
 

Carbohydrate-induced Fatty Acid Synthesis

 

2081

 

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/96/05/2081/11 $2.00
Volume 97, Number 9, May 1996, 2081–2091

 

Human Fatty Acid Synthesis Is Stimulated by a Eucaloric Low Fat, High 
Carbohydrate Diet

 

Lisa Cooper Hudgins,* Marc Hellerstein,

 

‡

 

 Cynthia Seidman,* Richard Neese,

 

‡

 

 Jolanta Diakun,* and Jules Hirsch*

 

*

 

The Rockefeller University, New York 10021; and 

 

‡

 

Department of Nutritional Sciences, University of California, Berkeley, California 
94720 and Division of Endocrinology and Metabolism, Department of Medicine, University of California, San Francisco, California 
94110

 

Abstract

 

A new experimental approach was used to determine
whether a eucaloric, low fat, high carbohydrate diet in-
creases fatty acid synthesis. Normal volunteers consumed
low fat liquid formula diets (10% of calories as fat and 75%
as glucose polymers, 

 

n

 

 

 

5

 

 7) or high fat diets (40% of calories
as fat and 45% as glucose polymers, 

 

n

 

 

 

5

 

 3) for 25 d. The
fatty acid composition of each diet was matched to the com-
position of each subject’s adipose tissue and compared with
the composition of VLDL triglyceride. By day 10, VLDL
triglyceride was markedly enriched in palmitate and defi-
cient in linoleate in all subjects on the low fat diet. Newly
synthesized fatty acids accounted for 44

 

6

 

10% of the VLDL
triglyceride. Mass isotopomer distribution analysis of palmi-
tate labeled with intravenously infused 

 

13

 

C-acetate con-
firmed that increased palmitate synthesis was the likely
cause for the accumulation of triglyceride palmitate and
“dilution” of linoleate. In contrast, there was minimal fatty
acid synthesis on the high fat diet. Thus, the dietary substi-
tution of carbohydrate for fat stimulated fatty acid synthe-
sis and the plasma accumulation of palmitate-enriched, li-
noleate-deficient triglyceride. Such changes could have
adverse effects on the cardiovascular system. (
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vest.
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Introduction

 

It is generally thought that the biosynthesis of fatty acids is an
unimportant metabolic pathway in weight-stable human sub-
jects. However, most previous studies have been limited to in
vitro incubations of surgically excised liver, adipose tissue, or in-
testine from individuals consuming average levels of fat (1–4).
It is well known that fatty acid synthesis is stimulated by low
fat, high carbohydrate diets in animals which are normally in

positive caloric balance (5, 6). Furthermore, substantial net to-
tal body fatty acid synthesis (

 

.

 

 150 grams/d) and fat storage
were demonstrated using indirect calorimetry in normal hu-
man volunteers who consumed very high calorie, low fat, high
carbohydrate diets for several days (7). However, the tech-
niques of indirect calorimetry will only detect fatty acid syn-
thesis in excess of oxidation, and they cannot be used to study
dietary effects on fatty acid synthesis when caloric intake and
expenditure are in balance.

Recently, new isotopic methods to study human fatty acid
synthesis in vivo were developed that measure the incorpora-
tion of either 

 

13

 

C-acetate or deuterated water into plasma fatty
acids (8–10). The results of both methods have confirmed the
conclusions of the in vitro studies and indicate minimal fatty
acid synthesis after an overnight fast in normal volunteers who
had consumed diets with average fat content. A single day of
high carbohydrate intake as a constant intravenous infusion of
glucose, hourly liquid meals, or a high carbohydrate breakfast
increased the fraction of de novo VLDL palmitate from 1 to
5% in males and from 4 to 10% in females (8, 11). This repre-
sents a maximum of only 2.5 grams palmitate/d, based on an
estimated VLDL triglyceride (TG)

 

1

 

 secretion rate of 25 grams/d.
However, the de novo lipogenic response to eucaloric low fat,
high carbohydrate diets consumed for more prolonged periods
of time is unknown.

Such observations are of importance because of public
health recommendations to markedly reduce dietary fat and to
increase dietary carbohydrate. Increased fatty acid synthesis
could have two major adverse effects on cardiovascular health.
First, an increase in de novo fatty acids may stimulate hepatic
TG synthesis, secretion, and plasma TG concentrations (12,
13). Secondly, since the fatty acid preferentially formed by
mammalian fatty acid synthase, palmitate (16:0), is a saturated
fatty acid (1, 14), the composition of TG and other esterified
lipids in the plasma and other tissues may be enriched in satu-
rated fatty acids and depleted in essential, polyunsaturated
fatty acids that cannot be synthesized de novo. Increased
plasma TG (15) and reduced plasma or tissue polyunsaturated
fatty acids (16, 17) have both been associated with an in-
creased risk of cardiovascular disease.

In this paper, we describe a new experimental approach to
measure fatty acid synthesis in vivo in humans. It is based on
the model that fatty acids in VLDL TG are a mixture derived
without fatty acid selection from three major sources: dietary
fat, adipose tissue, and de novo synthesis. Only two sources,
the diet and adipose tissue, provide linoleate (18:2), since it can-
not be synthesized by the body. When the proportion of 18:2 in
the diet is matched to the proportion of 18:2 in the adipose tis-

 

This study was presented in abstract form at the October 1993 meet-
ing of the North American Society for the Study of Obesity (1993.

 

Obesity Research.

 

 1:925

 

a

 

) and at the November 1993 meeting of the
American Heart Association (1993. 

 

Circulation.

 

 88:I317

 

a

 

).
Address correspondence to Lisa Cooper Hudgins, M.D., Labora-

tory of Human Behavior and Metabolism, The Rockefeller Univer-
sity, 1230 York Avenue, New York, NY 10021. Phone: 212-327-7744;
FAX: 212-327-7150; E-mail: hudgins@rockvax.rockefeller.edu

 

Received for publication 6 December 1995 and accepted in revised
form 9 February 1996.

 

1. 

 

Abbreviations used in this paper:

 

 GCMS, gas chromatography-mass
spectrometry; HDL-C, HDL cholesterol; MIDA, mass isotopomer dis-
tribution analysis; REE, resting energy expenditure; TG, triglyceride.

 



 

2082

 

Hudgins et al.

 

sue, then the proportion of 18:2 in VLDL TG becomes an in-
dex of the fraction of preformed fatty acids from the diet and
adipose tissue. The fraction of de novo fatty acids, or the dilu-
tion of 18:2 in VLDL TG below the level in the diet and adi-
pose tissue, is a measure of newly synthesized fatty acids.

The purpose of this investigation was to test the validity of
the method and to answer two major questions. First, is fatty
acid synthesis minimal on a high fat diet, as indicated by the
same levels of 18:2 in VLDL TG, in the diet and in the adipose
tissue? Second, is fatty acid synthesis increased on a low fat
diet, as indicated by a lower level of 18:2 in VLDL TG than in
the diet and adipose tissue? In the controlled environment of
The Rockefeller University Clinical Research Center, normal
volunteers consumed weight-maintaining diets that differed in
the relative amounts of fat and carbohydrate. As required by
the method, the fatty acid composition of each diet was
matched to each subject’s adipose tissue. At the end of each
25-d dietary period, the level of 18:2 in VLDL TG was mea-
sured, as well as the fractional synthesis of VLDL TG 16:0
from the incorporation of 

 

13

 

C-acetate and mass isotopomer
distribution analysis (MIDA) (9).

 

Methods

 

Subjects.

 

The characteristics of the subjects are shown in Table I.
Seven subjects received low fat diet A, and three subjects received
high fat diet B. All were healthy nonsmokers on no oral prescription
medications and from a variety of racial and ethnic backgrounds.
Body weights were between 80 and 120% ideal body weight and were
stable within 10% of the weight at admission for the previous 6 mo.
The waist circumferences at the umbilicus and the widest hip circum-
ferences were measured to the nearest millimeter. The plasma TG,
cholesterol, and HDL cholesterol (HDL-C) levels in Table I are the
means of two to three values obtained after 12-h overnight fasts on
admission and on outpatient visits within 2 mo of admission. The lipid
profiles were normal except for an elevated HDL-C (2.41 mM) in
subject 2. All studies were approved by The Rockefeller University

Institutional Review Board, and informed consent was obtained from
all participating subjects.

 

Diets.

 

Liquid formula diets of exactly known composition that
differed in the ratio of fat to carbohydrate were consumed for 25 d.
Table II shows the composition of the tested diets. Low fat diet A was
10% fat, 75% carbohydrate; high fat diet B was 40% fat, 45% carbo-
hydrate. The fatty acid compositions of the diets were closely matched
to the fatty acid composition of each subject’s adipose tissue by mixing
lard, olive oil, and corn oil. The mean fatty acid compositions of the low
fat and high fat diets were similar, as shown in Table II. The %18:2
(10–23%) spanned the normal population range and met the essential
fatty acid requirement of at least 1% of total calories. The carbohydrate
source was glucose polymers with an average polymer size of five glu-
cose molecules (Polycose; Ross Laboratories, Columbus, OH). The pro-
tein source was milk protein (Casec; Mead Johnson, Evansville, IN).
Cholesterol was added with adjustments made for the cholesterol in
lard and milk protein to total 200 mg/d. All diets were equally supple-
mented with sodium chloride (5 grams/d), multivitamins, and iron.

The total calories in each diet were adjusted to maintain constant
weight. The initial number of calories was 1,360 kcal/m

 

2 

 

of surface
area, a constant found to be the average need with the level of physi-
cal activity on the research unit. Minimal adjustment of total calories
(

 

,

 

 

 

6

 

200 kcal/d) was required to maintain weight within 0.5 kg. The
slopes of the regression lines of the weights in the last 2 wk were not
significantly different from zero, except for subject 5 who gained 0.56
kg during this period. The diets, given in five equal servings, were
consumed within 1/2 h every 2–3 h between 8:00 a.m. and 8:00 p.m.,
except on the days of the 

 

13

 

C-acetate studies, when meal time was
standardized to 9:00 a.m., 11:00 a.m., 1:00 p.m., 3:00 p.m., and 5:00
p.m. All diets were well tolerated.

Gas chromatographic analysis of the total fat and fatty acid com-
positions of the lipid (

 

.

 

 95% TG) from samples of formula closely
matched desired values. The total calories per gram of homogenate
measured by bomb calorimetry came within 5% of expected values
(1.25 kcal/gram).

 

Nonisotopic linoleate dilution method.

 

This method is based on
the model that the fatty acid composition of VLDL TG is determined
by the relative input of fatty acids from the diet, the adipose tissue,
and endogenous de novo synthesis (Fig. 1). When the fatty acid com-
position of the tested diet is closely matched to the composition of the

 

Table I. Subject Characteristics

 

Subject Age Sex BMI* W/H

 

‡

 

TG CHOL HDL-C

 

yr kg/m

 

2

 

mM mM mM

 

Low fat diet A
1 23 M 28.0 0.96 0.83 4.13 1.08
2 20 F 19.1 0.75 0.68 4.26 2.41
3 22 M 20.7 0.81 0.77 3.85 0.92
4 20 F 19.7 0.75 1.49 4.56 1.13
5 24 F 20.6 0.80 0.67 4.03 1.36
6 20 M 20.0 0.82 0.61 4.21 1.46
7 20 M 21.5 0.82 0.93 3.59 0.87

 

Mean 21 21.4 0.82 0.86 4.09 1.32

 

SD 2 3.0 0.07 0.30 0.31 0.53
High fat diet B

8 57 M 28.8 1.04 1.28 4.79 0.90
9 27 M 22.4 0.84 0.94 3.82 1.51

10 24 F 24.5 0.83 0.75 4.56 1.28

 

Mean 36 25.2 0.90 0.99 4.39 1.23

 

SD 18 3.3 0.12 0.27 0.51 0.31

*Body mass index; 

 

‡

 

Waist circumference-to-hip circumference ratio.
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adipose tissue and there is minimal selectivity in the metabolism of
the major fatty acids, then 18:2 in VLDL TG can be used as a marker
for the fractional input of preformed fatty acids from the diet and/or
adipose tissue, as opposed to de novo synthesis.

Fig. 1 shows the expected %18:2 in VLDL TG at increasing levels
of de novo fatty acids when the %18:2 in the diet and adipose tissue
are both 20%. When there are no de novo fatty acids, the %18:2 in
VLDL TG equals the percentage in the diet and adipose tissue in a
ratio of 1:1 (e.g., 20%:20%). Alternatively, when all of the fatty acids

are formed de novo, then there is no 18:2 in VLDL TG. If there are
contributions from both sources, then the %18:2 in VLDL TG de-
creases below the percentage in the diet and adipose tissue to a ratio

 

,

 

 1:1. This ratio equals the fraction of preformed fatty acids from the
diet-adipose tissue, and the remainder equals the fraction of VLDL
TG that is formed de novo:

Percent de novo VLDL TG 

 

5

 

 (diet-adipose tissue %18:2 

 

2

 

 VLDL TG 
%18:2) 

 

3

 

 100/diet-adipose tissue %18:2.

The method assumes that (

 

a

 

) the fatty acid composition of adi-
pose tissue will not change in the course of a 1–2-mo study because of
the extremely slow turnover of the large pool of stored TG and (

 

b

 

)
the fraction of de novo VLDL TG fatty acids reflects the absolute
rate of fatty acid synthesis. The method is validated when combined
with direct measurements of fatty acid synthesis using isotopic pre-
cursors to distinguish between changes in the plasma input of de novo
fatty acids versus selective metabolism of fatty acids.

 

Isotopic method: MIDA.

 

Fatty acid synthesis was independently
measured at the end of each diet by the intravenous infusion of 

 

13

 

C-
acetate and application of the MIDA technique (8, 9). In brief, this
method uses probability analysis to measure the synthesis of biologi-
cal polymers. It is based on the mathematical principle that the label-
ing pattern of a polymer synthesized from a stable-isotopically la-
beled precursor will conform to a predicted binomial or multinomial
expansion. Thus, the isotopic enrichment of the precursor pool(s) is
calculated from measurements on the product alone. In the case of
fatty acid synthesis, the proportions of excess (above natural back-
ground abundance) single-labeled and double-labeled 16:0 (EM1 and
EM2 species, respectively) are a function of the probability (

 

P

 

) that
the precursor subunits were isotopically labeled. Using this value of 

 

P

 

for the isotopic enrichment of the acetyl CoA pool, the theoretical

 

13

 

C enrichment in 16:0 if 100% of the 16:0 were newly formed from
this acetate pool is calculated. The actual isotopic enrichment is mea-
sured by gas chromatography-mass spectrometry (GCMS). This
value divided by the theoretical maximum value equals the fraction
of 16:0 that is newly formed (f). The value for f represents dilution of
de novo synthesized 16:0 by non–de novo sources.

This method requires that newly synthesized (labeled) and pre-
formed (unlabeled) 16:0 mix in the liver and communicate with
plasma VLDL over the period of the isotope infusion. It also assumes
that the major de novo fatty acid is 16:0, with minor elongation and/or
desaturation to palmitoleate (16:1), stearate (18:0), and oleate (9c-18:1).
De novo synthesis of 18:0 can be measured by MIDA (8), but 16:1
and 9c-18:1 are not easily measured by similar GCMS for technical
reasons (fragmentation of the double bond, generating nonmolecular
ions). Finally, the infused isotopic acetate must have no physiologi-
cally important effect. In this study, the fractional synthesis of 16:0 is
considered to reflect absolute rates of 16:0 synthesis.

Sodium [1-

 

13

 

C]acetate (ISOTEC, Miamisburg, OH) (

 

.

 

 99% pure
and 

 

.

 

 98% enriched) in 1 liter of 1/2 normal saline or sterile water
was infused by vein at a rate of 370 mg/h beginning 7–16 h before the
first meal and continuing for a total of 15–24 h. Subjects 1 and 8 were
infused for 7 h before the first meal for a total of 15 h until 1 h after
the last meal, according to standard protocol (8). Subjects 2 and 4
were infused for 9 h before the first meal for a total of 24 h (12:00 a.m.
to 12:00 a.m.). In subjects 1 and 4 on low fat diet A, there was a 17%
increase in percent de novo VLDL TG 16:0 from 8:00 a.m. to 9:00
a.m. before the first meal. For this reason, in all subsequent studies,
the duration of the acetate infusion before the first meal was in-
creased to 15 h to ensure a plateau in 

 

13

 

C enrichment of 16:0 before
meals. The infusion was continued until 1 h after the last meal for a
total of 24 h (6:00 p.m. to 6:00 p.m.). Two to three samples taken 2–4 h
apart confirmed a steady state 

 

13

 

C enrichment in 16:0 before meals by
12–15 h of 

 

13

 

C-acetate infusion for low fat diet A and by 7 h of acetate
infusion for the high fat diet B. In all subjects, the calculated 

 

13

 

C en-
richment in the acetyl CoA precursor pool (p) plateaued at 5–10%
within 7 h of the start of the infusion and was similar during the day.

 

Table II. Composition of Diets

 

Diet A Diet B

 

%Protein 15 15
%Carbohydrate* 75 45
%Fat

 

‡

 

10 40
Fatty acid composition

%16:0 19 18
%18:0 12 11
%18:1 40 40
%18:2 15 18

*Glucose polymers; 

 

‡

 

Fatty acid composition matched to each subject’s
adipose tissue; mean percentages for major fatty acids given below; cho-
lesterol 

 

5 

 

200 mg/d.

Figure 1. Model of the linoleate dilution method to measure fatty 
acid synthesis. The fatty acid compositions of the diet and adipose tis-
sue are matched, and the fractional input of preformed and de novo 
fatty acids is calculated from the decrease, or dilution, of 18:2 in 
VLDL TG below the concentration in the diet and adipose tissue.
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Isolation of VLDL.

 

Every 2–3 d, at least 12 h after the last meal,
15 ml of blood was sampled, put in EDTA on ice, and the plasma was
separated by low speed centrifugation at 4

 

8

 

C for 20 min within 1 h of
blood sampling. After adding inhibitors of lipases and proteases (phe-
nylmethylsulfonyl chloride, leupeptin, and pepstatin), VLDL was iso-
lated by density gradient separation using a TH-641 (Sorvall Instru-
ments, Newton, CT) or SW41 swinging bucket rotor (Beckman
Instruments, Inc., Fullerton, CA) (18). 2 ml of plasma was carefully
overlaid with 11 ml of saline containing 1 mg/ml EDTA and spun at
20

 

8

 

C and 37,000 rpm for 18 h. In the samples obtained over 15–24 h
during the 

 

13

 

C-acetate studies, the chylomicrons were first separated
by a 40-min spin at 20

 

8

 

C and 28,000 rpm, removed in the top 2.5 ml of
saline, the saline replaced, and the VLDL isolated with the 18-h spin.
In a subset of samples, SDS-PAGE and laser densitometry were used
to estimate the relative proportions of apolipoprotein B48 and B100
in VLDL and to confirm the exclusion of chylomicrons.

 

Lipid extraction and fatty acid analysis.

 

The lipid was extracted
from VLDL with Folch solvent (chloroform/methanol 2:1) (19) after
the addition of C17:0 TG, cholesterol ester, and phospholipid internal
standards to correct for procedural losses (Nu Chek Prep, Inc., Ely-
sian, MN and Sigma Immunochemicals, St. Louis, MO). The total
plasma lipid was also immediately extracted with Folch solvent from
1 ml of the plasma prepared as described above, after the addition of
C17:0 TG and C17:0 free fatty acid. The lipid fractions were sepa-
rated by thin layer chromatography using silica gel G plates and a sol-
vent system of hexane/diethyl ether/glacial acetic acid, 60:40:1. The
plate was sprayed with rhodamine G and visualized with ultraviolet
light, and the bands of interest were scraped into tubes containing 2 ml
of 5% methanolic HCl. The tubes were capped with nitrogen, heated
at 70

 

8

 

C for 2 h, cooled, and the fatty acid methyl esters were extracted
with hexane after the addition of water.

The fatty acid compositions of adipose tissue and formula diets
were similarly analyzed after Folch extraction and transmethylation
of the total lipid extract (

 

.

 

 98% TG). Subcutaneous adipose tissue
from the abdominal and gluteal regions was aspirated through a nee-
dle attached to a syringe after local anesthesia with 1% lidocaine
within 3 wk of admission and at the end of each diet (20).

A gas chromatograph (model 5890; Hewlett-Packard Co., Palo
Alto, CA) equipped with a flame ionization detector and a 100 m 

 

3

 

0.25 mm (0.2-

 

m

 

m coating) SP2560 fused silica capillary column (Su-
pelco Inc., Bellefonte, PA) was temperature-programmed as de-
scribed previously, with slight modifications (21). 43 peaks were iden-
tified from 10:0 and 22:6n-3, and the percent area (weight percentage)
was obtained for each fatty acid at a detection limit of at least 0.1%.
Quantitative fatty acid methyl ester standards (Nu Chek Prep, Inc.)
were run monthly and indicated that no area response correction fac-
tors were required.

 

GCMS.

 

The fatty acid methyl esters prepared from samples ob-
tained during the 

 

13

 

C-acetate studies were shipped overnight in dry
ice to the University of California at Berkeley. A GC/MS (model
5970; Hewlett-Packard Co.) with a 15-m DB1 column held at 200

 

8

 

was used to quantitate the molecular ions of methyl 16:0 (m/z 270-
274) using electron-impact ionization and selected ion monitoring
mode (8). Excess enrichment was calculated by subtraction of true
baseline (unenriched) samples from each subject. The alogarithms for
calculation of (p), (A1*), and (f) have been described in detail previ-
ously (9).

 

Analysis of cholesterol, TG, HDL-C, glucose, and insulin.

 

The total
plasma cholesterol and TG were measured enzymatically (reagents
from Boehringer Mannheim Corp., Indianapolis, IN) and the HDL-C
was measured after precipitation of apo B containing lipoproteins by
dextran sulfate (22). Glucose was measured by glucose oxidase or
hexokinase assays. Insulin was analyzed in duplicate by radioimmu-
noassay (23).

 

Indirect calorimetry.

 

The resting energy expenditure (REE) and
respiratory quotient (RQ) were calculated from the analysis of breath
samples using an MMC Horizon metabolic cart (Beckman Instru-
ments, Inc.) or a DeltaTrac metabolic cart (Sensormedic, Yorba

Linda, CA) with a ventilated hood. On day 0 and every 4–5 d, mea-
surements of CO

 

2

 

 production and O

 

2

 

 consumption were made every
30–60 s for 30 min in the morning, 12 h after the last meal, and after at
least 20 min of rest. In addition, on the day of the 

 

13

 

C-acetate study,
gas exchange was measured after 20 min of rest and beginning 30 min
after the start of the last meal for 30 min. On that day, meals were
consumed every 2 h and were completed within 30 min. For each 30-min
measurement, the mean of values obtained during the second 15 min
was used for comparative analysis.

The RQs were corrected for protein oxidation that was estimated
from the difference between nitrogen intake and nitrogen excretion
(in urinary urea, creatinine, and uric acid) in urine produced at the
time of calorimetry or from 24-h urine collections the same day. Since
nitrogen excretions were similar by both calculations, only RQs cor-
rected with the 24-h urine collections are presented.

 

Statistical methods.

 

Simple regression analysis was used to con-
firm a steady state in VLDL TG fatty acids and weight in the last 2 wk
of the dietary period. A steady state in VLDL TG %18:2 was defined
as a variation about the mean of 

 

,

 

 20% and a slope not significantly
different from zero. For each subject on each diet, the differences be-
tween the steady state values for the %18:2 in VLDL TG and the
%18:2 in the diet and adipose tissue were calculated, and the within-
subject difference in each diet group was statistically analyzed by
paired 

 

t

 

 test. The differences were also used to calculate the mean
steady state percent de novo VLDL TG for each subject and the
mean for each diet group. Differences in percent de novo VLDL TG
between diet groups were statistically analyzed by two-tailed un-
paired 

 

t

 

 test that assumed unequal variance. The mean of values ob-
tained in the last week of the diet (fasting insulin, glucose, TG, lipo-
protein cholesterol) or the last 2 wk (fasting resting metabolic rate
and RQ) were compared to prediet values by paired 

 

t

 

 test or between
diet groups by unpaired 

 

t

 

 test. Relationships between continuous
variables such as percent de novo VLDL TG and insulin were evalu-
ated with simple linear regression analysis. Data analysis was per-
formed using Excel statistical software.

 

Results

 

Adipose tissue and diet fatty acid compositions.

 

As predicted,
there was only minimal change in the fatty acid composition of
adipose tissue after either diet. Table III shows the mean per-
centages of the major fatty acids: 18:2, 16:0, and 9c-18:1, and
selected minor fatty acids in the adipose tissues before and af-
ter low fat diet A and high fat diet B (

 

AT pre-diet

 

 and 

 

AT post-
diet

 

). The value from each subject is the average of values from
the abdominal and gluteal sites. For each subject, the differ-
ence between sites was small. There was slightly higher 16:0
(mean 20.8 vs. 18.3%) and lower 9c-18:1 (mean 38.4 vs. 40.7%)
in abdominal versus gluteal adipose tissue, with minimal dif-
ference in 18:2 (mean 16.5 vs. 16.3%) or other polyunsaturates,
as reported previously (24, 25).

Table III also shows that the fatty acid compositions of the
diets (

 

DIET

 

) were closely matched to the compositions of the
adipose tissue for the major and most of the minor fatty acids.
18:0 was higher and 16:1 lower in the diet than in the adipose
tissue, but these fatty acids formed a small percentage of the
total.

 

Percent de novo VLDL TG by the linoleate dilution
method.

 

The average of the diet and adipose tissue concentra-
tion of 18:2 at the end of the diet (

 

DIET-AT

 

) is given next in
Table III. This should be compared with the mean concentra-
tion of 18:2 in VLDL TG in the last 2 wk of study (

 

VLDL

 

).
The difference between the 18:2 of VLDL TG and the diet-
adipose tissue is expressed as the percent difference: (VLDL 

 

2

 

DIET-AT) 

 

3

 

 100/DIET-AT. The values for the two other ma-
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jor fatty acids, 16:0 and 9c-18:1, are also given. Finally, the per-
cent de novo VLDL TG is listed which is equal to the percent
difference in 18:2 when the value is negative or to zero when
the value is zero or positive.

On low fat diet A, in all subjects, the fatty acid composition
of VLDL TG was dramatically different from the composi-
tions of the diet and adipose tissue. The mean VLDL TG %18:2
was 44% lower and the mean 16:0 was 54% higher than values
in the diet and adipose tissue. In sharp contrast, on high fat
diet B, the %18:2 and %16:0 in VLDL TG were similar to the
concentrations in the diet and adipose tissue. Thus, as calcu-
lated by our model, a substantial fraction (30–57%) of VLDL
TG was formed de novo on low fat diet A, but very little was
formed de novo on high fat diet B.

In Fig. 2, the time courses of the changes in the mean dif-
ference between VLDL TG and diet-adipose tissue for 18:2
and 16:0 are illustrated in the top and bottom panels, respec-
tively. On low fat diet A, the %18:2 in VLDL TG sharply fell
from baseline levels that reflected the diet in the few days pre-
ceding hospital admission. It stabilized far below the concen-
tration in the diet and adipose tissue in 7–10 d. The average
within-subject and between-subject coefficients of variation

for days 11–25 were low (21 and 24%, respectively), and the
slopes of regression lines for this period were all insignificantly
different from zero. As the %18:2 decreased, the %16:0 in-
creased and stabilized at a concentration that was much higher
than the concentration in the diet and adipose tissue. In con-
trast, on high fat diet B, there was less change in both fatty ac-
ids from baseline and a faster equilibration to concentrations
that were similar to the concentrations in the diet and adipose
tissue.

Fig. 3 shows that the distinct fatty acid pattern for each diet
persisted over 24 h and did not fluctuate with meals. Since the
plasma half-life of VLDL TG is typically no more than 2–3 h,
this suggests that the dietary effects on fatty acid synthesis
were prolonged or that VLDL TG half-life was increased due
to delayed clearance or to an increase in the extraplasma TG
pool size.

Although the numbers of subjects are small, males and fe-
males had similar responses to low fat diet A (50 vs. 39% de
novo VLDL TG, respectively). In each of the three females,
based on the date of the start of menses, the 2-wk steady state
in plasma fatty acid composition spanned both follicular and
luteal phases. In this short time frame, there was no evidence

 

Table III. Mean Fatty Acid Compositions of Adipose Tissue, Diet and VLDL TG, and Percent De Novo VLDL TG

 

Major fatty acids (wt%) Minor fatty acids (wt%)

18:2 16:0 9c-18:1 14:0 9c-16:1 18:0 11c-18:1 tr-18:1 18:3n-3 20:4n-6 22:6n-3

 

Low fat diet A (subjects 1–7)
AT pre-diet* 15.39 19.55 39.71 2.90 5.51 4.13 2.48 2.63 0.54 0.34 0.11
AT post-diet

 

‡

 

14.65 19.72 39.82 2.68 5.86 3.97 2.80 2.65 0.64 0.42 0.12
DIET

 

§

 

14.91 19.07 39.69 1.28 1.43 12.00 2.62 3.23 0.46 0.07 0.00

DIET-AT

 

i

 

14.78 19.40 39.76 1.98 3.65 7.99 2.71 2.94 0.55 0.24 0.06
(range) (10–19) (18–20) (37–42)
VLDL

 

¶

 

8.27 29.85 34.36 2.74 6.94 4.15 3.68 1.24 0.25 1.25 0.38
(range) (5–11) (28–34) (32–39)

Percent difference**

 

2

 

43.65 54.08

 

2

 

13.62

 

SD 10.40 11.80 3.32
(range) (

 

2

 

30 to 

 

2

 

57) (41–79) (

 

2

 

7 to 

 

2

 

16)

Percent de novo VLDL TG

 

‡‡

 

43.65

 

High fat diet B (subjects 8–10)
AT pre-diet* 18.76 18.02 39.15 2.11 4.65 3.52 2.40 2.72 0.58 0.40 0.06
AT post-diet

 

‡

 

18.19 18.22 38.61 2.11 4.29 3.84 2.40 2.81 0.51 0.44 0.13
DIET

 

§

 

18.41 17.99 40.36 0.90 1.31 10.77 2.80 3.10 0.50 0.07 0.00

DIET-AT

 

i

 

18.30 18.11 39.49 1.50 2.80 7.31 2.60 2.96 0.51 0.26 0.07
(range) (16–23) (17–19) (37–41)
VLDL

 

¶

 

19.59 20.82 36.10 1.34 2.26 4.48 3.17 1.88 0.28 1.37 0.36
(range) (17–24) (20–21) (33–38)

Percent difference**

 

7.09 15.11

 

2

 

8.62

 

SD 1.17 4.03 2.33
(range) (6–8) (11–19) (

 

2

 

6 to 

 

2

 

10)

Percent de novo VLDL TG

 

‡‡

 

0.00

 

*AT pre-diet, mean of each of 11 fatty acids (wt%) in adipose tissues before diets A or B; 

 

‡

 

AT post-diet, mean of each of 11 fatty acids (wt%) in adi-
pose tissues after diets A or B; 

 

§

 

DIET, mean fatty acid composition of diets A or B; 

 

i

 

DIET-AT, mean of AT (post-diet) and diets A or B; 

 

¶

 

VLDL,
mean fatty acid composition of VLDL TG sampled the last 2 wk of diets A or B; **Percent difference, (VLDL 

 

2 

 

DIET-AT) 

 

3

 

 100/DIET-AT;

 

‡‡

 

Percent de novo VLDL TG 

 

5

 

 % difference, or % decrease, in 18:2 in VLDL TG vs. DIET-AT.
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for higher fatty acid synthesis during the follicular compared
with luteal phases, as reported previously in a small number of
free-living female subjects on ad libitum diets studied with 

 

13

 

C-
acetate (11).

On both diets, 9c-18:1, the monounsaturated fatty acid
comprising the largest percentage of the total fatty acids (

 

z

 

 35%),
was slightly lower in VLDL TG compared with the diet-adi-
pose tissue. On the low fat diet A, two minor monounsatu-
rated fatty acids that we cited previously as potential biomar-
kers of increased fatty acid synthesis, 16:1 and 

 

cis

 

-vaccenate
(11c-18:1), were slightly increased (6.9 vs. 3.7% and 3.7 vs.
2.7%, respectively) (21). The significance of these increases is
uncertain, since it was not possible to exactly match the con-
centration of 16:1 in the diet and adipose tissue, and the 11c-
18:1 was also increased in plasma relative to the diet and adi-
pose tissue on high fat diet B.

As expected, the plasma concentrations of minor fatty ac-
ids derived exclusively from the diet or adipose tissue, lino-
lenate (18:3n-3) and 

 

trans

 

 18:1, were lower relative to the diet
and adipose tissue on low fat diet A than high fat diet B.
Arachidonate (20:4n-6) and docosohexadecanoate (22:6n-3)

were higher in VLDL TG compared with the diet-adipose tis-
sue on both diets, possibly indicating increased synthesis from
the precursors, 18:2 n-6 and 18:3 n-3, respectively, and/or slow
plasma clearance. Differences in these minor fatty acids have
minimal effects on the relative concentrations of 18:2, 16:0, and
9c-18:1.

The fatty acid composition of TG isolated from the total
plasma lipid extract was nearly identical to the composition of
the VLDL TG at all time points. In addition, large decreases in
the %18:2 occurred with a similar time course in the free fatty
acids, as well as in the cholesterol ester and phospholipid frac-
tions of VLDL (data not shown). Thus, there was no evidence
for accumulation of 18:2 in other lipid classes or in TG carried
by LDL or HDL.

 

Percent de novo VLDL TG 16:0 by the isotopic method
(MIDA).

 

The results with the MIDA method after intrave-
nous infusions of 

 

13

 

C-acetate were qualitatively similar to the
results based on linoleate dilution. Fig. 4 shows that the mean
percent de novo VLDL TG 16:0 was much higher on the low
fat diet A than on the high fat diet after an overnight fast and
throughout the day. The mean morning values after an over-
night fast were 20

 

6

 

5% vs. 4

 

6

 

1%, respectively, P 5 0.0003.
The mean values 1 h after the last meal were 2466% vs.
863%, P 5 0.0007. On both diets, there was a slight, gradual
increase during the day that was not seen in the fatty acid com-
position (Fig. 3). Table IV shows the individual data used to

Figure 2. Percent differences (mean6SD) between the fatty acid 
compositions of VLDL TG and the diet-adipose tissue during the 25 d 
of study for low fat diet A (squares, n 5 7) and high fat diet B (trian-
gles, n 5 3). Top, TG 18:2; bottom, TG 16:0. Percent difference 5 
(VLDL TG %18:2 2 diet-adipose tissue %18:2) 3 100/diet-adipose 
tissue %18:2. Negative values for 18:2 are equal to the percent de 
novo VLDL TG by the linoleate dilution method.

Figure 3. Percent differences (mean6SD) between the fatty acid 
compositions of VLDL TG and the diet-adipose tissue during the day 
at the end of low fat diet A (boxes, n 5 7) and high fat diet B (trian-
gles, n 5 3). Top, TG 18:2; bottom, TG 16:0. Percent difference calcu-
lated as in Fig. 2 and text. The arrows mark the meal times.
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calculate fractional 16:0 synthesis (f) before the first meal
(Fasted) and 1 h after the last meal (Fed).

Plasma TG concentrations. To determine the relationship
between fatty acid synthesis and plasma TG concentration, the
plasma TG concentration was monitored during the 25 d of
study and over 24 h at the end of each study. Table V first
shows the mean values obtained after an overnight fast on day
0; these were similar to the means of two to three samples ob-
tained after ad libitum diets (see Table I). On low fat diet A,
the plasma TG tripled to a peak at 4–10 d, within a few days of
the onset of constant VLDL fatty acid composition (mean 2.87
vs. 0.89 mM, P 5 0.003). In all but subject 3 who maintained
the peak value, the TG concentrations then declined and lev-
eled off by the last week (mean of days 21, 23, and 25) at twice
the level on day 0 (1.85 vs. 0.89 mM, P 5 0.007). In parallel
with the increase in total TG, there was an increase in VLDL
TG (data not shown). Samples obtained over 24 h at the end of
the diet showed that the TG concentration further increased in
some, but not all, subjects until after the last meal, when it de-
clined until the morning.

On high fat diet B, the TG concentration after an overnight
fast also increased by day 10 from day 0 values (1.62 vs. 1.13
mM, P 5 0.15). However, the mean fasting TG concentrations
(and VLDL TG) in the last week were similar to baseline val-
ues (1.19 vs. 1.13, P 5 0.86). These values were also less than
mean values obtained in the last week after the low fat diet A,
but with the small number of subjects, the difference between
diets was not statistically significant (1.19 vs. 1.85 mM, P 5 0.33).
For both diets, the average area under the curve was plotted
over 24 h from five TG values obtained just before the first
meal (9:00 a.m.), just before the third meal (1:00 p.m.), and 1
and 4 h after the last meal (6:00 p.m. and 10:00 p.m.). The 24-h
area for TG was lower for high fat diet B than for low fat diet
A, but the difference was not statistically significant (32.15 vs.
41.83 mM/24 h, P 5 0.53).

On low fat diet A, when the increase in total plasma TG on
day 25 above day 0 values was expressed as a percentage of the
day 25 value, the percentage was similar to percent de novo
VLDL TG calculated by the linoleate dilution method (Table
III, Low fat diet A): mean 47612% vs. 43610%. This sup-
ported the possibility that the diet-induced increase in plasma
TG was primarily due to increased fatty acid synthesis. How-

ever, subjects 4 and 7 had TG increases that were greater than
predicted by decreases in VLDL TG %18:2, and regression
analysis indicated no statistically significant relationship be-
tween TG or increase in TG above baseline and percent de
novo VLDL TG. Furthermore, all but one subject had a peak
and then decline in the fasting TG between days 10 and 18
when there was no change in the %18:2. Thus, it was likely that
the TG concentration was increased not only by increased
fatty acid synthesis, but also by other factors, such as increased
TG synthesis from preformed fatty acids or decreased TG
clearance. Delayed clearance of chylomicrons did not signifi-
cantly contribute to the peak elevation in plasma TG on low
fat diet A, since apolipoprotein B48, a marker of chylomi-
crons, was , 5% of the total apolipoprotein B (B100 1 B48) in
samples from subjects 4–6.

Insulin and glucose concentrations. To determine if increases
in insulin and/or glucose paralleled the increases in fatty acid
synthesis and TG concentrations, blood insulin and glucose
concentrations were also monitored at the same time intervals
described above for blood TG. Table V shows that, on both di-
ets, serum insulin and glucose levels obtained after an over-
night fast in the last week (day 25) were similar to values on
day 0 and did not differ between diets. On low fat diet A, insu-
lin levels were markedly increased from fasting values 1 h after
the start of the last meal (174 vs. 6 mU/ml); in contrast, glucose
values were only slightly increased without evidence for glu-
cose intolerance in any subject (6.17 vs. 4.61 mM). Regression
analysis indicated no significant linear relationship between
the insulin or glucose responses and the percent de novo
VLDL TG, TG, or increase in TG in subjects on low fat diet A
(P . 0.01).

On high fat diet B, insulin levels were less increased 1 h af-
ter the last meal, but the difference between diets was not sta-
tistically significant (83 vs. 174 mU/ml, P 5 0.20). On both di-
ets, insulin and glucose levels returned nearly to baseline
values by 10:00 p.m., 5 h after the last meal.

Cholesterol concentrations. The increase in the plasma TG
in the last week of low fat diet A was associated with a consis-
tent and significant decrease in the mean total plasma cho-
lesterol and HDL-C from ad libitum values (3.38 vs. 4.10 mM,
P 5 0.01 and 0.79 vs. 1.21 mM, P 5 0.01, respectively). The re-
lationship between HDL-C and TG was not reciprocal, how-

Figure 4. Percent de novo VLDL TG 16:0 
(mean6SD) by the isotopic MIDA 
method. 13C-Acetate was infused intrave-
nously for 15–24 h, and the incorporation 
into plasma VLDL TG 16:0 was measured 
during the day at the end of low fat diet A 
(squares, n 5 7) and high fat diet B (trian-
gles, n 5 3). Arrows indicate meal times.
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ever, since, in all subjects, the HDL-C rapidly declined and
then plateaued by day 5, several days before the peak in TG.
The decrease in HDL-C was disproportionately greater than
the decrease in total cholesterol, so that the cholesterol/HDL-C
increased from baseline values (mean of 4.35 vs. 3.51, P 5
0.01). On the high fat diet B, similar but much smaller changes
from baseline occurred in total cholesterol (3.51 vs. 4.38 mM),
HDL-C (0.90 vs. 1.26 mM), and cholesterol/HDL-C (4.0 vs.
3.7), which were not statistically significant. On both diets,
there were minimal changes in total cholesterol and HDL-C
over 24 h.

Energy expenditure. On low fat diet A, the actual total cal-
ories required to maintain weight and the expected calories
calculated from surface area were nearly identical (2,3866398
vs. 2,3746340, P 5 0.95). Consistent with these findings, the
mean REE measured by indirect calorimetry after an over-
night fast three to four times in the last 2 wk of each diet was

unchanged from values obtained on day 0 (1,4676272 vs.
1,4316331, P 5 0.22). For high fat diet B, there was a similar
lack of difference between actual and expected total calories
required to maintain constant weight (2,5176382 vs. 2,6376287,
P 5 0.69) and in REE post-diet versus baseline (1,5756315 vs.
1,5646281, P 5 0.71). At the end of the diet period, the per-
cent increase in energy expended shortly after the last meal
relative to the morning fasted value was slightly higher after
low fat diet A than after high fat diet B, but the difference was
not statistically different (45 vs. 30%, P 5 0.13). Thus, the ca-
loric expenditure was similar on the low fat and high fat diets.

As expected with a higher intake of carbohydrate during
low fat diet A (food quotient of 0.93), the mean nonprotein
RQ after an overnight fast was slightly higher in the last 2 wk
compared with day 0 (0.9460.08 vs. 0.8860.04, P 5 0.15). Con-
sistent with the lack of weight gain, no values were . 1.0, indi-
cating negligible net lipogenesis and net fat deposition. That is,

Table IV. Percent De Novo VLDL TG 16:0 Calculated by MIDA

Subject EM1 EM2 EM2/EM1 p A1* f

MPE MPE %

Low fat diet A
1. Fasted 0.0212 0.0092 0.4330 0.0486 0.1822 11.63

Fed 0.0356 0.0150 0.4239 0.0469 0.1780 19.93
2. Fasted 0.0370 0.0248 0.6711 0.0906 0.2483 14.90

Fed 0.0441 0.0303 0.6872 0.0932 0.2506 17.59
3. Fasted 0.0476 0.0207 0.4360 0.0492 0.1835 25.85

Fed 0.0606 0.0262 0.4329 0.0486 0.1821 33.16
4. Fasted 0.0449 0.0302 0.6722 0.0908 0.2484 18.07

Fed 0.0525 0.0328 0.6245 0.0829 0.2403 21.83
5. Fasted 0.0436 0.0218 0.5010 0.0613 0.2088 20.91

Fed 0.0507 0.0279 0.5509 0.0703 0.2237 22.73
6. Fasted 0.0398 0.0188 0.4720 0.0560 0.1984 20.06

Fed 0.0429 0.0220 0.5132 0.0635 0.2128 20.22
7. Fasted 0.0558 0.0286 0.5129 0.0635 0.2167 26.22

Fed 0.0654 0.0357 0.5465 0.0695 0.2225 29.37

Mean fasted 0.0414 0.0220 0.5283 0.0657 0.2123 19.66
SD 0.0107 0.0070 0.1023 0.0179 0.0276 5.37

Mean fed 0.0503 0.0271 0.5399 0.0678 0.2157 23.55
SD 0.0104 0.0070 0.0954 0.0169 0.0274 5.62

High fat diet B
8. Fasted 0.0073 0.0045 0.6108 0.0806 0.2376 3.09
Fed 0.0207 0.0110 0.5316 0.0668 0.2183 9.48

9. Fasted 0.0084 0.0089 1.0672 0.1474 0.2840 3.11
Fed 0.0118 0.0114 0.9687 0.1346 0.2766 4.38

10. Fasted 0.0121 0.0090 0.7419 0.1018 0.2576 4.70
Fed 0.0241 0.0157 0.6531 0.0876 0.2454 9.81

Mean fasted 0.0093 0.0075 0.8066 0.1099 0.2597 3.63
SD 0.0025 0.0026 0.2350 0.0341 0.0233 0.92

Mean fed 0.0189 0.0127 0.7178 0.0963 0.2468 7.89
SD 0.0064 0.0026 0.2256 0.0347 0.0292 3.04

Infusions of 13C-acetate and analysis of plasma VLDL TG by GCMS were performed as described in the text. p, isotopic enrichment of acetate pre-
cursor; A1*, asymptotic enrichment of M1 isotopomer if 100% of 16:0 were synthesized from acetyl-CoA units at enrichment p; f, fraction of 16:0 de-
rived from endogenous synthesis; MPE, molar percent excess. Fasted 5 12 h of overnight fast just before first meal; Fed 5 value 1 h after last of five
meals given every 2 h for 8 h.
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after an overnight fast, an equal amount of the fat that was
synthesized was oxidized. On day 25 of low fat diet A, the
mean nonprotein RQ 1 h after the last meal increased from
that day’s overnight fasted value by 9% to 1.0660.13 (P 5
0.02), indicating slight net lipogenesis of unknown duration.
On high fat diet B (food quotient 0.87), the mean nonprotein
RQ after an overnight fast was also slightly increased from day
0 values (0.9260.06 vs. 0.8760.06, P 5 0.45). Compared with
the low fat diet, there was a slightly smaller percent increase
after the last meal relative to the morning fasted value (5 vs.
9%, P 5 0.69), with no subject increasing above 1.0.

Discussion

Net lipogenesis from carbohydrate has been previously dem-
onstrated to occur in humans during positive calorie balance.
It has been widely assumed that fatty acid synthesis does not
occur during calorie balance. These studies were conducted in
normal volunteers who were in calorie balance as indicated by
the meticulous maintenance of stable body weight. They
clearly demonstrate that fatty acid synthesis was stimulated
even in the eucaloric state by very low fat, high carbohydrate
diets in all subjects.

By matching the fatty acid compositions of the diet and ad-
ipose tissue and monitoring the percent decrease in 18:2 in
VLDL TG below the concentration in the diet and adipose tis-
sue by de novo fatty acids, we calculated that about half of the
VLDL TG fatty acids were newly formed. The large decreases
in 18:2 were associated with large increases in 16:0 in VLDL
TG that stabilized within 10 d of the dietary intervention and
persisted over 24 h. In contrast, on the high fat diet, the fatty

acid composition of VLDL TG was similar to the composition
of the diet and adipose tissue, as expected in the absence of de
novo fatty acids or other selectivity in fatty acid metabolism.
Isotopic studies using 13C-acetate with the MIDA technique
directly demonstrated that the increase in 16:0 on the low fat
diet was associated with increased de novo 16:0 synthesis.
These results suggest that this new method is a valid way to si-
multaneously study over time the effect of an intervention on
the fatty acid synthesis and the fatty acid composition of
plasma lipid subfractions.

In a small number of previous studies, similar increases in
16:0 and decreases in 18:2 in plasma provided indirect evi-
dence that significant fatty acid synthesis occurred in humans
on low fat, high carbohydrate diets. A Rockefeller study many
years ago showed large increases in plasma TG and VLDL
TG, a doubling of the %16:0, and a sixfold reduction in %18:2
in TG-rich lipoproteins relative to levels in adipose tissue in
two severely hypertriglyceridemic men fed eucaloric fat-free
formula diets for 7 d (26). This fatty acid response was con-
firmed in eight other male and female hypertriglyceridemic
subjects fed fat-free diets for 2–3 wk (27). A similar fatty acid
pattern was induced in the plasma TG of normal volunteers by
2-wk, continuous fat-free intravenous or nasogastric infusions
(28). In addition, we reported that the adipose tissue of weight-
stable subjects receiving long-term home intravenous nutrition
varying in fat quantity (9–31% of calories) but equal in fat
quality (soybean oil) had much lower percentage of 18:2 and
higher percentages of de novo synthesized fatty acids in the ad-
ipose tissue compared with the dietary fat, as well as a strong
positive correlation between adipose tissue %18:2 and percent
fat calories (21). A pattern of low 18:2 and high de novo fatty

Table V. Plasma TG, Insulin, and Glucose Concentrations on Low Fat Versus High Fat Diet

Subject

Triglyceride (mM)

Hours‡
Percent de novo

VLDL TG§

Insulin (mU/ml) Glucose (mM)

Day 0 Peak Days 21–25
Day 25
fasted* Day 0

Day 25
fasted* Fedi Day 0

Day 25
fasted* Fedi

Low fat diet A
1 0.90 3.14 2.26 1.98 50.15 57 12 3 466 5.11 4.17 6.39
2 0.80 1.50 1.23 1.15 26.20 37 2 7 125 5.28 4.50 6.67
3 1.00 1.84 1.49 1.66 36.02 51 4 7 87 5.11 4.39 6.89
4 1.36 5.33 3.78 3.49 89.14 30 10 6 279 5.56 4.78 6.50
5 0.49 2.03 1.20 1.22 27.33 54 3 5 88 4.78 5.11 5.72
6 0.72 2.80 1.18 1.08 20.90 39 7 5 96 5.28 4.89 6.17
7 0.93 3.49 1.84 1.86 43.03 36 8 11 79 4.56 4.61 4.67

Mean 0.88 2.88 1.86 1.78 41.82 43 7 6 174 5.10 4.63 6.14
SD 0.27 1.30 0.94 0.84 23.22 10 4 2 146 0.33 0.32 0.75

High fat diet B
8 1.42 2.32 2.00 1.90 54.48 0 2 6 147 4.94 5.06 7.28
9 0.97 1.10 1.23 0.78 22.20 0 10 17 66 5.67 5.28 7.06
10 0.98 1.47 0.35 0.70 19.77 0 20 25 37 4.78 4.72 3.89

Mean 1.12 1.63 1.19 1.13 32.15 0 11 16 83 5.13 5.02 6.07
SD 0.26 0.62 0.82 0.67 19.37 0 9 9 57 0.47 0.28 1.90

*At 9:00 a.m., at least 12 h from the last meal; ‡Calculated from area under the curve of TG concentrations over 24 h (mM/24 h); §Calculated from 
percent decrease in VLDL TG 18:2 below levels in the diet and adipose tissue (Table III); i 1 h after the start of the last meal; five meals given every 2 h 
between 9:00 a.m. and 5:00 p.m.; Differences between day 0 and day 25, fasted, are statistically significant (P , 0.01) for TG on diet A only. All differ-
ences between low fat and high fat diets are statistically insignificant (P . 0.01) except percent de novo VLDL TG.
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acids (predominantly 16:0) is also present in the adipose tissue
of newborn infants who synthesize most of their fat in utero
from maternal carbohydrate (20, 29).

The marked decrease in 18:2 and increase in 16:0 in plasma
lipids caused by increased synthesis of 16:0 on low fat diets also
occur with 16:0-enriched, high fat diets (30, 31). This plasma
fatty acid pattern, whether produced by increased de novo or
dietary 16:0, may have widespread effects on membrane recep-
tor function (32), thrombosis (17), eicosanoid production (17),
and DNA transcription via fatty acid responsive regions (33).
Low 18:2 and high saturates and/or monounsaturates have
been reported in the plasma (34) and adipose tissue (35, 36) of
free-living subjects who have or who develop coronary artery
disease. It is important to know whether increased de novo syn-
thesis of saturated fat contributes to the fatty acid patterns as-
sociated with coronary heart disease in epidemiological surveys.

Although the large increase in fatty acid synthesis on the
very low fat diet was associated with dramatic changes in the
fatty acid composition and concentration of plasma TG, 24-h
energy expenditure was nearly identical to predicted require-
ments. This implied that the absolute rate of conversion of glu-
cose carbon to fatty acid was small. If the TG synthesis rate is
assumed to be at the upper reported limit of 25 grams/d and
one half is made from de novo fatty acids, only 12.5 grams of
16:0 would be formed from 40 grams of glucose at an extra en-
ergy expense of only 45 kcal/d, or 28% of the energy content of
the glucose (160 kcal) (37). In the course of 25 d, an imbalance
as great as 100 kcal/d may not be reflected by a clear change in
body weight. Methods to measure the absolute synthetic rates
of both fatty acid and TG are being developed but have been
hampered by uncertain size of extraplasma TG pool(s), and
other assumptions that may not be met during prolonged low
fat, high carbohydrate diets (38).

The nonisotopic and isotopic methods gave the same quali-
tative differences in de novo lipogenesis between the low fat
and high fat diets. However, on the low fat diet, the fraction of
de novo fatty acids in total VLDL TG, as measured by the
nonisotopic method, was almost twofold higher than the frac-
tion of de novo 16:0 measured by the isotopic method. The
lower value by the isotopic method was not due to dilution by
unlabeled 16:0 from chylomicrons (no B48) or to comigration
of unlabeled closely migrating peaks, such as 16:1, on the
GCMS. From the shape of the curve of isotopic labeling of 16:0
after prolonged infusions of 13C-acetate (not shown), equili-
bration of labeled 16:0 with the unlabeled TG pool was essen-
tially complete, yet the discrepancy between methods per-
sisted.

To explain the difference between methods, it is possible
that there was substantial elongation/desaturation of de novo
16:0 to 9c-18:1 (and/or 18:0, 16:1, 11c-18:1) (39, 40) or chain-
shortening of 18:0 to 16:0 (41). Alternatively, it is possible that
the decrease in 18:2 was partially due to decreased input or in-
creased output of 18:2 from plasma TG. However, it should be
noted that selective fatty acid metabolism was not apparent on
the high fat diet, as indicated by the similar fatty acid composi-
tions of the VLDL TG and diet-adipose tissue. Furthermore,
there is no definite evidence that large, persistent differences
exist in the clearance or incorporation of 16:0 relative to 18:2
into VLDL TG in animals (42) or humans (43, 44) fed low fat
or low 18:2 diets. The evaluation of these possibilities will re-
quire studies that simultaneously compare the in vivo metabo-
lism of isotopically labeled 16:0, 18:0, 9c-18:1, and 18:2.

The complex interactions between diet and the mediators
that control the rate of fatty acid synthesis have been studied
extensively in animals and in tissue culture systems. The rela-
tive balance between stimulation by insulin, T3, glucocorti-
coids, and glucose and inhibition by fatty acids and glucagon is
important in a tissue-specific fashion (5, 33, 45). The half-life
of the lipogenic enzymes is z 36–48 h, thus, our finding of a
prolonged stimulatory effect on fatty acid synthesis by the low
fat diet over 24 h is consistent with increased enzyme levels
and/or hormonal changes that increase substrate flux through
the lipogenic pathway. In agreement with other studies (46),
our study suggested that the insulin response during the day af-
ter meals, but not the fasting insulin, was higher after the low
fat compared with the high fat diet, although it greatly varied
among subjects. More frequent measurements of day-long in-
sulin, glucose, and glucagon, as well as of insulin sensitivity and
glucose disposal, are needed to understand diet-induced differ-
ences in human fatty acid synthesis.

These results should be generalized to diets consumed by
the general population with caution. Preliminary data from
our laboratory indicate that fatty acid synthesis is equally stim-
ulated by very low fat diets with short-chain glucose polymers,
as was tested in this study, or with a mixture of simple sugars
(glucose, fructose, sucrose, and lactose). However, fatty acid
synthesis was much less increased when half of the carbohy-
drate was starch or a mixture of complex carbohydrates (refer-
ences 47 and 48, and manuscript in preparation, Hudgins et al.).
The type of simple sugar may also be important (49). Oral fruc-
tose, unlike glucose, was recently shown to stimulate fatty acid
synthesis in humans after a single day of feeding, perhaps because
of its direct uptake and rapid phosphorylation by the liver (50).

In conclusion, increased fatty acid synthesis that increases
16:0-enriched, 18:2-depleted TG in plasma is a potential hazard
associated with the extreme substitution of dietary fat with sugar.
Further studies in different subsets of the population with dif-
ferent amounts and types of carbohydrate are needed to reveal
the relevance of these findings to the development of disease.
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