormones. Significance was set at p < 0.05 for all
studies. Following is a brief overview of nine studies we
have published or submitted that examined cardiovascular
and hormonal aspects of VLCKD.

Results

Study 1: Lipoprotein and Triacylglycerol Responses to a
Low-Saturated-Fat VLCKD

Our initial interest was to determine the effects of a
VLCKD on blood lipids. Although VLCKDs have been
used predominantly for weight-loss purposes, in 2000 we
chose to study a group of 10 normal weight, normolipidemic
men to isolate the effects of the diet independently of weight
loss (2). We also made some modifications to the diet
intervention to optimize the lipid responses. In addition to
being very low in carbohydrates, we counseled subjects to
restrict saturated fat and cholesterol levels and to emphasize
monounsaturated fat through generous consumption of olive
oil, canola oil, almonds, and lean meats. Subjects were also
provided with 2.5 grams of w3-fatty acids as eicosapenta-
enoic acid and docosahexaenoic acid. The diet intervention
was 8 weeks in duration, and two blood draws were ob-
tained on different days for determination of fasting lipids at
2-week intervals. An oral fat tolerance test was done before
and after the VLCKD.

Carbohydrate intake was 7% of total energy, and subjects
were successful in keeping saturated fat low (~15% of total
energy) despite total fat being very high (64% total energy).
We have found it very difficult to counsel subjects to eat
enough calories to maintain body weight, presumably be-
cause of the inhibitory effects of ketones on appetite (3).
Subsequently, there was a gradual loss in body weight over
the 8 weeks, averaging ~0.5 kg/wk. Fasting total choles-
terol and low-density lipoprotein-cholesterol (LDL-C) tran-
siently increased, peaking at 4 weeks and declining to
values not significantly different from baseline after 8
weeks. There was a trend for increased high-density li-
poprotein-cholesterol (HDL-C) after 8 weeks (p = 0.077).
The most consistent effect was a remarkable decrease in
fasting triacylglycerols (TAGs), which declined 55% after 8
weeks of the VLCKD. There was a similar decline of 48%
in the area under the curve (AUC) for postprandial TAG
response to the oral fat tolerance test. These lipid responses
were not explained by changes in body weight. This study
has shown rather potent TAG-lowering effects of a VLCKD
without significant adverse effects on other lipoproteins.
However, the independent or combined effects of carbohy-
drate restriction, the quantity or quality of dietary fat, and
the w3-fatty acid supplementation could not be determined.

Study 2: VLCKD Effects on Testosterone and Insulin
Using the data from the same study, we have reported
fasting and postprandial hormonal responses to a VLCKD

rich in monounsaturated fat and supplemented with w3-fatty
acids (4). Fasting and postprandial total testosterone, free
testosterone, cortisol, leptin, and insulin responses to an oral
fat tolerance test were determined before and after the
8-week VLCKD. There were no significant changes in
fasting total testosterone, free testosterone, and cortisol, but
there were significant decreases in insulin (—28%) and
leptin (—64%) concentration after the VLCKD. Postpran-
dial insulin responses immediately after the fat-rich meal
were significantly lower after the VLCKD.

Study 3: Serum Biomarkers for Cardiovascular Disease
with No Restriction on Saturated Fat Intake

The results of these initial studies stimulated our interest
to study further the effects of VLCKDs on blood lipids and
hormones. We have conducted another study to validate
these findings in a similar group of 12 normal weight,
normolipidemic men and 8 control subjects who consumed
their normal diet (5). We used the same diet intervention
over a 6-week period, except there were no restrictions on
the type of fat, and there was no w3-fatty acid supplemen-
tation. Thus, our main dietary aim was to study a free-living
VLCKD without any other dietary restrictions. The
VLCKD resulted in a similar carbohydrate intake (8% of
total energy) and total fat content (61% of total energy) as
our initial study, but higher saturated fat (~25% of total
energy). We had better success in achieving an isoenergetic
diet, but there was still a slight weight loss after 6 weeks
(—2.2 kg), again highlighting the difficulty in attaining a
true weight-maintenance VLCKD under free-living condi-
tions in healthy normal weight men.

We observed very similar responses in fasting lipids with
small but nonsignificant increases in total cholesterol and
LDL-C, a strong trend for increased HDL-C (p = 0.060),
and highly significant decreases in fasting TAGs (—33%)
and postprandial lipemia after the fat-rich meal (—29%).
Because an increase in LDL-C is generally considered
atherogenic, we decided to measure LDL particle size dis-
tribution using a polyacrylamide gel electrophoresis proce-
dure. Smaller LDL particles are more atherogenic and
associated with higher risk for cardiovascular disease.
Individuals with a predominance of smaller LDL parti-
cles are classified as pattern B, whereas those with larger
particles are pattern A. We observed that, in subjects who
started with the smaller pattern B profile, there was a
significant increase in mean and peak LDL particle size
after the VLCKD. This study has provided evidence that
carbohydrate restriction was the driving force behind our
lipid results in Study 1 (2) and not the type of fat or the
w3-fatty acid supplementation. This was also the first of
our studies to report a beneficial shift in LDL particle
size.
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Study 4: Body Composition and Hormonal Responses to
VLKCD

The few studies that have examined body composition
after a VLCKD have reported enhanced fat loss and pres-
ervation of lean body mass (6—8). Because insulin and
leptin were significantly reduced on a VLCKD and these
hormones have a role in regulation of protein and triacyl-
glycerol balance (4), we have decided to look at the effects
of VLKCDs on testosterone, cortisol, insulin, leptin, gluca-
gon, thyroid, and insulin-like growth factor-1. The objective
was to see whether a VLCKD could alter the hormonal
environment and affect protein and lipid kinetics, which
over time could lead to decreased fat mass or increased lean
body mass.

We have examined the effects of an isoenergetic VLCKD
on body composition (assessed using DXA) and fasting
hormone concentrations (9). Twelve healthy normal weight
men switched from their habitual diet (48% carbohydrate)
to a VLCKD for 6 weeks, and eight men served as controls,
consuming their normal diet. Body composition and fasting
blood samples were assessed before and after the VLCKD.
If active, subjects maintained their normal level of physical
activity.

Fat mass was significantly decreased (—3.4 kg), and lean
body mass was significantly increased (+1.1 kg) after the
VLCKD. There was a significant decrease in serum insulin
(—34%), and an increase in total thyroxine (+11%) and the
free thyroxine index (+13%). Approximately 70% of the
variability in fat loss on the VLCKD was accounted for by
the decrease in serum insulin concentrations. There were no
significant changes in glucagon, total or free testosterone,
sex hormone binding globulin, insulin-like growth factor-I,
cortisol, or triiodothyronine uptake. Thus, a VLCKD re-
sulted in a significant reduction in fat mass and a concom-
itant increase in lean body mass in normal weight men,
which may be partially mediated by the reduction in circu-
lating insulin concentrations.

Study 5: Improved Lipid Levels with VLCKD Compared
with Low-Fat Diet

We have previously reported that a VLCKD favorably
affected fasting and postprandial TAGs, LDL subclasses,
and HDL-C in normal weight, normolipidemic men (2,5).
Whether women experience similar lipid responses was
uncertain at that time. Therefore, similar to our studies in
normal weight men, we have conducted a VLCKD study in
normal weight women to investigate the effects on blood
lipids independent of weight loss (10). The experimental
approach was a balanced, randomized, two-period, cross-
over study design. Subjects were 10 healthy, normolipi-
demic women who consumed two isoenergetic diets: a
low-fat (<30% fat) and a VLCKD for 4 weeks each. A
4-week washout period, during which time women con-
sumed their habitual diet, separated the two experimental

diets. Two blood draws were performed on separate days at
0, 2, and 4 weeks and an oral fat tolerance test was per-
formed at baseline and after each feeding period. In addition
to measuring blood lipids, we also assessed several biomar-
kers of inflammation in fasting blood.

Compared with the low-fat diet, the VLCKD resulted in
significant increases in fasting serum total cholesterol
(16%), LDL-C (15%), and HDL-C (33%), and significant
decreases in serum TAGs (—30%), total cholesterol to
HDL-C ratio (—13%), and postprandial lipemia (—16%).
These responses were similar in direction to our studies in
normal weight men but higher in magnitude. Unlike our
response in men, there were no significant changes in LDL
size, but this was likely because of the larger LDL particle
sizes in these women at the start of the diet. There were no
significant changes in serum oxidized LDL or markers of
inflammation (i.e., C-reactive protein, interleukin-6, tumor
necrosis factor-«) after either the low-fat diet or the
VLCKD. We also measured several hormones including
insulin, glucagon, free thyroxine, free triitodothyronine, cor-
tisol, and insulin-like growth factor-1 (unpublished results).
The only hormone to be significantly affected by the
VLCKD was glucagon, which was raised by 16%.

Study 6: Lipids and Lipemic Response in Overweight
Men

Our work up to this point had attempted to determine
blood lipid responses to isoenergetic VLCKDs in normal
weight men and women to control for the confounding
effect of weight loss on these measures. Because most
people initially try VLCKDs with the goal of weight loss,
we next examined the effects of hypoenergetic VLCKDs in
overweight men. We studied 15 overweight/obese men who
consumed two experimental hypoenergetic (a deficit of 500
kcal/d) diets for 6-week periods: a VLCKD and a low-fat
(<30% fat) diet (11). The diets were consumed in a bal-
anced and randomized fashion. Two fasting blood draws
were performed on separate days, and an oral fat tolerance
test was performed at baseline and after each diet period.

The VLCKD and low-fat diet had the same effect on total
cholesterol (—11% and —15%, respectively) and HDL-C
(—=3% and —7%, respectively). The VLCKD resulted in a
greater decrease in TAGs (—44%) than the low-fat diet
(—=15%). Serum LDL-C was significantly reduced only
after the low-fat diet (—18%), but there was no difference in
oxidized LDLs after either diet. Postprandial lipemia was
significantly reduced on both diets compared with baseline,
but the reduction was significantly greater after the VLCKD
(—38%) compared with the low-fat diet (—19%). Mean and
peak LDL particle size increased only after the VLCKD;
75% of the subjects classified as pattern B switched to
pattern A after the VLCKD.
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Study 7: VLCKD Effects on Lipids, LDL Subclasses,
and Insulin Resistance in Overweight Women

Using the same experimental approach as Study 6, we
have compared the effects of a VLCKD and a low-fat diet
on fasting blood lipids, LDL subclasses, postprandial li-
pemia, and insulin resistance in overweight/obese women.
We have studied 13 moderately overweight women who
consumed both a hypoenergetic (deficit of 500 kcal/d)
VLCKD and a low-fat (<30% fat) diet in a balanced and
randomized fashion (12). The diets were ~4 weeks in
duration, so that blood draws could be performed at the
same time of the menstrual phase. Two fasting blood draws
were performed on separate days, and an oral fat tolerance
test was performed at baseline and after each diet.

The low-fat diet significantly reduced total cholesterol,
LDL-C, and HDL-C compared with the VLCKD. The
VLCKD was more effective than the low-fat diet at lower-
ing fasting TAGs (—23 vs. —11%) and postprandial lipemia
(—29 vs. —24%), but these were not statistically significant.
There were no significant differences in oxidized LDL
responses, nor were there any differences in LDL subclass
distribution, although all but one subject was classified as
pattern A at baseline. Fasting glucose, insulin, and insulin
resistance were all significantly lower after the VLCKD
compared with the low-fat diet.

Study 8: Weight Loss, Regional Body Composition, and
Hormonal Responses in Overweight Men and Women

Although controversial, a number of studies have shown
that VLCKDs are associated with greater weight loss than
low-fat diets (13). An equally important question also re-
lates to the composition of weight loss on a VLCKD. Our
prior study in normal weight men (9) has provided some
indication of a preferential loss of fat that might be related
to hormonal changes, in particular, insulin. We therefore
have conducted a study to compare the effects of energy-
restricted VLCKDs and low-fat diets on weight loss, body
composition, trunk fat mass, and hormonal responses in
overweight men and women (14,15). The design was a
parallel, randomized, clinical intervention study of an
energy-restricted (deficit of 500 kcal/d) VLCKD and low-
fat diet (<30% total energy from fat) in 29 healthy over-
weight/obese men and premenopausal women. We assessed
weight loss, whole body and regional composition (by
DXA), resting energy expenditure (REE; using indirect
calorimetry), and fasting hormone profiles before and after
the diet interventions.

Compared with the low-fat diet, the VLCKD diet resulted
in significantly greater weight loss (—675 and —1091 g/wk,
respectively), total fat loss (—384 and —775 g/wk, respec-
tively), and trunk fat loss (—157 and —505 g/wk, respec-
tively) despite similar energy deficits between diets. There
were no significant changes in fasting glucagon, free tri-
iodothyronine, cortisol, or insulin-like growth factor-1. In-

sulin was significantly (p < 0.05) decreased on the VLCKD
(—29%) and low-fat diet (—12%). Free thyroxine concen-
trations significantly (p < 0.05) decreased on the VLCKD
(—14%) and low-fat diet (—7%). There were greater reduc-
tions in leptin after the VLCKD (—50%) than the low-fat
diet (—17%). The ratio of leptin/total fat mass also de-
creased more after the VLCKD (—45%) than the low-fat
diet (—21%). REE (kilojoules per day) was significantly
decreased after the VLCKD (—4.2%) and low-fat diet
(—9.0%). Expressed relative to body mass (kilojoules per
kilogram), REE was not significantly affected by the
VLCKD (2.3%) or low-fat diet (—5.7%). This study has
shown that, compared with a low-fat diet, a VLCKD re-
sulted in 2-fold greater losses in body mass and whole body
fat mass and 3-fold greater losses in trunk fat. There were
also differences in insulin and leptin responses that were
related to the changes in body composition.

Study 9: Weight Loss and Inflammatory Biomarkers in
Overweight Men

In recent years, it has become apparent that low-grade
vascular inflammation plays a key role in all stages of the
pathogenesis of atherosclerosis (15). Weight loss has been
shown to improve blood inflammatory markers (17,18);
however, it is unknown whether weight-loss diets varying in
macronutrient composition differentially affect inflamma-
tory responses. Therefore, the primary purpose of this study
was to compare a VLCKD and a low-fat weight-loss diet on
inflammatory biomarkers in overweight men (16). In a
randomized cross-over design, 15 overweight/obese men
consumed two experimental weight-loss diets for two con-
secutive 6-week periods: a VLCKD and a low-fat (<30%
energy fat) diet. There were significant reductions in high-
sensitivity tumor necrosis factor-a, high-sensitivity inter-
leukin-6, high-sensitivity C-reactive protein, and soluble
intracellular adhesion molecule-1 after the VLCKD (—45%,
—51%, —55%, and —18%, respectively) and low-fat diet
(—42%, —46%, —48%, and —20%, respectively). There
were no significant changes in soluble P-selectin after either
diet. These data indicate that weight loss is the driving force
underlying the reduction in inflammatory markers and not
the composition of the diet.

Discussion

The effects of VLCKDs on blood lipids have been re-
viewed previously (13,19). Here we emphasize the studies
we have conducted and make some general conclusions
based on these responses (Table 2). The majority of
VLCKD studies have been in subjects who lost weight, and
the general response is a minimal reduction in total choles-
terol and LDL-C, which has probably been driven primarily
by the beneficial effect of weight loss on these lipoproteins
(20), because our studies with minimal weight loss show a
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Table 2. Description of studies we have conducted examining the effects of VLCKDs on fasting blood lipids and

postprandial lipemia

PP
Duration Age TC LDL HDL TAG TAG
Study Subjects (weeks) Diet (years) (%) (%) (%) (%) (%)
1 Normal weight men 8 VLCKD 26 1.8 10.3 10.0 —549 48
(MUFA-rich)
3 Normal weight men 6 VLCKD 37 4.7 4.2 11.5 =33.0 29
5 Normal weight women 4 VLCKD 26 15.8% 14.6%  32.0% 30.2% 16.0%*
Low-fat 26 5.2 —-48 =77 3.8 9.6
6 Overweight men 6 VLCKD 33 —10.9 —6.2*% =33 —44.1*% -—-37.6%
Low-fat —148 -174 —-66 —150 —195
7 Overweight women 4 VLCKD 34 1.1% 4.6% 1.3* =230 —289
Low-fat =71 =57 =86 —112 =245

*p = 0.05 from corresponding change on low-fat diet.

TC, total cholesterol; PP TAG, postprandial TAG AUC; MUFA, monounsaturated fatty acids.

small-to-moderate increase in LDL-C. The increases in total
cholesterol and LDL-C on a VLCKD in the absence of
weight loss may be transient, with concentrations peaking
after 2 to 4 weeks and gradually returning toward baseline
levels after 6 to 8 weeks. It should also be noted that a great
deal of intersubject variability in total cholesterol responses
exist, as shown in Figure 1. The underlying genetic and
physiological basis for this variability is unclear, and future
research should be directed at understanding these biologi-
cal factors.

While LDL-C may increase in some people, this must be
considered in the context of other changes in lipoproteins
and cardiovascular risk factors. The majority of VLCKD
studies have shown an increase in HDL-C and improvement
in the total cholesterol/HDL-C ratio (13). The response is
particularly evident in studies that have reported minimal
weight loss. This is probably because active weight loss has
been associated with significant reductions in HDL-C (20),
at least if induced by a low-fat diet, whereas VLCKDs tend
to prevent this decrease.

The most consistent response to a VLCKD is a reduction
in TAGs, which is independent of weight loss. The largest
reduction in TAGs (—55%) has been seen in healthy men
who consumed a VLCKD supplemented with fish oils (2),
indicating supplementation may work in concert with car-
bohydrate restriction to maximize TAG-lowering. Although
nearly all subjects experience a reduction in TAGs, those
with higher levels seemed to experience the greatest reduc-
tions (Figure 2). The TAG response to a meal (i.e., post-
prandial lipemia) may be more important than fasting TAG
levels in terms of risk status (21). In all our studies, we have
shown that a VLCKD decreased postprandial lipemia on the

order of one-third to one-half with or without weight loss.
Again, individuals who exhibit exaggerated postprandial
lipemia have the largest improvements after a VLCKD
(Figure 3).

Although the significant reductions in fasting and post-
prandial TAGs and the increases in HDL-C in response to
VLCKDs are favorable in terms of coronary artery disease
risk, the moderate increases in LDL-C in some people could
be interpreted as unfavorable. However, there appear to be
changes in the size and composition of LDL-C that may
counteract any adverse effects. Distinct LDL subclasses can
be separated out based on their diameter, which range in
size from ~21.8 nm for the small dense LDL particles to
27.8 nm for the larger more buoyant LDL particles (22).
Individuals with a predominance of large buoyant LDL-C
have been classified as pattern A, whereas those with a
predominance of small dense LDL particles are termed
pattern B. The latter pattern is associated with a >3-fold
risk of coronary artery disease (23). We have shown that a
VLCKD results in increased peak LDL size and shifts in
particle distribution from pattern B to pattern A in men. We
did not report the same effect in women, but this was likely
due to the larger starting particle sizes in the women.
Similar to our results with fasting TAG and postprandial
lipemia, there was an inverse correlation between baseline
LDL size and the change in LDL size in response to a
VLCKD (Figure 4), indicating that both men and women
who have smaller more atherogenic LDL particles shift to a
larger particle distribution in response to a VLCKD. This is
supported by the study by Hays et al, who have shown that
a VLCKD results in significantly increased mean LDL size
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Figure 1: Individual total cholesterol responses to a VLCKD.
Subjects include normal weight men [1,3], normal weight women
[5], overweight men [6], and overweight women [7].
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Figure 2: Relationship between baseline fasting serum TAGs and
the change in TAGs in response to a VLCKD. Subjects include
normal weight men [1,3], normal weight women [5], overweight
men [6], and overweight women [7].

in patients with cardiovascular disease and a high preva-
lence of metabolic syndrome (24).

Another consistent effect we have seen in our studies is a
reduction in fasting glucose and insulin, which can be used
to calculate the level of insulin resistance using the homeo-
static model assessment (HOMA) technique (25). In our
studies, insulin resistance assessed using HOMA has tended
to improve with the VLCKD, especially in those who ex-
hibited low levels of insulin sensitivity (Figure 5). This is
consistent with other work examining VLCKDs using the
insulin-clamp technique (26). Thus, the concern that
VLCKDs might induce insulin resistance because of the
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Figure 3: Relationship between baseline postprandial TAGs AUC
to an oral fat tolerance test and the change in postprandial TAGs
AUC in response to a VLCKD. Values represent the integrated
area under the 8-hour serum TAG curve. Subjects include normal
weight men [1,3], normal weight women [5], overweight men [6],
and overweight women [7].
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Figure 4: Relationship between baseline mean LDL-C size and the
change in mean LDL-C size in response to a VLCKD. Subjects
include normal weight men [3], normal weight women [5], over-
weight men [6], and overweight women [7].

high saturated fat content has not been supported by pub-
lished data; in fact, the research supports a possible bene-
ficial effect (26,27).

The greater reduction in body mass and fat mass we have
observed during a VLCKD (12) is consistent with several
recent clinical studies (13,19). Although the reason for this
beneficial effect is speculative, our research has indicated
that hormonal adaptations may play a role, in particular the
reduction in insulin. Adipose tissue lipolysis is exquisitely
sensitive to insulin at physiological concentrations (28).
Small-to-moderate decreases in insulin can increase lipoly-
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Figure 5: Relationship between baseline insulin resistance and the
change in insulin resistance in response to a VLCKD. Insulin
resistance was calculated by the HOMA using the formula: glu-
cose (mmol/liter) + [insulin (mU/liter)/22.5] [17]. Subjects in-
clude normal weight men [2,4], normal weight women [5], over-
weight men [6], and overweight women [7].

sis several-fold, the response being virtually immediate.
Insulin also stimulates lipogenesis by increasing glucose
uptake and activating lipogenic and glycolytic enzymes
(29).

As seen in Figures 2 to 5, people with elevated fasting
TAGs, exaggerated postprandial lipemia, a predominance of
small LDL-C, and a tendency toward insulin resistance
respond in a positive manner to a VLCKD. These are the
primary metabolic problems characteristic of the metabolic
syndrome, which is a highly prevalent multifaceted cluster-
ing of cardiovascular disease risk factors, with key features
of insulin resistance and dyslipidemia (increased TAGs,
decreased HDL-C, and predominance of small LDL-C)
(30). Ironically, low-fat diets tend to worsen many of the
features of metabolic syndrome, which has prompted con-
cern regarding the value of low-fat diets for people with
these characteristics (31,32). Other features of metabolic
syndrome include central obesity and chronic inflammation
(33). Our data has shown that VLCKD enhance total fat loss
and may preferentially target central fat stores when com-
pared with low-fat diets. We have also shown inflammatory
markers improve with weight loss. Thus, we propose that
VLCKD may be particularly suitable for preventing and
treating metabolic syndrome, which currently is estimated
to afflict one-quarter of adults >20 years of age and 40% of
subjects >40 years of age in the United States (34).

The duration of our interventions was short (4 to 8
weeks), and it is unknown whether the changes in lipids and
other outcomes would persists over longer periods of time.
The studies were also conducted on relatively small samples
of healthy volunteers. Although we have assessed a large

number of risk factors related to CHD and diabetes, we have
not assessed other important clinical end-points, such as
renal function or bone health. We encourage further work to
address a broad spectrum of clinical end-points in diverse
healthy and clinical populations for longer periods of time.

In summary, as the number of people following a
VLCKD increases, there is a greater need to understand the
underlying cardiovascular and metabolic aspects of these
diets. Our work over the last 5 years has indicated that
short-term VLCKDs are associated with improvements in a
number of cardiovascular disease risk factors, in particular,
those associated with the metabolic syndrome. These have
included favorable affects on whole body and central fat
loss, fasting and postprandial TAGs, HDL-C, LDL-C sub-
class distribution, and insulin resistance, suggesting that
carbohydrate restriction could be a viable approach for
preventing and treating the metabolic syndrome. We are
currently pursuing the effects of VLCKDs on many stan-
dard and novel risk factors for cardiovascular disease in
men and women with the metabolic syndrome in our labo-
ratory.
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