Measurement of De Novo Hepatic Lipogenesis in Humans Using Stable Isotopes
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Abstract

Direct measurement of de novo lipogenesis has not previously
been possible in humans. We measured de novo hepatic lipo-
genesis in normal men by means of stable isotopes and by com-
bining the acetylated-xenobiotic probe technique with mass
isotopomer analysis of secreted very low density lipoprotein-
fatty acids (VLDL-FA). Sulfamethoxazole (SMX) was admin-
istered with ['*Clacetate during an overnight fast followed by
refeeding with intravenous glucose (7-10 mg/kg of weight per
min), oral Ensure (7-10 mg of carbohydrate/kg of weight per
min), or a high-carbohydrate mixed-meal breakfast (3.5 g of
carbohydrate/kg of weight). Respiratory quotients remained
< 1.0. High-performance liquid chromatography/mass spec-
trometry—determined enrichments in SMX-acetate attained
stable plateau values, and hepatic acetyl-coenzyme A (CoA)
dilution rate did not increase with refeeding (~ 0.024 mmol/kg
per min). The fraction of VLDL-palmitate derived from de
novo lipogenesis was only 0.91+0.27% (fasted) and 1.64-1.97%
(fed). For stearate, this was 0.37+0.08% and 0.47-0.64%. Pre-
cursor enrichments predicted from isotopomer ratios were
close to measured SMX-acetate enrichments, indicating that
SMX-acetate samples the true lipogenic acetyl-CoA pool. Stea-
rate synthesis was less than palmitate and the two did not move
in parallel. Estimated total VLDL-FA synthesis is < 500 mg/
day. Thus, de novo hepatic lipogenesis is a quantitatively minor
pathway, consistent with gas exchange estimates; fatty acid
futile cycling (oxidation/resynthesis) is not thermogenically sig-
nificant; and synthesis rates of different nonessential fatty acids
by human liver are not identical in nonoverfed normal men. The
contribution and regulation of de novo lipogenesis in other set-
tings can be studied using this technique. (J. Clin. Invest. 1991.
87:1841-1852.). Key words: carbohydrate disposal « high-per-
formance liquid chromatography/mass spectrometry » isoto-
pomers ¢ nonessential fatty acids ¢ precursor-product relation-
ship » xenobiotic probes
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Introduction

The capacity for de novo lipogenesis, the synthesis of long-
chain fatty acids (FA)! from acetyl-coenzyme A (CoA), exists
in procaryotes, plants, and animals. However, the extent of de
novo lipogenesis in humans remains uncertain. Previous esti-
mates based on inferential methods such as whole-body indi-
rect calorimetry (1-4) have indicated that net conversion of
dietary carbohydrate into fat is a minor pathway: i.e., only
1-2% of a 500-g carbohydrate meal was calculated by respira-
tory calorimetry (2, 3) to be converted to fat in normal (not
overfed) humans. If true, this would suggest that neither hyper-
triglyceridemia nor obesity could result from carbohydrate
overfeeding alone. However, indirect calorimetry can only pro-
vide information about net lipogenesis, so the existence of FA
synthesis concurrent with FA oxidation (futile cycling) has not
been addressed nor excluded as a thermogenic mechanism.
Moreover, the lack of de novo lipogenesis would appear to be
inconsistent with some clinical observations, for example, that
high carbohydrate diets cause persistent hypertriglyceridemia
in some human populations, including adult onset diabetics
(5-7) and subjects with genetic dyslipidemias (8). On the other
hand, carbohydrate-induced hypertriglyceridemia could be
due to increased FA reesterification or to altered triglyceride
clearance rather than increased de novo lipogenesis. A defini-
tive answer regarding the importance of the de novo pathway
requires its direct measurement.

Direct measurement of lipogenesis in humans has not been
possible previously owing to a methodologic constraint. In
order to measure the synthesis of FA (or any macromolecule)
using tracers, one needs to know the labeling intensity (specific
activity or enrichment) of the true biosynthetic precursor
which, for lipogenesis, is cytosolic acetyl-CoA. In contrast to
glycogen and protein synthesis, which occur in numerous tis-
sues, the majority of lipogenesis probably occurs in liver in
humans (9-11) and newly synthesized FA then enter the circu-
lation in the form of very low density lipoprotein-triglyceride
(VLDL-TG) and phospholipids. Accordingly, isotopic mea-
surement of total lipogenesis in humans could in theory be
achieved by sampling only blood if hepatic cytosolic acetyl-
CoA were experimentally accessible.

We (12-20) and others (21-23) have previously sampled
intrahepatic metabolites using the xenobiotic “probe” tech-
nique (Fig. 1). One such probe is secreted acetaminophen-
glucuronide (GIcUA). This is derived from hepatic uridine di-

1. Abbreviations used in this paper: FA, fatty acid(s); GC, gas chroma-
tography; MPE, molar percent excess; MS, mass spectrometry; SMX,
sulfamethoxazole; TG, triglyceride.
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phosphate (UDP)-GIcUA, which in turn derives exclusively
from UDP-glucose. The labeling pattern in secreted GIcUA has
been used for investigations of UDP-glucose biosynthesis in
rats, humans, and dogs (12, 16, 20-22). More recently, we (17—
20) have used acetylated xenobiotics as probes for hepatic cyto-
solic acetyl-CoA (Fig. 1). We (20) have confirmed earlier re-
ports (24-26) that acetylation of sulfa drugs such as sulfameth-
oxazole (SMX) occurs in parenchymal hepatocytes in the rat,
not in extraparenchymal liver cells (27). Here, we apply this
acetylated xenobiotic technique to measure de novo hepatic
lipogenesis in normal human subjects from the true precursor
(cytosolic acetyl-CoA), using stable isotopes. A mathematical
model is presented for quantifying lipogenesis based on the
binomial distribution, taking into account the occurrence of
isotopomers in lipid end products. We use this model to calcu-
late contribution of the de novo pathway to circulating lipids in
normal human subjects fasted and refed in different ways.

Methods

Human subjects.

Normal male volunteers were recruited by advertisement. All studies
were performed after approval by the University of California, San
Francisco (UCSF) Committee on Human Research. Informed consent
was obtained for all procedures. Participants were excluded if screening
history, physical exam, or laboratory testing revealed intercurrent medi-
cal conditions, alcohol abuse, obesity (body mass index > 120% pre-
dicted), elevated serum TG concentrations or family history of lipid
disorder, recent weight loss or weight gain, or allergy to sulfa drugs.
Human immunodeficiency virus (HIV) serologic status was deter-
mined (with informed consent) on all subjects because of the possibility
that asymptomatic seropositivity is associated with altered lipid metab-
olism (28, 29; Hellerstein, M. K., K. Wu, C. Grunfeld, M. Christiansen,
S. Kaempfer, C. Kletke, and C. H. L. Shackleton, unpublished observa-
tions). All subjects were HIV negative and normotriglyceridemic
(< 100 mg/dl).

Infusion protocols

Subjects entered the General Clinical Research Center of the San Fran-
cisco General Hospital at 10 a.m. and ate ad lib. until 6:00 p.m., after
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Figure 1. In vivo sampling of hepatic
cytosolic acetyl-CoA pool using the
xenobiotic probe technique. A sche-
matic liver cell with mitochondrial
and cytosolic metabolites is shown.
In this example, [2-'*Clacetate has
been administered. Abbreviations:
Ac, acetate; AcCoA, acetyl-CoA;
KB, ketone bodies; OAA, oxaloace-
tate; Citr, citrate; aKG, a-ketogluta-
rate; TCA, tricarboxylic acid; * la-
beled atom. Extrahepatic metabo-
lites enclosed by bold lines can be
sampled experimentally and their
enrichments determined by mass
spectrometry.

VLDL- FA

which they fasted (other than noncaloric beverages) until 9:00 a.m.
Refeeding began at 9:00 a.m. with either a constant infusion of i.v.
glucose at 7 or 10 mg/kg per min, an hourly liquid mixed meal (Ensure,
containing 53.7% of calories as carbohydrate [85% glucose, 15% fruc-
tose], 31.5% as fat, and 14.8% as protein) to deliver carbohydrate at 7 or
10 mg/kg per min, or a single high-carbohydrate breakfast (3.5 g of
carbohydrate/kg of body wt, 20-25 g of protein, 15-20 g of fat, to
provide 75% of calories as carbohydrate, 15% as fat, 10% as protein).
Intravenous and Ensure refeeding lasted from 9:00 a.m. until 5:00 p.m.
(Fig. 2). We chose the 7-10-mg/kg per min feeding rates for carbohy-
drate because these are well above the maximal capacity for glucose
oxidation in normal humans (~ 4 mg/kg per min), but are submaxi-
mal for storage under euglycemic conditions (10-12 mg/kg per min,
reference 30), and over the course of a 9-h infusion result in sizable but
not physiologically unreasonable carbohydrate loads (260-380 g in a
70-kg subject). These high but purportedly not lipogenic feeding rates
therefore served as a direct test of previous indirect calorimetric esti-
mates.

Intravenous lines were placed at 10:00 p.m. At 2:00 a.m. and at 7:00
a.m. 750 mg of SMX (as oral suspension) was administered followed by
SMX 500 mg at 11:00 a.m. and at 3:00 p.m. From 2:00 a.m. until 5:00
p.m. Na [1->CJacetate (0.85-1.83 umol/kg per min) or [2-'>Cacetate
(0.73-1.22 umol/kg per min) were infused. Urine aliquots were col-
lected with each void and hourly venous blood samples drawn from
8:00 a.m. until 5:00 p.m. Indirect calorimetry was performed on cer-
tain subjects between 8-9:00 a.m. (fasted) and 3-5:00 p.m. (refed), in
duplicate, using Douglas bags. Volume was measured by spirometry
and nonprotein respiratory quotient (RQ) was calculated by the modi-
fied Weir method (31), with correction for urea nitrogen measured in
urine collected during the infusion or by estimation of daily nitrogen
excretion from diet records.

Plasma measurements

Insulin was measured by radioimmunoassay (RIA, Cambridge Medi-
cal Diagnostics, Billerica, MA). Glucose was determined by autoana-
lyzer and VLDL-triglyceride (TG) by an enzymatic technique (32).

Sample preparation

Urinary SMX-acetate was isolated by HPLC (12, 19). Briefly, SMX-
acetate is isolated from urine using a reverse-phase C-18 column (Mi-
crobondapak, Waters Associates, Milford, MA). Elution buffer consists
of 65% 0.067 M PO, /35% methanol (vol/vol) at a 2-4 ml/min. SMX-



Figure 2. Experimental protocol. All
subjects were fasted from 8:00 p.m.
until the next morning. In some
subjects, an infusion of i.v. glucose
at 7 or 10 mg/kg per min was ad-
ministered from 9:00 a.m. until 6:00

10PM 02:00AM 07:00 09:00 10:30 12:00 14:.00 16:00 17:00 A
| | ] | L 1 1 1 | 1 ] | p.m. In others, a liquid mixed meal
Procedure: T T T T T 1 T (Ensure) was given hourly to deliver
Place Begin IV 2nd Begin or T 4th Dose 7 or 10 mg of carbohydrate/kg per
IV Line  infusion of Dose Refeed po. T SMX (500 mg) min (3.5 or 5 ml/kg per h) from 9:00
[“C%}ﬁ;'“ (ggfx | IV glucose B;eak; a.m. until 6:00 p.m. In the third
mg infusion ast :
15t dose SMX or oral 3nd g’°“p’ta:“ihlf;‘3'3°hydme b;:fi';fast
(750 mg) Ensure every Dose was eaten at 10:30 a.m., consisting
hour) SMX (500 mg) of 3.5 g of carbohydrate/kg, with no
further calories provided until 6:00
Urine collections: =|  p.m. Timing of isotope and xeno-
biotic administration and of urine,
Blood Draws: TT T Tt T T T T T T blood, and breath sampling is indi-
Indirect Calorimetry: 1 1 1 t cated. See text for further details.

acetate elutes between 2.0 and 2.3 min. The HPLC system consists of
pumps (model 110B, Beckman Instruments, Inc., Palo Alto, CA), vari-
able wavelength UV detector (model 166), integrator (model 427), and
analogue interface module (model 406) with a PC-8300 Controller
(NEC, Tokyo, Japan). Detection is at 225 nm. VLDL was isolated from
plasma by ultracentrifugation after removal of chylomicrons in fed
subjects. The VLDL fraction was transesterified in methanolic HCI
(33, 34) and the fatty acid methyl esters were dried under N, before
mass spectrometric (MS) analysis. Plasma VLDL-TG concentrations
were measured on aliquots of VLDL (32).

Mass spectrometric analyses

Gas chromatography (GC)/MS. FA methyl esters were analyzed by
means of GC/MS (model 5970, Hewlett-Packard Co., Palo Alto, CA)
(35). Conditions are isothermal (200°C) with a 20-m fused silica col-
umn. Molecular anions m/z 299 and 298 are compared (for 18:0) and
271 and 270 (for 16:0) for determination of percent excess enrichment

of the FA methyl esters. With quadruplicate analyses, standard error of
these measurements was < 0.03 molar percent excess (MPE).
HPLC/MS. SMX-acetate enrichments were determined by HPLC/
MS as we have described elsewhere (36), using a quadrupole mass spec-
trometer (model VG30-250, VG Masslab, Altrincham, Cheshire, UK)
linked to a Waters model 600 Multisolvent Delivery System (Waters/
Millipore, Millford, MA) via a thermospray interface (VG Masslab).
Samples are chromatographed on a 4.6 X 150-mm C,g 5-um Econo-
sphere cartridge column (Alltech Associates, Inc., Deerfield, IL) with a
solvent system of methanol/0.2 M ammonium acetate (9/1 by volume)
at a flow rate of 1.0 ml min™". For quantification, the molecular anion,
[M — HJ, and anisotope, [M + 1 — H]", are monitored in selected ion
recording (SIR) mode. Quantification involves comparison of peak
heights of the enriched anion, [M + 1 — H]", to the molecular anion,
[M — HJ, to calculate the molar fraction, and subtraction of the sub-
jects’ baseline unenriched sample value to generate an MPE. No derivi-
tization is necessary, and rapid sequential injection (up to 40/h) make
sample analysis extremely rapid. Using quadruplicate analyses, stan-

Figure 3. Schematic model of the

relationship between isotope abun-
dance in precursor units (m) and
abundance of isotopomers in a
polymeric product. The frequency
(F) of each isotopomer containing

X labeled units (w) in a product con-
taining 7 total units is a function of

etc.
the probability (p) that each precur-
L . _ _ sor unit is labeled, according to the
F(M+1)= “I‘ .(p)'.(|-p)(“ "N, _(.“_).'.'_' .(';,)l .(|-p)(" N binomial expansion: F(M + x)
L] (n=DtN! = ["(py*(1 — p)**. In this example,
the product would contain five pre-
™ (n-2) n)! 2 - cursor units (# = 5), the probability
F(M+2)= '2' -(p)z'(l-p) " = %i—(z—)l '(P) ‘(l'P)(n 2) that each precursor unit is labeled
- n-=cl. ek would be %1z (p = 0.278), and cal-
culation of the abundance of each
] - (n)? - isotopomer species [F(M + 1), FM
F(M+3)= g -(p)so(l-p)(" 3)-'- —_—— -(p)3 -(l-p)(" 3) +2),and FM + 3), where x = 1, x
- ("-3)! (3)! = 2, and x = 3, respectively] using

etc.
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the binomial expansion is shown.
See text for details.

1843



dard errors for HPLC/MS analysis of SMX-acetate are < 0.0004 (i.e.,
< 0.04 MPE), resulting in extremely low errors of the estimate (< 1%).
Enrichments were calculated as MPE (37):

M+1

M+1D+M+0) (MPE)

_ [296/295]g  [296/295]s ) % 100

1 +[296/295]g 1+ [296/295]s ’
where 295 and 296 are m/z 295 and m/z 296, E is enriched
sample, and B is baseline sample.

Model for calculation of de novo lipogenesis

Traditionally, studies of biosynthesis have used radioactive isotopes or,
when stable isotopes are used, the macromolecule has been hydrolyzed
to its precursor units (i.e., enriched protein to ['*Clleucine). Compari-
son of precursor to product labeling has been straightforward because
the existence of isotopomers? has not been an issue. This is so for radio-
isotopes because the average value for all molecular species is mea-
sured, i.e., specific activity is measured as the total disintegrations per
minute per total mass present, and the existence of different subpopu-
lations of labeled molecules is not relevant. In contrast, when one ana-
lyzes intact lipid molecules (C-16, C-18) using MS, each isotopomer
will appear as a separate species. If, for example, one FA molecule ends
up with two labeled acetates and another with zero, this is not identical
analytically to two molecules having one labeled acetate in stable iso-
tope studies whereas they would be identical with radioisotopes. The
effect of isotopomer distribution on biosynthetic calculations therefore
had to be addressed.

The relationship between an enriched precursor and the distribu-
tion of label in a macromolecular product is shown (Fig. 3). The fre-
quency of isotopomers in a product (e.g., VLDL-stearate, containing
nine acetate units) synthesized from a precursor (e.g., enriched acetyl-
CoA) can be predicted using the binomial expansion. This gives the
likelihood of choosing x special (enriched) units out of » total units:

blx; n, p) = [FpY(1 = p), (1

where 7 is the number of precursor units in product, x is the number of
enriched precursor units in product, p is the probability of each precur-
sor unit being enriched, and [}] = (n)!/[(n — x)!()'].

In intuitive terms, this is the problem of how often you will get one
black ball and eight white balls if you draw nine balls from a box and
the probability of each ball being black is p. What makes the applica-
tion slightly more complex here is that there is a natural background p
as well as the experimentally induced p. Moreover, our goal is not just
to calculate the theoretical frequency of an isotopomer but is to com-
pare this frequency to a measured frequency in order to calculate a
fractional replacement (synthesis) rate.

An example of the method for calculating de novo lipogenesis for
VLDL-stearate follows. If infusion of ['*Clacetate results in an acetyl-
CoA enrichment of 7.0 MPE and natural abundance of acetate is as-
sumed to be 2.22%, the ratio of M + 1/(M + 0) + (M + 1) isotopomers
before and after administration of tracer will be:

M+1) B K1; 9, 0.022)
M+0)+M+1) 50;9,0022) + K1; 9, 0.022)

Background

__ 0.1657
0.8186 + 0.1657

= 0.1683 )

2. Isotopomers are defined as molecules of identical formula and struc-
ture, differing only in molecular weight.
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) M+ 1) ~ &1;9, 0.092)
Enriched o) ¥ (M+ 1)~ B(0; 9,0.092) + b(1; 9, 0.092)
_ 0382
0.4195 + 0.3826
= 0.4770 3)
Excess M + 1) = 0.4770 — 0.1683 = 0.3087 (4)

M+0)+ M+ 1)

This can be readily translated into kinetic terms. At time zero, the
ratio of M + 1 abundance relative to (M + 1) + (M + 0) is 0.1683 in
VLDL-stearate. If all VLDL-stearate were then replaced by newly syn-
thesized molecules derived from acetyl-CoA during the experiment, M
+ 1/(M + 0) + (M + 1) would increase to 0.4770, or the excess, termed
EF[M + 1/(M + 0) + (M + 1)] would be 0.3087. If only 50% of VLDL-
stearate were derived fro acetyl-CoA and the remainder were from rees-
terification of preformed stearate, M + 1/(M + 0) + (M + 1) would be
half-way between 0.1683 and 0.4770 (0.3227), or the excess would be
half of EF[M + 1/(M + 0) + (M + 1)] (0.1544). If only 10% of stearate
came by way of acetyl-CoA, the observed excess would be one-tenth of
EF[M + 1/(M + 0) + (M + 1)]; and so on. The value for EF[M + 1/(M
+ 0) + (M + 1)] thereby represents the asymptote or maximal value
toward which the product enrichment may apprach, and the relation-
ship between observed excess M + 1/(M + 0) + (M + 1) and EF[M +
1/(M +0) + (M + 1)] is precisely analogous to the standard relationship
between product and precursor specific activity or enrichment used in
fractional synthesis calculations (38-40).

Accordingly, calculation of fractional VLDL-FA synthesis from
acetyl-CoA during an experiment is straightforward. The measured
enrichment in the FA [M + 1/(M + 0) + (M + 1)] is divided by the
calculated asymptotic (“precursor”) value, EF[M + 1/(M + 0) + (M
+ 1)]. The latter is calculated from the equation relating p to EF[M +
1/(M + 0) + (M + 1)] (Fig. 4 A). SMX-acetate enrichments are used to
represent hepatic acetyl-CoA enrichments (p).

With regard to the theoretical basis of the calculations, three further
points should be made. First, precursor-product models are simpler
mathematically if a steady-state enrichment is present in the precursor
pool (38, 39) but the product enrichment need not attain a plateau
during the experimental period for valid biosynthetic calculations (38—
40). Secondly, the excess M + 2/excess M + 1 (EM + 2/EM + 1)
isotopomer ratio is uniquely determined by the enrichment of the pre-
cursor (Fig. 4 B). Conversely, the EM + 2/EM + 1 ratio uniquely
predicts a true precursor enrichment. This relationship can be ex-
ploited experimentally as an internal check of the validity of the model,
by comparing true precursor enrichments inferred from isotopomer
frequencies to measured SM X-acetate enrichments. Finally, it is worth
noting that lipid elongation will not be described by this model. How-
ever, this is unlikely to account for a significant amount of label in FAs
because only one acetyl-CoA rather than a string of acetyl-CoA units is
added, in addition to its probably minor input quantitatively.

Results

Enrichments of hepatic acetyl-CoA (SMX-acetate) over time
during fasting and refeeding. A steady state in SMX-acetate
enrichment was observed by 9:00 a.m., after 7 h of [1-'*C]- or
[2-**Clacetate infusion in the overnight fasted state, but with
neither i.v. glucose, Ensure, nor breakfast refeeding did we ob-
serve a fall in SMX-acetate enrichment (Fig. 5). Thus, the dilu-
tion of hepatic acetyl-CoA relative to infused ['3Clacetate did
not increase with carbohydrate feeding (Fig. 6 C). This was
initially surprising, as we expected dilution from unlabeled ace-
tyl-CoA units derived from administered carbohydrate. There
was no difference between dilution rates for [1-'3C]- vs. [2-'3C]-
acetate (not shown). In both fasted and fed states, a strong
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Figure 4. (4) The theoretical relationship between p (enrichment of acetyl-CoA) and EF[M + 1/(M + 0) + (M + 1)}, the excess ratio of (M +
1)/(M + 0) + (M + 1) isotopomers in VLDL-FA if all VLDL-FA were derived from acetyl-CoA. Background (M + 1)/(M + 0) + (M + 1) is
subtracted assuming a natural '>C abundance of 2.22% in acetate, according to Eq. 4 in the text. (B) The theoretical relationship between p and
the ratio of excess M + 2/excess M + 1 (EM + 2/EM + 1) enrichments in VLDL-FA, calculated as excess M + 2/(M +0)+ (M + 1) + (M +
2) divided by excess M + 1/(M + 0) + (M + 1) + (M + 2). Curves in 4 and B are computer simulations. The relationship in A is used for cal-
culating the percent of VLDL-FA synthesized by the de novo pathway (observed M + 1/(M + 0) + (M + 1) divided by EF[M + 1/(M + 0) +
(M + 1)]). The relationship in B permits inference of p from EM + 2/EM + 1 ratios in VLDL-FAs, which can be compared to SMX-acetate
enrichments for internal validation of the model. See text for details of calculations.

correlation between ['*C]acetate infusion rate and SMX-ace-
tate enrichment (Fig. 6, 4 and B) was observed (R?* = 0.61
fasted, R? = 0.39 refed). In five subjects, urine collections were
continued and SMX-acetate enrichments determined after dis-
continuation of ['3*Cacetate infusion. Within 1 h after stopping
['*Clacetate infusions, enrichments of urinary SMX-acetate
fell by 32+2% (to 68%, 63%, 71%, 73%, and 66% of enrich-
ments determined before discontinuing the tracer).

Enrichments of FA-methyl esters [M + 1/M + 0) + (M
+ 1)]. During a constant infusion of ['3*CJacetate, enrichments
in VLDL-palmitate (M + 1) were low after an overnight fast
then rose steadily during refeeding by all three routes (Table I,
Fig. 7 A). Interestingly, VLDL-stearate labeling did not always
move in a parallel fashion (Table I, Fig. 7 B). The measurement
error was + < 0.03 MPE.

De novo lipogenesis in fasted and fed states. SMX-acetate
enrichments, theoretical EF[M + 1/(M + 0) + (M + 1)] for
palmitate and stearate based on these acetyl-CoA enrichments
and actual measured excess M + 1I/M + 0) + M + 1) in
VLDL-palmitate and VLDL-stearate are shown (Table I). The

De Novo Hepatic Lipogenesis Measurement with Stable Isotopes

contribution of the de novo lipogenic pathway was calculated
from the precursor-product relationship as described above
(Table I, Fig. 8). After an overnight fast, de novo lipogenesis
accounted for only 0.91+0.27% (mean=SE, n = 11) of VLDL-
palmitate and 0.37+0.08% (n = 11) of VLDL-stearate. Even
after 8 h of refeeding with Ensure to deliver 7-10 mg/kg per
min carbohydrate, the de novo pathway accounted for only
1.64+0.42% (n = 7) of VLDL-palmitate and 0.64+0.23% (n
= 7) of VLDL-stearate (Fig. 8). Results from Ensure refeeding,
i.v. glucose refeeding and mixed meal refeeding were similar.
In individual subjects, VLDL-stearate and VLDL-palmitate de
novo synthesis did not necessarily move in parallel (Table I). It
is apparent that de novo lipogenesis contributes a very small
fraction of circulating VLDL-palmitate and stearate under
these dietary conditions. By inference, most circulating FA
must either be derived from reesterification of preformed FFA
or were “old” (not newly secreted during the 9-h isotope infu-
sion period). Since the fractional catabolic rate of circulating
VLDL-TG in humans is ~ 0.30-0.50 h™! (i.e., half-life is
~ 1.5-2.0 h) (41-44), the latter possibility is unlikely to be
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Figure 5. Measured enrichments [M + 1/(M + 0) + (M + 1)] of uri-
nary SMX-acetate in subjects during an overnight fast followed by
refeeding. [1-'>C]- or [2-'*C)acetate was infused at a constant rate
from 2:00 a.m. until 6:00 p.m. SMX-acetate time points during each
period were measured separately and the time-weighted value over
the interval was used. (4) Ensure refed (n = 8). (B) Intravenous
glucose refed (n = 4). (C) Breakfast refed (n = 7).

important here. Plasma VLDL-TG concentrations were stable
during the last 5 h of the refeeding period (not shown).

Other isotopomers (EM + 2/EM + 1 ratios). According to
the model, the ratio of EM + 2/EM + 1 enrichments is
uniquely determined by the enrichment of the true precursor
(Fig. 4 B) thus can be used as a check on the accuracy of SMX-
acetate in reflecting the true precursor enrichment. The (M
+ 2)and (M + 1) isotopomers of VLDL-palmitate and stearate
were analyzed in several subjects, and the binomial distribu-
tion was used to predict SMX-acetate enrichments based upon
EM + 2/EM + 1 ratios (Table II). Predicted hepatic acetyl-CoA
enrichments based upon EM + 2/EM + 1 ratios were close to
the measured SMX-acetate values (although this took several
hours of refeeding in some subjects, presumably reflecting the
turnover of circulating VLDL). Enrichments in (M + 3) or
higher isotopomers were not adequate to measure accurately
(not shown).
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Indirect calorimetry. Nonprotein (NP) RQ in subjects after
an overnight fast ranged between 0.77 and 0.89 (0.83+0.02,
mean=SE, n = 9). Nonprotein oxygen consumption (NP Vo,)
ranged between 0.187 and 0.374 liter/min (0.260+0.024, n
=9) and nonprotein carbon dioxide production (NPVCO,)
was 0.167-0.312 liter/min (0.214+0.017, n = 9). Oxygen con-
sumption and carbon dioxide production due to protein (PVoz
and PVco,, respectively) were calculated from urinary urea
excretion in subjects refed Ensure by the oral route. After 2 h of
oral refeeding, NP RQ rose to 0.93+0.03 (n = 3); after 4 h this
value was 0.96+0.01 and after 6-8 h was 0.96+0.02. NP Vo,
rose 18.7% from baseline values whereas NP Vco, rose 32.3%
after 6-8 h of refeeding. We did not measure NP RQ simulta-
neously with ['*Clacetate infusions in i.v. glucose refed sub-
jects, owing to technical problems. However, in many of the
same normal controls since infused with i.v. glucose at similar
rates for other isotopic studies (45), NP RQ rose from baseline
values 0of 0.81+0.02 (n = 6) t0 0.88+0.03 at 2 h, 0.86+0.03 at 4
h, and 0.89+0.02 at 6 h. In all subjects, regardless of refeeding
route, NP RQ remained < 1.00 throughout the refeeding pe-
riod, except for one oral refed subject who had a single value of
1.02 (which fell back below 1.00 on subsequent measure-
ments). These results are consistent with previous reports with
refeeding at these rates or higher (30), wherein NP RQ remains
< 1.00. According to indirect calorimetric theory (46), there is
no net lipogenesis while NP RQ is < 1.00. Although this con-
clusion is not exactly correct (Table I, Figs. 7 and 8) with regard
to unidirectional lipogenesis, which is not excluded by the indi-
rect calorimetric results, it is not far off quantitatively.

Plasma insulin and glucose concentrations. Fasting insulin
concentration was 11.0+1.3 xU/ml and rose to plateau values
of 51.3+9.0 pU/ml in Ensure refed subjects. Plasma glucose
concentrations were < 8 mM (range 4.2-7.9 mM).

Discussion

There is a conceptual difference between radioisotopic and
stable-isotopic tracer studies of macromolecule synthesis. MS
analyzes each isotopic species (isotopomer) or subpopulation
of the macromolecule separately, whereas scintillation count-
ing cannot distinguish between species and is not altered by the
distribution of label within subpopulations of the macromole-
cule. This makes the stable isotopic approach more complex,
since each isotopomer requires a separate measurement and a
different calculation, but ultimately provides additional infor-
mation about the system. The binomial expansion can be used
to calculate the maximum possible enrichment for each isoto-
pomer as a unique function of precursor enrichment (Figs. 3
and 4 A). Each isotopomer provides independent information
and their comparison represents a check on the internal consis-
tency of the model. Our observation that the ratio of EM +
2/EM + 1 isotopomers predicted from SMX-acetate was simi-
lar to observed EM + 2/EM + 1 ratios (Table II) supports the
model in its broadest sense, i.e., not only for the appropriate-
ness of the binomial distribution to represent this biosynthetic
process but also for the accuracy of SMX-acetate (Fig. 1) in
reflecting the true hepatic cytosolic acetyl-CoA enrichment
during the experiment. If SMX-acetate had not accurately re-
flected the true precursor enrichment for de novo lipogenesis,
then the relationship between excess M + 2 and M + 1 isoto-
pomers would have been different than predicted by the SMX-
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acetate enrichment (Fig. 4 B, Table II). Inability to measure
cytosolic acetyl-CoA specific activity in rats has limited the
utility of labeled acetate as a tracer for lipogenesis measure-
ments (47, 48), since dilution occurs and mitochondrial acetyl-
CoA (at least as represented by plasma ketone bodies) is not in
isotopic equilibrium with the cytosolic pool.> The xenobiotic
acetyl-CoA probe technique resolves this problem and makes
acetate a useful tracer for lipogenesis measurements in humans
and experimental animals (17).

This is the first application of the xenobiotic acetylation
technique for sampling acetyl-CoA in humans (Fig. 1). We
have recently confirmed, using cell elutriation techniques, that
parenchymal rat hepatocytes are responsible for acetylation of
sulfa drugs (20). The data presented here in humans further
strengthens the validity of the acetylated-xenobiotic technique

3. We have also observed much lower enrichments in circulating beta-
hydroxybutyrate than SMX-acetate in rats and humans infused with
['*Clacetate (unpublished observations).

for sampling the true hepatic acetyl-CoA pool noninvasively.
The technique is analogous to the xenobiotic-glucuronidation
technique for sampling hepatic UDP-glucose (12) which has
now been used in rats (12-15, 17, 19, 20), dogs (23), and hu-
mans (16, 21, 22). The only risk associated with the method is
the potential for allergic reactions to sulfa drugs. Urine concen-
trations of SMX-acetate were generally substantial enough for
easy HPLC isolation within 3-4 h of the first oral dose and
remained adequate throughout the infusions. Use of urinary
rather than plasma SMX-acetate may tend to smooth out varia-
tions over time, but urinary enrichments are responsive
enough to fall by 32+2% within 1 h of discontinuing ['*CJace-
tate infusion, consistent with rapid urinary excretion of plasma
SMX-acetate. HPLC/MS analysis is rapid, requires no deriviti-
zation, and is extremely precise (SE of < 0.04 MPE, thus errors
of the estimate < 1%). By virtue of its simplicity, lack of radia-
tion exposure, ease of analysis, and apparent accuracy in ani-
mals as well as humans, we believe that the xenobiotic-acetyla-
tion technique with HPLC/MS analysis holds promise for a
number of metabolic questions.

Our results demonstrate clearly that de novo lipogenesis is
in fact a quantitatively minor pathway under nonoverfed con-
ditions in normal men (Table I, Fig. 8). This is the first direct
measurement of de novo lipogenesis in humans of which we
are aware. It should be noted that these subjects were receiving
significant carbohydrate loads (7-10 mg/kg per min for 9 h or
3.5 g/kg as a meal). However, they were not chronically overfed
or obese and they had fasted from 8:00 p.m. the prior evening.
These are fairly lifelike fasting and feeding conditions. Under
such conditions, it is likely that most circulating and adipocyte
fat is ultimately derived from dietary sources other than glu-
cose (i.e., fatty acids, perhaps ethanol). This conclusion is con-
gruent with prior inferences based on adipocyte fatty acid analy-
sis (49), in vitro biosynthetic studies (10, 11), and in vivo indi-
rect calorimetry (1-4). In this context, it is important to note
that the indirect calorimetric technique can even in theory only
state whether net lipogenesis is occurring; i.e., concurrent lipo-
genesis/FA oxidation will not result in an RQ > 1.0 (31, 46).
Thus, the existence of futile FA cycling had not previously been
addressed using indirect calorimetry in humans nor excluded
as an important thermogenic factor. In cold-adapted rats, futile
FA cycling is not a thermogenic mechanism (50). Under physi-
ologic conditions in normal humans, our results show that fu-
tile FA cycling does not make an important thermogenic con-
tribution (est. < 500 mg/d [see below] = 2 kcal/d). Indirect
calorimetry is based on a number of fairly complex assump-
tions (45), but for estimation of lipogenesis in normal subjects
our results indicate that the gas exchange approach is essen-
tially correct. As noted above, the absence of de novo lipogene-
sis need not preclude a contribution from excess carbohydrate
intake to hypertriglyceridemia (by inhibition of FA oxidation
and diversion of hepatic FA into reesterification) but does
imply that carbohydrate is unlikely to contribute carbon di-
rectly to adipose TG at this level of intake in normal, nono-
verfed humans. Calories in the form of carbohydrate could still
play a role in obesity, either by sparing oxidation of ingested
fats or if chronic carbohydrate overfeeding induces an adaptive
increase in the de novo pathway. It will be important to test the
latter possibility experimentally. At present, however, our re-
sults indicate that a fundamental question remains unan-
swered, namely where do excess carbohydrate calories go in
humans?

De Novo Hepatic Lipogenesis Measurement with Stable Isotopes 1847



Table I. De Novo VLDL-Palmitate and Stearate Synthesis

Calculated EFIM + 1/(M + 0) Measured VLDL-FA Percent de novo
+ M+ 1)] enrichment (MPE) lipogenesis
Refeeding Measured p —_— _—
protocol/subject no. (SMX-Ac MPE) C-16 C-18 C-16 C-18 C-16 C-18
I. Ensure refed

1. Fasted — — — — — — —
Early fed 6.64 0.2842 0.2974 0.57 0.08 2.01 0.27
Late fed 7.60 0.3135 0.3270 0.60 0.06 1.91 0.18

2. Fasted — — — — — — —
Early fed 6.60 0.2830 0.2961 0.63 0.00 2.23 0.00
Late fed 6.21 0.2703 0.2833 1.08 0.00 3.99 0.00
3. Fasted 7.19 0.3013 0.3147 0.16 0.19 0.53 0.60
Early fed 7.83 0.3202 0.3337 0.24 0.41 0.75 1.23
Late fed 7.78 0.3187 0.3323 0.42 0.61 1.32 1.84
4. Fasted 6.36 0.2752 0.2883 0.50 0.17 1.82 0.59
Early fed (10) 7.97 0.3246 0.3377 0.38 0.17 1.17 0.50
Late fed (10) 8.34 0.3344 0.3480 0.38 0.32 1.14 0.92
5. Fasted 7.20 0.3016 0.3150 0.03 0.04 0.10 0.13
Early fed 7.89 0.3219 0.3355 0.20 0.29 0.62 0.86
Late fed 8.24 0.3316 0.3453 0.33 0.26 1.00 0.75

6. Fasted 3.66 0.1775 0.1883 0.14 0.02 0.79 0.11
Early fed 4.63 0.2149 0.2267 0.06 0.12 0.28 0.53
Late fed 4.70 0.2175 0.2293 0.15 0.11 0.69 0.48

7. Fasted — — — — — — —

Early fed 6.35 — — — — — —
Late fed 6.27 0.2720 0.2849 0.39 0.08 1.43 0.28

8. Fasted 5.57 0.2487 0.2613 0.17 0.08 0.68 0.31

II. Breakfast refed

1. Fasted 3.23 0.1602 0.1704 0.16 0.15 1.00 0.88

Early fed 5.34 0.2406 0.2530 — — — —

Late fed 5.82 0.2573 0.2700 — — — —

2. Fasted 6.24 0.2713 0.2843 0.08 0.11 0.29 0.11
Early fed 5.72 0.2539 0.2665 0.09 0.00 0.35 0.00
Late fed 4.99 0.2281 0.2402 0.14 0.04 0.61 0.04
3. Fasted 4.02 0.1917 0.2029 0.14 0.06 0.73 0.30
Early fed 4.69 0.2171 0.2289 0.43 0.23 1.98 1.00
Late fed 4.72 0.2182 0.2301 0.37 0.22 1.70 0.96
4. Fasted 4.71 0.2179 0.2297 0.50 0.12 2.30 0.52
Early fed 4.72 0.2182 0.2301 0.92 0.25 4.22 1.09
Late fed 4.70 0.2175 0.2293 0.88 0.27 4.05 1.18

S. Fasted — — — — — — —

Early fed 3.94 — — — — — —
Late fed 4.87 0.2241 0.2361 0.56 0.16 2.50 0.07

6. Fasted —_ —_— — —_ —_ —_ _
Early fed 5.37 0.2408 0.2533 0.05 0.00 0.21 0.00
Late fed 5.54 0.2476 0.2602 0.06 0.00 0.24 0.00

7. Fasted 3.66 0.1775 0.1883 0.17 0.09 0.96 0.48
Early fed 4.98 0.2281 0.2402 0.40 0.12 1.75 0.50
Late fed 4.87 0.2240 0.2359 0.61 0.14 2.72 0.59

III. Intravenous glucose refed

1. Fasted — — — —_ — — —
Early fed 4.30 0.2025 0.2139 0.23 0.19 1.14 0.89
Late fed 4.88 0.2241 0.2361 0.47 0.29 2.10 1.23

2. Fasted —_— —_ —_ — — — —
Early fed 5.68 0.2525 0.2651 0.29 0.18 1.15 0.68
Late fed 5.98 0.2627 0.2755 0.34 0.19 1.29 0.69
3. Fasted 4.53 0.2112 0.2228 0.16 0.00 0.76 0.00
Early fed (10) 4.62 0.2145 0.2263 0.21 0.00 0.98 0.00
Late fed (10) 4.42 0.2070 0.2186 0.35 0.00 1.69 0.00

Normal human subjects were infused with ['*Clacetate during fasting and refeeding (2:00 a.m. through 5:00 p.m.). Methods of refeeding are de-
scribed in text. Measured p refers to the probability of the true lipogenic precursor (hepatic cytosolic acetyl-CoA) being enriched with '*C, and is
represented by the SMX-acetate (SMX-Ac) enrichment over the time interval. EF[M + 1/(M + 0) + (M + 1)] is the maximum possible frequency
of the M + 1 isotopomer relative to the sum of (M + 0) plus (M + 1) isotopomers, calculated from p using the relationships shown in Fig. 4 4.
Measured VLDL-FA enrichments [M + 1/(M + 0) + (M + 1)] are also shown. Percentage of each VLDL-FA derived from the de novo pathway
(percent de novo lipogenesis) is calculated using the precursor-product relationship (equal to measured VLDL-FA enrichment/EF[M + 1/(M

+ 0) + (M + 1)]. Early fed refers to hours 3-6 of refeeding, late fed refers to the final 3 h of the refeeding period. In I-4 and III-3 the (10) indicates
that glucose or carbohydrate refeeding rate was 10 mg/kg per min; otherwise refeeding rate was 7 mg/kg per min.
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Some methodologic issues require comment. Assuming the
half-life of circulating VLDL to be in the range of 1.5-2.0 h
(41-44), essentially all circulating VLDL should represent
newly secreted particles after a 7-9-h infusion (the duration of
our tracer infusion during fasting and again during refeeding).
A more complex question is whether all newly synthesized
VLDL-FA in the liver will be secreted over this time period.
The time lag between synthesis and secretion of VLDL from
human hepatocytes is quite short, in the range of 20-30 min
based on pulse-chase experiments (51-53). VLDL is assembled
in the lumen of the smooth endoplasmic reticulum (52-55), is
secreted constitutively via trans-cisternal secretory vesicles,
and does not accumulate in the liver except in disease states
such as abetalipoproteinemia or alcoholic liver disease (52, 53,
56). Moreover, during the course of our 16-h tracer experi-
ments, > 20 g of VLDL-TG will be secreted (41-44), which
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Figure 8. Percent de novo lipogenesis over time in fasted-refed sub-
jects. De novo lipogenesis was calculated as described in the text, by
dividing the observed M + 1/(M + 0) + (M + 1) frequency ratio in
C-16 and C-18 VLDL-FA by F[M + 1/(M + 0) + (M + 1)]. The latter
is calculated from the relationship in Fig. 4 4, using measured
SMX-acetate enrichments to represent p for C-16 and C-18, respec-
tively. n for each measurement is indicated in parentheses. (4) Ensure
refed. (B) Breakfast refed. (C) Intravenous glucose refed.

would represent ~ 2% by weight of a human liver; i.e., the flux
is much greater than any preformed VLDL stores are likely to
be. The possibility that dilution by preformed hepatic VLDL-
FA is the reason for our low de novo lipogenesis estimates
seems unlikely. Even if preformed VLDL in the liver diluted
the secreted VLDL-FA by 50%, the contribution from de novo
lipogenesis would still be < 5% (Table I). Another potential
source of underestimation would be if significant amounts of
newly synthesized FA entered the circulation in a form other
than VLDL. There is no evidence for de novo hepatic synthesis
and secretion of FFA. The subcellular locations for de novo
lipogenesis and VLDL assembly are both in the smooth endo-
plasmic reticulum, so escape from liver in the form of FFA is
unlikely a priori. If significant amounts of FA in TG or phos-
pholipids enter the circulation in particles other than VLDL
(IDL, LDL, or HDL) they could escape our detection. Al-
though the liver probably does directly secrete these species to
some extent (57, 58), they represent a small fraction of total TG
secretion particularly in view of their small triglyceride con-
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Table II. Observed vs. Predicted Acetyl-CoA Enrichments (P)

EM + 2/EM + 1 ratio

Time C-16 C-18 Predicted P Observed P
MPE

4-h values 0.3841 0.4641 3.90 4.88
0.5045 — 5.88 5.86

0.3762 —_ 3.66 4.88

0.4961 — 5.74 498

0.4258 — 4.52 4.75

0.5000 — 5.80 5.57

0.4762 — 5.39 5.19

0.3989 — 4.05 5.12

0.4872 —_ 5.58 5.83

0.5070 0.4546 5.92 5.32

Mean=+SE 5.04+0.29 5.24+0.13
8-h values 0.4722 0.5323 5.16 5.64
0.4421 0.4833 4.54 5.09

0.5195 0.5530 5.72 6.05

0.5949 — 7.45 8.34

0.3871 — 4.60 4.03

0.5088 0.5055 5.28 4.63

0.5262 — 6.26 5.00

0.4143 — 4.32 5.37

0.3987 — 6.49 5.65

0.4395 —_ 4.76 5.83

0.4401 — 5.16 4.75

0.4122 0.4783 4.25 5.54

0.4333 — 8.88 7.51

0.3710 — 791 6.64

0.4535 — 5.00 5.49

Mean+SE 5.72+0.36 5.70+0.29

EM + 2/EM + 1 isotopomer ratios in VLDL-palmitate (C-16) and
VLDL-stearate (C-18) were measured at 4 and 8 h of refeeding during
infusion of [1-'*C]- or [2-'3C]acetate. The predicted P (precursor
acetyl-CoA enrichment) was calculated using the mathematical rela-
tionship to EM + 2/EM + 1 ratio shown in Fig. 4 B. Where both C-16
and C-18 ratios were available, the mean predicted P is used. Ob-
served P (SMX-acetate enrichments) are compared.

tent. The answer is not as simple for phospholipids, particu-
larly phospholipids in HDL. However, most HDL-phospho-
lipids are probably formed in the plasma compartment off the
surface of TG-rich lipoproteins (reviewed in reference 59), so
this is unlikely to be a significant bypass route for entry of FA
into the circulation. Exchange of VLDL-FA with other parti-
cles (i.e., cholesterol esters in HDL) is very slow (e.g., plasma
cholesterol ester pool size of ~ 10,000 umol with exchange rate
~ 10 pmol/min, reference 60) relative to VLDL-TG clear-
ance. Finally, total secretion of FA from liver in the form of
cholesterol-esters could account for only ~ 200 mg/d, assum-
ing 500 mg/d hepatic cholesterol ester secretion (61, 62) and
FA representing 40% of cholesterol-ester mass, so any contri-
bution by the de novo pathway would only be a fraction of this
already small number and is unlikely to add significantly to our
quantitative estimates. In summary, it is unlikely that ignoring
any of these routes could lead to a quantitatively important
underestimation of de novo hepatic lipogenesis, although they
may in sum increase the actual value to some extent. Direct

1850  Hellerstein et al.

experimental testing of their individual contributions is feasi-
ble, however, by their isolation and measurement of tracer in-
corporation.

We did not observe a consistent decrease in SMX-acetate
enrichment going from fasted to fed states (Figs. 5 and 6),
which initially surprised us as we expected activation of hepatic
pyruvate dehydrogenase (PDH) to occur and to result in an
influx of unlabeled acetate units. However, the rather minor
increase in lipogenesis is consistent with the lack of dilution of
hepatic cytosolic acetyl-CoA. This does not rigorously prove
that hepatic PDH remained inactive, since other sources of
unlabeled acetyl-CoA (e.g., fatty acid oxidation) are likely to
have been suppressed by carbohydrate feeding, but only that
any increase in PDH flux does not markedly exceed the de-
creased input from other sources into acetyl-CoA. Regulation
of flux across hepatic pyruvate dehydrogenase by availability of
acetyl-CoA from other sources would suggest operation of the
Randle cycle in liver (fatty acid oxidation products inhibiting
PDH) (63). The dilution rate of hepatic acetyl-CoA relative to
infused acetate tracer calculated from our results (Fig. 6 C) was
0.022-0.026 mmol/kg per min. The same parameter calcu-
lated by us recently in rats (17) was ~ 0.158-0.200 mmol/kg
per min, and by Block and Rittenberg (64) in rats using a com-
parable technique almost 40 years ago was 0.132-0.153 mmol/
kg per min—consistent with the usual difference between rats
and humans relating to metabolic body size (65). This dilution
parameter does not represent a true hepatic acetyl-CoA appear-
ance rate, however, since infused acetate does not all enter the
liver (in fact, most is taken up by peripheral tissues, references
66-68). We cannot therefore address the question why de novo
lipogenesis proceeds at such a low rate in human liver: i.e., is
the restriction at the level of PDH flux, acetyl-CoA carboxylase
activity, FA synthase activity, or other steps in the pathway?
This question may prove amenable to study using this isotopic
technique, for example, by studying the effect of bypassing
PDH via ethanol administration.

An interesting observation was that hepatic VLDL-stearate
and palmitate synthesis are not identical or even parallel in
humans (Table I, Fig. 8). The de novo synthesis of stearate was
always lower than palmitate. What this means is unclear. It
might represent further metabolism of stearate to oleate (18:1),
which we did not measure, for TG or cholesterol-ester synthe-
sis. In rats, however, almost all fatty acid synthesis is into pal-
mitate and stearate (69). It might represent synthesis of C-18:0
in a different subcellular location, regulated by different fac-
tors. Alternatively, tissue needs for the two FA may indepen-
dently influence their synthesis. These experimental questions
can be studied using this technique and other FA (e.g., C-18:1)
can be added to future mass spectrometric analyses.

Absolute de novo synthetic rates can be calculated using
literature values for VLDL-triglyceride production rate (41-
44). Published rates range from 120 (41) to 350 mg/kg per d
(44), making the total VLDL-TG secretion rate ~ 10-25 g/d.
De novo lipogenesis is between 1 and 2% of this rate (Table I,
Fig. 8), or only ~ 200-500 mg/d. The energy cost of convert-
ing carbohydrate to fat before oxidation is estimated to be 28%
of the energy content of the carbohydrate (70). If we use a 500
mg/d estimate, equivalent to ~ 2 mmol palmitate/d, this
would require 9.0 mmol glucose (70) or < 2 g glucose/d. The
caloric cost (28% X 4.0 kcal/g) is in the range of 2 kcal/d. In
whole-body quantitative terms, this is not an important path-
way under these conditions.



In summary, we present a noninvasive stable-isotopic
method for measuring de novo lipogenesis in humans and de-
scribe the mathematical underpinnings of the model. The re-
sults are internally consistent and support the validity of the
technique. In normal, weight-stable nonobese male human
subjects, de novo lipogenesis does occur to a minor extent dur-
ing fasting and carbohydrate refeeding at moderate loads, but
quantitatively only a small fraction of circulating lipids derive
from de novo lipogenesis and a similarly small fraction of a
carbohydrate load is disposed via de novo lipogenesis. Fatty
acid oxidation/synthesis (futile cycling) is unlikely to contrib-
ute significantly to thermogenesis under normal conditions.
Hepatic acetyl-CoA does not reflect a dilution by unlabeled
acetate units under these feeding conditions, suggesting that
any increase in PDH activity only balances or slightly out-
weighs decreased input from fat oxidation or other acetyl-CoA
sources. Finally, synthesis rates of different nonessential fatty
acids (16:0, 18:0) by human liver are not identical or even
parallel. It will be of interest to examine de novo lipogenesis in
women and in a variety of physiologic and pathologic condi-
tions—including acute and chronic overfeeding, type II dia-
betes mellitus, chronic ethanol intake, genetic dyslipidemias,
inflammatory conditions, hyperthyroidism, cytokine thera-
pies, etc.—using this approach, to ask whether this seemingly
vestigial pathway takes on metabolic significance in other set-
tings or populations. Use of this precursor sampling technique
to measure hepatic cholesterolgenesis with stable isotopes is
also possible (Hellerstein, M. K., C. Kletke, K. Wu, S.
Kaempfer, J. S. Reid, and C. H. L. Shackleton, unpublished

observations).
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