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ABSTRACT: Synthesis of fatty acids, or de novo lipogenesis
(DNL), is an intensively researched metabolic pathway whose
functional significance and metabolic role have nevertheless
remained uncertain. Methodologic problems that limited previ-
ous investigations of DNL in vivo and recent methodologic ad-
vances that address these prablems are discussed here. In par-
ticular, deuterated water incorporation and mass isotopomer
distribution analysis techniques are described. Recent experi-
mental results in humans based on these techniques are re-
viewed, emphasizing dietary and hormonal factors that modu-
late DNL and quantitative significance of DNL under various
conditions, including carbohydrate overfeeding. The somewhat
surprising finding that DNL appears not to be a quantitatively
major pathway even under conditions of surplus carbohydrate
energy intake, at least in normal adults on typical Western diets,
is discussed in depth. Nutritional and metabolic implications of
these results are also noted, and some speculations on possible
functional roles of DNL in normal physiology and disease states
are presented in this context. In summary, methodologic ad-
vances have added to our understanding of DNL and its regula-
tion, but many questions concerning quantitation and function
remain unanswered.
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The enzymatic machinery for endogenous synthesis of fatty
acids (FA) from acetate subunits is present in microbes,
plants, and animals. Many biochemists have devoted their ca-
reers to studying genes and proteins involved in this pathway,
also termed de novo lipogenesis (DNL). Nevertheless, a cen-
tral functional question has remained unanswered: How
much DNL actually occurs in organisms that can also ingest
exogenous fats? A widely held concept is that DNL serves as
a disposal route for surplus nonfat calories, especially carbo-
hydrates (CHO) and ethanol, into the storage pool of body
fat. This model of DNL as an overflow valve within the cel-
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lular or organismal energy economy has been difficult to
evaluate because reliable techniques for measuring true rates
and metabolic sources of DNL in living organisms until re-
cently had not been available. Over the past three or four
years, however, two methods have been developed that allow
direct and accurate measurement of DNL in humans: mass
isotopomer distribution analysis (MIDA) and deuterated
water incorporation. A somewhat surprising experimental re-
sult has emerged, based on these methods—namely, that
DNL is not a quantitatively important pathway under most
circumstances in humans. These findings make the functions
of DNL less certain, but potentially more interesting.

Here I review recent advances related to measurement and
physiologic roles of DNL. First, I discuss the central method-
ologic problem that had to be resolved for measurement of
DNL with isotopes (labeling of the intracellular true precur-
sor pool) and how MIDA and 2H:,_O incorporation resolved
this problem. Then I describe recent investigations using
MIDA to measure DNL in humans under a variety of condi-
tions, and I conclude with a discussion of the possible func-
tions of DNL.

Overview of DNL as a pathway . Several features of DNL
must be noted when considering the synthesis of FA as an in-
tegrated pathway rather than as a series of component en-
zymes. The first point is the thermogenic cost. Conversion of
CHO to FA prior to oxidation dissipates an estimated 28% of
the energy available to the organism if the carbohydrates
were oxidized directly (1). This high thermogenic cost has
variously been considered a reason for the organism to avoid
DNL (energy wasteful) or a useful mechanism of thermogen-
esis (e.g., in brown fat, or to prevent weight gain during CHO
overfeeding). The second point is that true DNL implies syn-
thesis from 2-carbon units and should be distinguished from
elongation of preformed FA. Though both DNL and elonga-
tion involve addition of activated acetate units in the form of
malonyl-CoA, the former process produces nonessential FA,
by definition, while the latter interacts with essential FA as
well. The third aspect to consider is the current enzymologic
model of the regulation of DNL. The malonyl-CoA/acetyl-
CoA carboxylase (ACC) regulation model of DNL (2-7) is
one of the most powerful and unifying of contemporary meta-
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bolic hypotheses. The model is that malonyl-CoA concentra-
tions integrate FA oxidation and synthesis (2,3) and prevent
concurrent activity of these opposing pathways. Furthermore,
malonyl-CoA concentrations are in turn sensitive to CHO-de-
rived metabolites in the cell (oxaloacetate, pyruvate, citrate)
and to the activity of the hormonally controlled enzyme ACC
(4-7). In this biochemical context, the fourth point is the pre-
sumed function of DNL in the cellular and organismal energy
economy. Based on its obvious function in plants and single-
cell organisms as a route for storage as lipids of excess non-
lipid-derived energy, the same function for DNL has been
presumed for omnivorous mammals such as humans. Enzy-
mology and molecular genetics of regulation have supported
this view in that factors relating to CHO availability (sub-
strates and hormones) regulate activity and synthesis of the
enzymes of DNL (8-10). As we see later in the paper, how-
ever, quantitative investigations have not supported this as the
usual physiologic function of DNL, at least in adults with typ-
ical Western diets. Finally, tissue sites of DNL should be
noted. Species differences exist regarding relative importance
of liver vs. adipose tissue as the major site of DNL. In ro-
dents, adipose DNL may be at least as important as hepatic
DNL (11), whereas for humans the general consensus is that
liver is the predominant site (12,13). This formulation may
not always be correct for humans, however. In addition, other
specialized tissues may also perform DNL under certain cir-
cumstances, e.g., lactating mammary gland (14).
Measurement of DNL: historical problems .1t may seem pe-
culiar that some of the questions just mentioned remain unan-
swered. Why don’t we know more definitively the quantitative
importance of DNL, or the tissue site of DNL in humans, or the
relation between molecular genetic and physiologic events?
The main reason for persistent uncertainty in this field is
methodologic: Reliable techniques for measuring true rates and
metabolic sources of DNL in living organisms, including hu-
mans, had not been available until recently. It is therefore worth
discussing in some detail methods used for measuring DNL.
Indirect calorimetry . Indirect calorimetry, or measurement
of gas exchange, has been used for many years as an index of
DNL (1,15). When nonprotein respiratory quotient (RQ) is
>1.0, net DNL is believed to be occurring in the organism or
tissue being studied, since the RQ of DNL is well above 1.0,
whereas the RQ of CHO, protein, and FA oxidation are 1.0,
~0.83, and 0.70, respectively (1,16). The problems are that
this is a nonmechanistic “black-box” measurement based on
many assumptions (16) and, more importantly, that it only can
measure net DNL rather than the true unidirectional synthesis
of FA. If fat is being both oxidized and synthesized from
CHO in the organism concurrently, the net RQ becomes 1.0,
and indirect calorimetry reports only that CHO oxidation is
occurring. Thus, indirect calorimetry cannot exclude DNL/FA
oxidation substrate cycles, which may be important in meta-
bolic regulation (17), and indirect calorimetry cannot quan-
tify true flux rates through DNL. Nevertheless, indirect calori-
metric measurements have generally indicated that ner DNL
is unusual in humans, even when fed surplus CHO energy in
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a single meal or for several days (18-22). Unfortunately,
these results could not definitively establish rates of DNL.

Isotopic methods. Dynamic biochemical processes, such
as DNL, are most appropriately measured by use of isotopes.
Administration of labeled precursors allows niewly synthe-
sized molecules to be identified over an experimentally de-
fined time period and permits the relationships among regula-
tory factors, specific metabolic precursors, and chemical
fluxes to be quantified. Measurement of any metabolic
process that involves polymerization biosynthesis (combina-
tion of repeating monomeric subunits into a polymer) has a
fundamental requirement, however (23,24). It is necessary
not only to measure how much of the labeled substrate is con-
verted to the polymer of interest, but also to measure the de-
gree of labeling of the true intracellular precursor (the
monomeric pool from which the polymer is synthesized). For
DNL, the biosynthetic precursor is cytosolic acetyl-CoA (Fig.
1A). How to gain access to the labeling (specific activity or
enrichment) of the lipogenic acetyl-CoA pool has presented a
long-standing problem for measurement of DNL. The acetyl-
CoA pool is particularly complex, in that there are numerous
potential metabolic sources of acetyl-CoA whose input varies
in a regulated manner according to metabolic conditions.
Moreover, cellular acetyl-CoA pools used for different meta-
bolic pathways are compartmentalized and inhomogeneous.
For example, acetyl-CoA for hepatic ketogenesis exhibits dif-
ferent labeling than acetyl-CoA for tricarboxylic acid cycle,
lipogenesis, and cholesterogenesis in liver (25). It is therefore
not possible to infer how much of a labeled substrate has ac-
tually entered the lipogenic acetyl-CoA pool relative to unla-
beled substrates, or to use surrogate measures of acetyl-CoA
(e.g., ketone bodies) to represent the true precursor pool for
DNL (26).

The older literature attempting to measure lipid synthesis
from '*C-labeled acetate in fact represents an excellent ex-
ample of the general methodologic principle concerning the
importance of measuring precursor pool-specific activity.
Several early investigators concluded that insulin plus glu-
cose inhibits cholesterogenesis by hepatocytes, based on
lower incorporation of *C-acetate into cholesterol. It is now
clear that these conclusions were entirely wrong because di-
lution of acetyl-CoA by unlabeled glucose (from activation
of glycolysis and pyruvate dehydrogenase activity by insulin)
was not accounted for. Cholesterogenesis was in fact stimu-
lated, although total label incorporation was reduced, as
would have been apparent if the precursor specific activity
had been measured.

An experimental solution to the problem of the lipogenic
precursor pool: labeled water incorporation . Awareness of
the precursor pool problem 30 years ago led to the develop-
ment of the 3H20 incorporation technique for measuring
DNL and cholesterogenesis (27). This approach solves the
problem of the precursor pool by bypassing it. Instead of la-
beling lipids with a traditional labeled metabolite, a labeled
cofactor (H,O that exchanges with NADPH) is used. Because
water mixes freely across almost all biological membranes,
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FIG. 1. A) Model of the relationship between isotope enrichment of the
monomeric subunits in a precursor pool and the abundance of mass iso-
topomer species in its polymeric biosynthetic product. Frequency (f) of
each isotopomeric species containing x labeled subunits [@] out of a
total of n subunits is calculated from the probability (p} that each pre-
cursor subunit is labeled, according to the binomial-expansion (shown)
{35). B) Three-dimensional histogram showing the effect of varying
acetyl-CoA precursor pool enrichment (p) on the pattern of mass iso-
topomer enrichments in a polymer composed repeating acetate sub-
mits, in this example, cholesterol. The excess fractional abundances of
Mg- to M,-cholesterol isotopomers from [2-13C|-acetate label are
shown. Each cross-sectional slice shown represents the isotopomer pat-
tern characteristic of a particular value of p. By analysis of the iso-
topomer pattern, it is therefore possible to infer the value of P (34).

isotopic compartmentalization is considered unlikely, and the
specific activity of any body water pool can be used to repre-
sent the specific activity of water at the site of synthesis. More
recently, 2HZO incorporation was pioneered by Jones et al.
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(28-31) for measuring lipid synthesis in humans. Although
long considered the gold standard for lipid synthesis, labeled
water-incorporation methods are based on a number of as-
sumptions and nonmeasured parameters that may compro-
mise interpretability of results, particularly in human subjects.

Hydrogen is in fact incorporated into lipids both from
NADPH and H,O itself. It is therefore necessary to choose a
hydrogen:carbon (H:C) ratio for a newly synthesized lipid
molecule that reflects the proportion of H atoms in NADPH
that are in equilibrium with cellular water. Unfortunately, the
proportion of NADPH hydrogen atoms that derive from water
is variable, according to the metabolic sources of NADPH in
the cell at a particular time—pentose phosphate pathway,
malic enzyme, and so forth. (31). Administration of ethanol,
for example, changes the H:C ratio (32). Techniques for esti-
mating the H:C ratio experimentally have also been problem-
atic. Early techniques used the 'C-specific activity of cellu-
lar ketonc bodies to represent true 14C-acely]—CoA specific
activity (33) and to calculate H:C incorporation ratios. It is
now clear that this approach is flawed, since cellular acetyl-
CoA pools are highly compartmentalized and differentially
labeled (25) and since ketone bodies are synthesized in mito-
chondria; thus these do not even reflect the cytosolic acetyl-
CoA pool in theory. Despite these concerns, a constant stan-
dard value for the H:C ratio based on these early in vitro stud-
ies has typically been used for studies in whole animals and
humans (28-30). A recent study using a more rigorous tech-
nique for directly measuring the H:C ratio in cholesterol (34),
for example found that the ratio was quite variable, ranging
from 20 to 30, in contrast to the constant value of 22 typically
assumed by researchers. A significant overestimation of cho-
lesterol synthesis would occur if a value of 22 is used for H:C
in cholesterol when the true number is 27 or 30. The same
considerations apply for DNL as for cholesterol synthesis.

Nevertheless, 2H20 incorporation has provided one tech-
nique for measuring DNL in humans that makes an attempt
to define the true precursor isotope enrichment. Using this ap-
proach, Jones et al. (28~31) have investigated effects of diet
composition and temporal patterns on FA synthesis.

Another experimental solution to the precursor pool prob-
lem: mass isotopomer distribution analysis (MIDA) . A more
recent solution has been developed for measuring polymer-
ization biosynthesis and the true precursor pool, based on the
principle of combinatorial probabilities (34-37). Mass iso-
topomer distribution analysis (MIDA) uses nonradioactive
(stable) isotopes with quantitative mass spectrometry. The
basic principle of MIDA is that the isotope distribution or la-
beling pattern of a polymer synthesized from an isotopically
perturbed monomeric precursor pool conforms to the bino-
mial (or multinomial) expansion (Fig. 1). The proportion of
unlabeled, single-labeled, double-labeled {and so forth) mol-
ecular species of a polymer is a function of the probability
that each precursor subunit was isotopically labeled (p) and
the fraction of newly synthesized polymers present (dilution
of newly synthesized polymers by preexisting natural abun-
dance molecules). Calculations are somewhat more complex
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than analyzing a simple binomial distribution, because carbon
in nature contains '>C at an abundance of approximately
1.09% (34); one must therefore calculate the difference be-
tween natural and isotopically perturbed distributions (34,36).
It can be shown mathematically (34,36), however, that the in-
ternal relationship between mass isotopomers (e.g., the ratio
between single-labeled and double-labeled molecules) is
uniquely determined by p, the true precursor enrichment, in-
dependent of dilution of the polymer by unlabeled molecules
(Fig. 1B). One can therefore calculate p from the isotope pat-
tern in the polymer. Alternatively, a matrix correction for nat-
ural abundance contribution to the labeling pattern (40) or
nonlinear best-fit regression equations (41) can be used to cal-
culate p. Once p is known, it is a simple matter to calculate
fractional synthesis (f), according to the standard
precursor/product relationship (34,36). MIDA and analogous
combinatorial probability methods have been used for mea-
suring endogenous synthesis of FA (35-38,42,44), cholesterol
(38,45), gluconeogenesis (39), glyconeogenesis (39,46), pro-
tein synthesis (47,48) and bile acid synthesis (49) [Kuipers, F.,
Bandsma, R., Neese, R., and Hellerstein, M.K. (1995) unpub-
lished observation].

MIDA provides a number of advantageous theoretical and
practical features for measuring DNL. First, there can be no
disputation as to whether the correct acetyl-CoA pool was iso-
lated for the particular lipid product of interest, since calcula-
tion is based on the lipid molecule itself. Acetate units in a mol-
ecule itself obviously reflect the acetyl-CoA pool from which
the molecule was synthesized. Second, metabolic contribution
to the lipogenic acetyl-CoA pool from various substrates (glu-
cose, acetate, ethanol, and so forth) can be measured (38,44).
Also, precursor pools for synthesis of different lipids can be
compared, 1o determine, for example, whether cholesterol and
FA derive from the same precursor pool (38) and thus might
compete for substrate, whether de novo and chain-elongated
FA share a common acetyl-CoA pool (35), or whether the
metabolic source of different lipids varies according to physio-
logic conditions [Kuipers, F., Bandsma, R., Neese, R., and
Hellerstein, M.K. {1995) unpublished observation]. Higher-
order polymers can also be studied by MIDA; triglycerides can
in principle be analyzed as polymers of palmitoyl-CoA, for ex-
ample, of glycogen as a polymer or glucose subunits. Finally,
from the analytic perspective, MIDA requires only a single bio-
chemical isolation and measurement step, performed on the
polymer of interest itself. The need for isolating putative bio-
chemical precursors (cellular acetyl-CoA, triosephosphate, and
so forth) is obviated. For secreted polymers, MIDA is there-
fore completely noninvasive (no tissue sample is required); for
retained polymers, it is still simpler and less laborious than bio-
chemical isolation of a precursor molecule.

In summary, there now exist two techniques for measuring
DNL in humans: MIDA and deuterated water incorporation.
This represents significant progress, since only a few years
ago no rigorous methods were available. Both techniques use
stable isotopes with mass spectrometry, thereby avoiding ex-
posure to radioactivity. MIDA possesses certain advantages
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over water-incorporation techniques, particularly the ability
to characterize metabolic behavior of the intracellular precur-
sor pool (sources, fates, turnover, compartments, and so forth)
and freedom from reliance on unmeasured correction factors
(the H:C ratio assumed for water-incorporation calculations).

DNL in humans on standard Western diets. Based on these
methodologic advances, hepatic DNL has been measured in
humans under a variety of experimental conditions. We (35)
first measured hepatic DNL in normal men (nonobese, nondi-
abetic, not overfed, on their standard ad {ibitum diets). The
fraction of circulating very low density lipoprotein (VLDL)-
palmitate and stearate derived from DNL after a 16-h infu-
sion of [1-13C]—acetate was 1-2% fasted and <5% after 8 h of
feeding, whether with a food meal, intravenous glucose (at
7-10 mg/kg/min), or an oral liquid formula (at 7-10 mg
CHO/kg/min). Total hepatic DNL was therefore <1 g palmi-
tate per day, a trivial contribution in comparison to typical di-
etary fat intake (100 g/day or more). Jones and Schoeller (28)
have presented a similar estimate of DNL (<2 g/day) using
2H:,_O incorporation. These results support previous conclu-
sions from indirect calorimetry (18-22) and comparison of
adipose tissue to diet FA composition (49) that DNL is not an
active pathway under usual conditions on a modern (high-fat)
diet.

We then measured DNL in young women and obese men
(38). Although a significant menstrual cycle variation was ob-
served in women, with three-fold higher values of fractional
DNL in the follicular phase compared to the luteal phase, the
calculated fat burden imposed by DNL per year was small (a
couple of pounds) in comparison to the dietary fat burden
(about 100 pounds a year). It is therefore unlikely that DNL
explains body-composition differences between men and
women. DNL was also slightly elevated in obese, hyperinsu-
linemic men (38), but again could not account for body-com-
position differences.

Effects of dietary CHO manipulations. Are there any di-
etary circumstances where DNL is substantially increased?
Schwarz et al. (50,51) have measured the effects of oral fruc-
tose on DNL. When given at equicaloric doses as glucose (7
mg/kg/lean tissue/min for 6 h), fructose caused an almost
twenty-fold increase in fractional DNL above fasting values,
whereas glucose had almost no effect. Close to 30% of circu-
lating triacylglycerol (TG)-palmitate came from DNL after
this rather moderate dose of fructose. Even so, only a small
proportion of the fructose load was converted to fat (less than
5%). Hudgins et al. (52,53) (Rockefeller University) have
studied DNL in normal subjects placed on very-low-fat/high-
CHO eucaloric liquid formula diets (10% fat, 70% CHO) for
25 days under metabolic ward conditions. Fractional DNL
measured by MIDA increased to about 20% (fasted) and 30%
(fed). A nonisotopic approach (dilution of VLDL-TG 18:2 rel-
ative to dietary and adipose FA 18:2, which were matched in
the study) confirmed a substantial contribution from DNL to
FA in VLDL-TG. Absolute hepatic DNL calculated by MIDA
was nevertheless rather modest (e.g., less than 5 or 10 g fat
synthesized per day) on these eucaloric, very low fat diets.
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FIG. 2. Effect of ad libitum overfeeding on de novo lipogenesis (DNL) in humans, and interaction with cessation of ciga-
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tional DNL (r? = 0.39, P < 0.01); B) relationship between percent of daily energy requirements provided by carbohydrates
(CHO) and fractional DNL (r* = 0.47, P < 0.01); C) absolute DNL during CS and non-CS phases. Basal refers to fasting

value. 3 hours refers to value after 3 h of CS of nonsmoking.

Effects of overfeeding. It can legitimately be argued that
these conditions do not represent a true test of DNL if the
pathway functions as a disposal route for surplus CHO en-
ergy. It might be necessary to overfeed CHO—that is, provide
surplus energy in the form of CHO to the whole body—to in-
duce DNL. It should be noted that previous indirect calori-
metric data have generally failed to show much net DNL in
overfed humans, at least on a mixed diet, unless ingested at
enormous excess (20-22). Our first data in this area came out
of a study in which we were asking whether the weight gain
after cessation of cigarette smoking (CS) could be due in part
to increased DNL. To address this question, Hellerstein et al.
(43,55) studied smokers under metabolic ward conditions
during a week of CS, then a week of no CS, and repeated
measurement following four more weeks of abstention from
CS. We evaluated two dietary conditions—one in which a
constant metabolic diet was given (43) and one in which ad
libitum intake was allowed (54). DNL was not increased by

cessation of CS per se. Several subjects on ad libitum diets
overate to a remarkable extent, however (54). Some subjects
consumed 5,500-6,000 kcal/day, with 3,000-4,000 kcal from
CHO. Fractional DNL was substantially increased in the ad
libitum diet group, and a strong positive correlation was ob-
served between calculated surplus energy intake or CHO en-
ergy intake and fractional DNL (Figs. 2A and 2B), implying
that a dose-response relationship exists. When absolute DNL
was calculated, however, <10 g/day of FA (palmitate and
stearate) was synthesized even in subjects with the highest
DNL rates (Fig. 2C). Synthesis of new fat was therefore quan-
titatively minor compared to ingestion of dietary fat (>100
g/day) in these individuals (54).

We have since followed up on these observations by ad-
ministering defined diets containing up to 50% excess or
deficit of energy as CHO or fat for 5-day periods (55). Frac-
tional DNL was found to be a remarkably sensitive index of
recent CHO energy intake—increasing more than ten-fold on
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surplus CHO and becoming unmeasurably low on CHO-defi-
cient diets, while exhibiting a linear dose-response relation-
ship to CHO intake. DNL did not increase above baseline val-
ues on 50% excess fat calories. CHO intake over the preced-
ing 5 days could in fact be diagnosed with near 100%
sensitivity and specificity by DNL, which therefore repre-
sented an objective biomarker of recent CHO energy intake.
Nevertheless, absolute hepatic DNL accounted for <5 g of fat
synthesized, even on 50% surplus-CHO diets (55).

Several obvious questions are raised by these findings.
First, where do excess CHO calories go, if not into DNL?
Second, are surplus CHO calories therefore “free”—i.e., do
they not contribute to body-fat stores? And third, what may
be the function of DNL, if storage of surplus CHO energy as
fat is not a quantitatively important process? The answers to
the first two questions are clear from our substrate oxidation
measurements {(43,55) and those of previous investigators
(20-22). Addition of CHO in excess to a mixed diet results in
preferential oxidation of dietary CHO and sparing of dietary
fat from being oxidized. Thus, surplus CHO may not itself be
converted to fat, but it nevertheless will result in increased
body-fat stores by preventing dietary fat from being oxidized.
The answer to the second question is therefore no, CHO calo-
ries are not free. Nonprotein RQ rises to close to 1.0 on sur-
plus CHO intake even after an overnight fast (22,55), indicat-
ing nearly complete (>90%) suppression of fat oxidation.

The distinction between excess CHO being converted to
fat vs. sparing oxidation of fat is not just a technicality, how-
ever, despite the shared consequence of either process on
body-fat stores. Attempts to understand or prevent adverse
effects of overfeeding depend on establishing the precise
metabolic fate and consequences of surplus energy intake. For
example, some health-food entrepreneurs have proposed use
of an inhibitor of DNL, (-)hydroxycitrate, for treatment of
obesity. If this is intended to reduce storage of fat by reduc-
ing its synthesis from CHO, our results make it clear that the
strategy will not be quantitatively effective. Also, we ob-
served that short-term changes in CHO intake and energy bal-
ance exerted striking effects on fasting hepatic glucose pro-
duction (HGP) in normal humans (55) and patients with non-
insulin-dependent diabetes mellitus (NIDDM) (56). Increased
HGP accounted for most of the increased CHO oxidation that
occurred in the fasted state in subjects who had been overfed
CHO for 5 days. Increased fasting HGP therefore serves a
metabolic function in the context of a system where surplus
CHO energy ingested during the day is not immediately con-
verted to fat for later oxidation at night {i.e., a cyclic system
with RQ >1.0 and <1.0 during the day and night, respec-
tively), but instead is stored as liver glycogen, which provides
fuel for oxidation at night (a noncyclic system with a steady
RQ close to 1.0 during both day and night). Since increased
HGP is a major contributing factor to insulin resistance and
NIDDM (57), the inability of humans to use the DNL path-
way as a disposal route for excess CHO in mixed diets may
be an important factor in the etiology of NIDDM.
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Studies of overfeeding on mixed diets cannot establish
what would happen to DNL if a true surplus of CHO energy
were present in the absence of dietary fat—i.e., if a very-low-
fat surplus-CHO diet were administered for long enough to
saturate the maximal whole body glycogen storage capacity.
This experiment has yet to be done under controlled condi-
tions, as will be explained later.

What are the functions of DNL? If DNL does not gener-
ally act as a sink for disposal of overflow CHO energy, what
then are its functions? There are several possible answers to
this question.

(1) DNL has no physiologic functions, but is a vestigial
pathway in humans. This seems unlikely a priori, in view of the
complex machinery for DNL and the regulation that clearly oc-
curs in vivo as well as in vitro.

(2) DNL is important in utero for embryonic development,
but becomes unimportant postnatally when exogenous FA can
be ingested and absorbed (i.e., it is a vestigial pathway devel-
opmentally). This is an interesting possibility that has some
support. The apparently limited ability of FA to cross the pla-
centa combined with enormous lipid demands of the devel-
oping fetus (especially for myelination in the central nervous
system and deposition of subcutaneous fat during the third
trimester of pregnancy) suggest that DNL may be very active
in utero. One model is that after delivery, ingestion of a high-
fat diet (in breast milk) suppresses DNL. This has not been
established in humans, however.

Two recent observations provide some indirect evidence on
this hypothesis. The first is from a mouse knock-out model
(58). Knockout of the gene for apolipoprotein B results in
lethality in utero. It may be speculated that inability to trans-
port lipid synthesized in the fetal liver to the central nervous
system is responsible. The second observation is clinical
(Chwals, W., personal communication). Premature infants
who are stressed can exhibit remarkably high RQ values
(1.10-1.20) when treated with intravenous nutrition, consis-
tent with massive net DNL. Perhaps this reflects persistence
of the prenatal pattern, in the face of relative energy excess.
Both these speculations must be tested experimentally, how-
ever.

(3) DNL is important on very-low-fat diets but is unimpor-
tant on the unnaturally high-fat modern diet (i.e., is a vesti-
gial pathway culturally). As noted above, DNL is at least
qualitatively increased on eucaloric very-low-fat diets in nor-
mal adults (52,53). It will be of interest to establish whether
large short-term adaptations in DNL do occur in response to
day-to-day variations in energy balance in subjects on a very-
low-fat diet. If so, DNL may function in the energy balance
economy but only if modulation of dietary fat oxidation is not
available as a first metabolic option.

(4) DNL is in fact important for storage of surplus CHO
energy, but the proper experiment has yet to be carried out.
Effects of true CHO energy surplus (CHO in excess of total
energy expenditure, for long enough to saturate glycogen
stores and in the presence of a low-fat diet) on DNL have not
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yet been determined. The simple expedient of replacing fat
with CHO in the fuel mixture or expanding whole body
glycogen stores would no longer be an option for disposal of
surplus CHO energy in this setting. Another possibility to
consider is that until now the wrong tissue has been evalu-
ated. Perhaps adipose tissue can become a significant site of
DNL under certain circumstances, in which case adipose
biopsies for measurement of DNL would be required. Some
indirect evidence has been presented that, at least during in-
travenous feeding of sick patients, adipose DNL may become
active [Wolfe, R.R. (1994) personal communication].

(5) DNL serves regulatory roles, perhaps as a signal of
CHO availability in tissues. Malonyl-CoA concentrations and
perhaps DNL influence fuel selection (FA oxidation vs.
reesterification) in liver and muscle (2—4) and secretion of in-
sulin in the pancreatic B-cell (59). The sensitive qualitative
response of DNL to CHO energy balance (55) may therefore
influence fat balances not through the input of new FA but by
controlling FA oxidation.

(6) DNL is necessary for synthesis of special pools of
lipids. The metabolic source of the myristate used for acyla-
tion of proteins (60), for example, is not known. Is there a di-
etary myristate requirement, or is this FA synthesized de
novo? This will be interesting to establish and is amenable to
experimental study using the techniques previously de-
scribed.

(7) DNL becomes important in specialized tissues or under
special conditions. The lactating mammary gland appears to
have a very active DNL pathway, at least in animal models
(14). The metabolic source of lipids in breast milk of humans
has not yet been established, however. Brown fat also may
have extremely active DNL, which may be one mechanism
of adaptive thermogenesis in this organ (Danforth, E., per-
sonal communication). Ob/Ob mice exhibit up to fifty-fold
increased DNL (61), although contribution to their increased
body-fat stores is not clear.

Does DNL have a role in disease? There are several dis-
ease conditions to which DNL might contribute. Some specu-
lations are as follows: (i) hypertriglyceridemia (especially
CHO-induced) (64-66), (i1) wasting syndromes [e.g., acquired
immune deficiency syndrome (AIDS)] and partitioning of nu-
trients (42,69-73), (iii) alcoholic liver disease (fatty liver)
(68), (iv) membrane FA composition (e.g., insulin resistance)
(75). Hypertriglyceridemia, especially in response to high-
CHO diets (62-64) may be influenced by DNL either directly
(through addition of FA to VLDL-TG) or indirectly (through
inhibition of tissue FA oxidation and stimulation of hepatic
reesterification). Alcoholic liver disease is preceded by fatty
infiltration of the liver, which could be at least in part, a con-
sequence of ethanol-stimulated DNL or secondary inhibition
of tissue FA oxidation (65,66). Body-composition abnormali-
ties characteristic of patients with wasting in AIDS— preser-
vation of body fat relative to lean body mass (67) and reple-
tion of body fat rather than lean body mass during refeeding
(68-70)—may be influenced by DNL. We reported (42) that
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DNL is paradoxically elevated in patients with weight loss due
to AIDS. Moreover, the presence of increased DNL predicted
poor lean-tissue response to nutrient supplementation (71),
consistent with either a causal role for DNL in altered nutrient
partitioning or a role for DNL as a marker of underlying cy-
tokine abnormalities (72). Finally, altered membrane FA com-
position has been associated with a number of clinical condi-
tions, including insulin resistance (73). If DNL alters qualita-
tive FA composition in susceptible individuals, it could
contribute to disease without being an important pathway
quantitatively in the whole body.

In conclusion, before a process can be discussed, it must
be amenable to measurement. This is now possible for DNL
by two methods: MIDA and deuterated water incorporation.
Based on these direct isotopic measurement techniques, a
somewhat surprising model has emerged of how the human
body handles excess CHO energy. DNL does not seem to be
a highly traveled pathway, at least in normal adults on typical
Western diets. A more detailed understanding of the quantita-
tive contribution from DNL and testing of other potential
functions of DNL are required. These remaining areas of un-
certainty should now be accessible to experimental analysis,
however, based on the recent methodologic advances.

ACKNOWLEDGEMENTS

I acknowledge key contributions of some of my collaborators on the
studies discussed here, particularly Drs. Richard Neese, Jean-Marc
Schwarz, and Cedric Shackleton. The work also could not have been
done without the laboratory contributions of Dennis Faix, Ken Wu,
and Scott Turner and the careful work of the nurses at San Francisco
General Hospital General Clinical Research Center (GCRC). These
studies have been partially supported by grants from the National
Institutes of Health (NIH) (DK40995), Tobacco-Related Diseases
Research Program of the State of California (1RT475), University
of California at Berkeley (Biomedical Research Support Grant and
College of Natural Resources), American Diabetes Association
(Clinical Research Grant), University of California Universitywide
Task Force on AIDS (R87-SF091 and R89-SF170), Nora Eccles
Treadwell Foundation, and Division of Research Resources of the
NIH (GCRC grant RR-00083).

REFERENCES

1. Flatt, J.B. (1978) The Biochemistry of Energy Expenditure in
Recent Advances in Obesity Research, edited by G.A. Bray,
Newman Publishing, London, 1978, pp. 211-227.

2. McGarry, J.D., and Foster, D.W. (1977) Hormonal Control of
Ketogenesis, Arch. Int .Med. 137, 495-501.

3. McGarry, 1.D. and Foster, D.W. (1980) Regulation of Hepatic
Fatty Acid Oxidation and Ketone Body Production Ann. Rev..
Biochem. 49, 395-420.

4. DeMaugre, F., Buc, H., Girard, J., and Leroux, J.-P. (1982) Role
of the Mitochondrial Metabolism of Pyruvate on the Regulation
of Ketogenesis in Rat Hepatocytes, Metab. Clin. Exp. 32, 40-48.

5. Mooney, R.A., and Lane, M.D. (1982) Control of Ketogenesis
and Fatty Acid Synthesis at the Mitochondrial Branch-Point for
Acetyl-CoA in the Chick Liver Cell: Effect of Adenosine-3’,5’-
Monophosphate, Eur. J .Biochem. 121, 281-287.

6. Watkins, P.A., Tarlow, D.M., and Lane, M.D. (1977) Mecha-

Lipids, Vol. 31, Supplement (1996)



S-124

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22,

23.

24.

25.

26.

27.

nism for Acute Control of Fatty Acid Synthesis by Glucagon
and 3’5’-Cyclic AMP in the Liver Cell, Proc. Natl. Acad.
Sci.USA 74, 1497-1501.

. Bloch, K. (1977) Control Mechanisms in the Synthesis of Satu-

rated Fatty Acid,” Ann. Rev. Biochem. 46, 263-298.

. Shillabeer, G., Hornford, J., Forden, J M., Wong, N.C., and

Land, C. (1990) Hepatic and Adipose Tissue Lipogenic Enzyme
mRNA Levels Are Suppressed by High Fat Diets in the Rat, J.
Lipid Res. 31, 623-631.

. Girard, J., Perdereau, D., Foufelle, F., Prip-Buus, C., and Ferre,

P. (1994) Regulation of Lipogenic Enzyme Gene Expression by
Nutrients and Hormones, FASEB J. 8, 36-42.

Moustard, N., Beyer, R.S., and Sul, H.S. (1994) Identification
of an Insulin Response Element in the Fatty Acid Synthase pro-
moter, J. Biol. Chem. 269, 5629-5634.

Shrago, E., Glennon, J.A., and Gordon, E.S. (1971) Comparative
Aspects of Lipogenesis in Mammalian Tissues, Metabolism 20,
54-62.

Shrago, E., Spennetta, T., and Gordon, E. (1969) Fatty Acid Syn-
thesis in Human Adipose Tissue, J. Biol. Chem. 244, 2761-2766.
Sjostron, L. (1973) Carbohydrate-Stimulated Fatty Acid Syn-
thesis De Novo in Human Adipose Tissue of Different Cellular
Type, Acta. Med. Scand. 194, 387-404.

Robinson, A.M., and Williamson, D.H. (1977) Control of Glu-
cose Metabolism in Isolated Acini of the Lactating Mammary
Gland of the Rat. The Ability of Glycerol to Mimic Some of the
Effects of Insulin, Biochem. J. 168, 465-474.

Acheson, K.J., Flatt, J.-P., and E. Jecquier, E. (1982) Glycogen
Synthesis versus Lipogenesis after a 500-g Carbohydrate Meal,
Metabolism 31, 1234-1240.

Ferrannini, E. (1988) The Theoretical Basis of Indirect
Calorimetry, Metabolism 37,287-301.

Newsholme, E., and Leech, A. (1983) Biochemistry for the Med-
ical Science, Wiley-Interscience, London,

Acheson, K.J., Schutz, Y., Bessard, T., Ravussin, E., Jecquier,
E., and Flatt, J.P. (1984) Nutritional Influences on Lipogenesis
and Thermogenesis After a Carbohydrate Meal, Am. J. Physiol.
246, E62-E70.

. Passmore, R., and Swindells, Y.E. (1963) Observations on the

Respiratory Quotients and Weight Gain of Man After Eating
Large Quantities of Carbohydrate, Brit. J. Nutr. 17, 331-339.
Acheson, K., Schutz, T., Bessard, K., Anatharaman, A.S., Flatt,
J.-P., and Jecquier, E. (1988) Glycogen Storage Capacity and
De Novo Lipogenesis During Massive Carbohydrate Overfeed-
ing in man, Am. J. Clin. Nutr. 48, 240-247.

Bandini, L.G., Schoeller, D.A., Edwards, J., Young, V.R., Oh,
S.H., and Dietz, W.H. (1989) Energy Expenditure During Car-
bohydrate Overfeeding in Obese and Non-Obese Adolescents,”
Am. J. Physiol. 256, E357-E367.

Horton, T.J., Drougas, H., Brachey, A., Reed, G.W., Peters, J.C.,
and Hill, J.O. (1995) Fat and Carbohydrate Overfeeding in Hu-
mans: Different Effects on Energy Storage, Am. J. Clin. Nutr.
62, 19-29.

Zilversmit, D.B., Entenman, C., and Fishler, M. (1943) The Cal-
culation of Turnover Rate and Turnover Time from Experiments
Involving the Use of Labeling Agents, J. Gen. Physiol. 26,
325-331.

Waterlow, J.C., Garlick, P.J., and Millward, D.J., eds. (1978)
Protein Turnover in Mammalian Tissues and in the Whole Body,
North-Holland, Amsterdam.

Des Rosiers, C., David, F., Garneau, M., and Brunengraber, H.
(1991) Nonhomogenous Labeling of Liver Mitochondrial
Acetyl-CoA, J. Biol. Chem. 266, 1574-1578.

Dietschy, J.M., and McGarry, J.D. (1974) Limitations of Ac-
etate as a Substrate for Measuring Cholesterol Synthesis in
Liver, J. Biol. Chem. 249, 52-58

Jungas, R. L. (1968) Fatty Acid Synthesis in Adipose Tissue In-

Lipids, Vol. 31, Supplement (1996)

29.

30.

31

32.

33.

34,

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

M.K. HELLERSTEIN

cubated in Tritiated Water,” Biochemistry 7, 3708-3717.

. Jones, P.J.H., and Schoeller, D.A. (1990) Evidence for Diurnal

Periodicity in Human Cholesterol Synthesis, J. Lipid Res. 31,
667-673.

Leitch, C.A., and Jones, P.J.H. (1991) Measurement of Triglyc-
eride Synthesis in Humans Using Deuterium Oxide and Isotope
Ratio Mass Spectrometer, Biol. Mass. Spectrom. 20, 392-396.
Leitch, C.A., and Jones, P.J.H. (1993) Measurement of Human
Lipogenesis Using Deuterium Incorporation, J. Lipid Res. 34,
157-163.

Jones, P.J., Namchuk, G.L., and Pederson, R.A. (1995) Meal
Frequency Influences Circulating Hormone Levels but Not Li-
pogenesis Rates in Humans, Metab. Clin. Exp. 44, 218-223.
Selmer, J., and Grunnet, N. (1976) Ethanol Metabolism and
Lipid Synthesis by Isolated Liver Cells from Fed Rats, Biochim.
Biophys. Acta. 428, 123-137.

Andersen, J.M., and Dietschy, J.M. (1979) Absolute Rates of
Cholesterol Synthesis in Extrahepatic Tissues Measured with
3H-Labeled Water and '*C-Labeled Substrates, J. Lipid Res. 20,
740-752.

Lee, W.N.P., Bassilian, S., Guo, Z., Schoeller, D., Edmond,
D.J,, Bergner, E.A., and Byerly, L.O. (1994) Measurement of
Fractional Lipid Synthesis Using Deuterated Water (2H20) and
Mass Isotopomer Analysis,” Am. J. Physiol. 266 , E372-E383.
Hellerstein, M.K., and Neese, R. (1992) Mass Isotopomer Dis-
tribution Analysis: A Technique for Measuring Biosynthesis and
Turnover of Polymers, Am. J. Physiol. 263, E988-E1001.
Hellerstein, M.K., Christiansen, M., Kaempfer, S., Kletke, C.,
Wu, K., Reid, J.S., Hellerstein, N.S., and Shackleton, C.H.L.
(1991) Measurement of De Novo Hepatic Lipogenesis in Hu-
mans Using Stable Isotopes, J. Clin. Invest. 87, 1841-1852.
Hellerstein, M.K., Wu, K., Kaempfer, S., Kletke, C., and Shack-
leton, C.H.L. (1991) Sampling the Lipogenic Hepatic Acetyl-
CoA Pool In Vivo in the Rat. Comparison of Xenobiotic Probe
to Values Predicted from Isotopomeric Distribution in Circulat-
ing Lipids and Measurement of Lipogenesis and Acetyl-CoA
Dilution, J. Biol. Chem. 266, 10912-10919.

Hellerstein, M.K. (1991) Relationship Between Precursor Enrich-
ment and Ratio of Excess M/excess M, Isotopomer Frequencies
in a Secreted Polymer, J. Biol. Chem. 266, 10920-10924.

Faix, D., Neese, R.A., Kletke, C., Walden, S., Cesar, D., Cout-
langus, M., Shackleton, C.H.L., and Hellerstein, M.K. (1993)
Quantification of Periodicities in Menstrual and Diurnal Rates
of Cholesterol and Fat Synthesis in Humans, J. Lipid Res. 34,
2063-2075.

Neese, R.A., Faix, D., Schwarz, J.-M., Turner, S.M., Vu, D., and
Hellerstein, M.K. (1995) Measurement of Gluconeogenesis and
Rate of Appearance of Intrahepatic Triose-Phosphate and Its
Regulation by Substrates by Mass Isotopomer Distribution
Analysis (MIDA): Testing of Assumptions and Potential Prob-
lems, J. Biol. Chem. 270, 14452-14463.

Lee, W.-N.P., Bassilian, S., Ajie, H., Schoeller, D., Edmond, J.,
Bergner, E.A., and Byerley, L. (1994) In Vivo Measurement of
Fatty Acids and Cholesterol Synthesis Using D,O and Mass Iso-
topomer Analysis, Am. J. Physiol. 266, E699-E708.

Kelleher, J.K., Kharroubi, A.T., Aldaghles, T.A., Shambat, I.B.,
Kennedy, K.A., Holleran, A.L., and Masterson, T.M. (1994) Iso-
topomer Spectral Analysis of Cholesterol Synthesis: Applications
in Human Hepatoma Cells,” Am. J. Physiol. 266, E384-E395.
Hellerstein, M.K., Grunfeld, C., Wu, K., Christiansen, M.,
Kaempfer, S., Kletke, C., and Shackleton, C.H.L. (1993) In-
creased De Novo Hepatic Lipogenesis in Human Immunodefi-
ciency Virus Infection, J. Clin. Endocrinol. Metab. 76, 559~565.
Neese, R.A., Benowitz, N.L., Hoh, R., Faix, D., LaBua, A., Pun,
K., and Hellerstein, M.K. (1994) Metabolic Interactions Be-
tween Surplus Dietary Energy Intake and Cigarette Smoking or
Its Cessation, Am. J. Physiol. 267, E1023-E1034.



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

SYNTHESIS OF FAT

Kaempfer, S., Blackham, M, Christiansen, M., Wu, K., Cesar,
D., Vary, T., and Hellerstein, M.K. (1991) Fraction of Hepatic
Cytosolic Acetyl-CoA Derived from Glucose In Vivo: Relation
to PDH Phosphorylation State, Am. J. Physiol. 260, E865-E875.
Neese, R., Faix, D., Kletke, C.,. Wu, K., Shackleton, C.H.L., and
Hellerstein M.K. (1993) Measurement of Endogenous Synthesis
of Serum cholesterol In Vivo in Rats and Humans Using Mass
Isotopomer Distribution Analysis (MIDA), Am. J. Physiol. 264,

T12rs TI1A77
L120U—L14/.

Letscher, A.E., Neese, R.A., Turner, S., Schwarz, J.-M., Cesar, D.,
and Hellerstein, M.K. (1994) Comparison of Precursor Pool En-
richments (p) and Fractional Gluconeogenesis (f) for Secreted Glu-
curonate (GlcUA) and Plasma Glucose (Glc), FASEB J. 8, A954.
Papageorgopoulos, C., King, D., Neese, R.A., Caldwell, K., and
Hellerstein, M.K. (1993) Toward the Measurement of Protein
Synthesis by Mass Isotopomer Distribution Analysis (MIDA):
Absolution of Isotopomers in a [d;]-Leucine Enriched Synthetic
Oligopeptide Using Electrospray/Quadropole Mass Spectrometry
(ESYMS), FASEB J. 7,1022.

Caldwell, K.A., Papageorgopoulos, C., Siler, S.Q., Shackleton,
C.H.L., and Hellerstein, M.K. (1994) Going Forward in the De-
termination of Protein Synthesis Rates: Measurement of Accu-
rate and Precise Isotope Ratios of Peptides, FASEB J. 8, A461.
Hirsch, J. (1965) Fatty Acid Patterns in Human Adipose Tissue,
in Handbook of Physiology, Section 5, Chapter 17 (Cahill, I.F.,
and Renold, A.E., eds.) Waverly Press, Baltimore, pp. 181-189.
Schwarz, J.-M., Neese, R.A_, Basinger, A., and Hellerstein, M.K.
(1993) Effect of Oral Fructose on Lipolysis, Fat Oxidation, Frac-
tional and Absolute De Novo Lipogenesis (DNL) Using Mass Iso-
topomer Distribution Analysis (MIDA), FASEB J. 7, A867.
Schwarz, J.-M., Neese, R.A., Turner, S.M., Nguyen, C., and
Hellerstein, M.K. (1994) Effect of Fructose Ingestion on Glu-
cose Production (GP) and De Novo Lipogenesis (DNL) in Nor-
mal and Hyperinsulinemic Obese Humans, Diabetes 43 (Suppl.
1), 52A.

Hudgins, L.C., Hellerstein, M.K., Seidman, C., Diakun, J., and
Hirsch J. (1993) Carbohydrate-Induced Lipogenesis: A Poten-
tial Adverse Effect of Low Fat Diets,” Circulation Suppl. 88 (4,
part 2), Abstract #1694.

Hudgins, L.C., Hellerstein, M.K., Seidman, C., Neese, R.A., Di-
akun, J., and Hirsch, J. (1996) Human Fatty Acid Synthesis
Stimulated by an Encaloric, Low-Fat, High-Carbohydrate Diet,
J. Clin. Invest, in press.

Hellerstein, M.K., Benowitz, N.L., Neese, R.A., Hoh, R., Jacob,
P., Fong, L., Hsieh, J., and Faix, D. (1994) Effects of Cigarette
Smoking and Its Cessation on Lipid Metabolism and Energy Ex-
penditure in Heavy Smokers, J. Clin. Invest. 93, 265-272.
Hellerstein, M XK., Schwarz, J.-M., Neese, R.A., LaBua, A.B.,
and Turner, S. (1995) Striking Metabolic Effects of Short-Term
Changes in Carbohydrate (CHO) Energy Intake in Normal Hu-
mans, J. Clin, Invest. 96, 2735-2743.

Christiansen, M., Linfoot, P., Neese, R., Turner, S., and Heller-
stein, M. (1995) Gluconeogenesis (GNG) in NIDDM: Effect of
Energy Restriction, Diabetes 44, 55A.

Fery, F. (1994) Role of Hepatic Glucose Production and Glu-
cose Uptake in the Pathogenesis of Fasting Hyperglycemia in
Type 2 Diabetes: Normalization of Glucose Kinetics by Short-
Term Fasting, J. Clin. Endocrinol. Metab. 78, 536-542.

Farese, R., Ruland, S.L., Flynn, L.M., Stokowski, R.P., and
Young, S.G. (1995) Knockout of the Mouse Apolipoprotein B
Gene Results in Embryonic Lethality in Homozygote and Pro-

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

S-125

tection Against Diet-Induced Hypercholesterolemia in Het-
erozygotes, Proc. Natl. Acad. Sci. USA 92, 1774-1778.

Prentki, M., Vischer, S., Glennon, M.C., Regazzi, R., Deeney,
J.T., and Corkey, B.E. (1992) Malonyl-CoA and Long Chain
Acyl-CoA Esters as Metabolic Coupling Factors in Nutrient-In-
duced Insulin Secretion,” J. Biol. Chem. 267, 5802-5810.
Johnson, D.R., Bhatnager, R.S., Knoll, L.J., and Gordon, J.I.
(1994) Genetic and Biochemical Studies of Protein N-Myristoy-
lation, Ann. Rev. Biochem. 63, 869-914.

Loten, E.G., Rabinovitch, A., and Jeanrenaud, B. (1974) In Vivo
Studies on Lipogenesis in Obese Hyperglycemic (ob/ob) Mice:
Possible Role of Hyperinsulinemias, Diabetologia 10, 45-52.
Farquhar, J,, Frank, A., Gross, R.C., and Reaven, G. (1966) Glu-
cose, Insulin, and Triglyceride Responses to High and Low Car-
bohydrate Diets in Man, J. Clin. Invest. 45, 1648-1656.

Dreon, D.M., Fernstrom, H.A., Miller, B., and Krauss, R.M.
(1994) Low-Density Lipoprotein Subclass Pattern and Lipopro-
tein Response to a Reduced-Fat Diet in Men, FASEB J. 8,
121-126.

Coulston, AM., Hollenbeck, C.B., Swislocki, A.L.M., and
Reaven, G.M. (1989) Persistence of Hypertriglyceridemic Ef-
fect of Low-Fat High-Carbohydrate Diets in NIDDM Patients,
Diabetes Care 12,94-101.

Suter, P., Schutz, Y., and Jecquier, E. (1992) The Effect of
Ethanol on Fat Storage in Healthy Subjects, N. Engl. J. Med.
326, 983-987.

Lieber, C.S., Spritz, N., and DeCarli, L.M. (1966) Role of Di-
etary, Adipose and Endogenously Synthesized Fatty Acids in
the Pathogenesis of the Alcohelic Fatty Liver, J. Clin. Invest.
45, 51-62.

Kotler, D.P., Wang, J., and Pierson, R.N. (1985) Body Compo-
sition Studies in Patients with the Acquired Immunodeficiency
Syndrome, Am. J. Clin. Nutr. 42, 1255-1265.

Kotler, D.P., Tierney, A.R., Culpeppermorgan, J.A., Wang, J.,
and Pierson, R.N. (1990) Effect of Home Total Parenteral Nu-
trition on Body Composition in Patients with Acquired Immun-
odeficiency Syndrome, J. Ent. Parent. Nutr. 14, 454—458.
Oster, M.H., Enders, S.H., Samuels, S.T., Cone, L.A., Hooten,
T.M., Browder, H.P., and Flynn, N.M. (1994) Megestrol Acetate
in Patients with AIDS and Cachexia, Ann. Int. Med. 121 (6),
400-408.

Hellerstein, M.K., Kahn, I., Mudie, H., and Viteri, F. (1990)
Current Approach to the Treatment of HIV Associated Weight
Loss: Pathophysiologic Considerations and a Preliminary Re-
port on a Double-Blind Placebo-Controlled Trial of Megestrol
Acetate, Sem. Oncol. 17 (Suppl. 9), 17-33.

Hellerstein, M.K., Hoh, R., Neese, R., Pelfini, A., Faix, D., Clin-
ton, R., and Cope, F. (1992) Effects of Nutritional Supplements
of Different Composition on Nutritional Status and Gut Histol-
ogy in HIV Wasting: Metabolic Abnormalities for Prediction of
Nutrient Unresponsivity, presented at VIIIth International Con-
ference on AIDS, Amsterdam.

Blackham, M., Cesar, D., Park, O.-J., Wu, K., Kaempfer, S.,
Shackleton, C.H.L., and Hellerstein, M.K. (1992) Effects of Re-
combinant Monokines on Hepatic Pyruvate Dehydrogenase
(PDH), PDH Kinase, De Novo Lipogenesis and Plasma Triglyc-
erides: Abolition by Prior Fasting, Biochem. J. 284, 129-135.
Borkman, M., Storlien, L.H., Pan, D.A., Jenkins, A.B.,
Chisholm, D.J., and Campbell, L.V. (1993) The Relation Be-
tween Insulin Sensitivity and the Fatty Acid Composition of
Skeletal Muscle Phospholipids, N. Engl. J. Med. 328, 238-44.

Lipids, Vol. 31, Supplement (1996)



