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Abstract A detailed comparison of the structures of plasma
very low density lipoprotein (VLDL) and liver triacylglycerols
(TG) (Yang et al. 1995. J. Lipid Res. 36: 125-136) has demon-
strated that a minimum of 60% of the secreted TG could have
been derived from partial lipolysis and reesterification of
stored TG and a maximum of 40% could have been derived
from direct secretion of newly made TG. To investigate the
processes involved in the transfer of TG to VLDL in vivo, we
have determined the distribution of deuterium among the
molecular species of the liver-TG and VLDL-TG during the
infusion of perdeuterated ethanol along with fructose or
glucose and during the provision of either glucose or fructose
in the drinking water for 2 weeks. The deuterium labeling
(percent excess and percent replacement) of the total fatty
acids was determined by GC/MS of the methyl esters while
the labeling of the glycerol and the glycerol plus fatty acids of
the enantiomeric diacylglycerol moieties of TG was deter-
mined by LC/MS with onine mass spectrometry. Supple-
mentation of the diet for 2 weeks with either glucose and
fructose stimulated the synthesis of TG containing new fatty
acids and glycerol. The proportion of the newly made to
preexisting TG differed in VLDL from that in the liver. The
’H % replacement in glycerol and in total fatty acids was
greater in VLDL-TG than in the liver-TG. B On the basis
of the mass isotopomer distribution analysis it was estimated
that a maximum of 30% of the VLDL-TG could have been
derived directly from TG that was made de novo and did not
equilibrate with the liver-TG stores. The transfer of the stored
TG to VLDL was best accounted for by a degradation to
2-monoacylglycerols and resynthesis via the 2-monoacyl-
glycerol pathway with addition of an excess of newly synthe-
sized fatty acids to the resynthesized TG.-Yang, L-Y., A.
Kuksis, J. J. Myher, and G. Steiner. Contribution of de novo
fatty acid synthesis to very low density lipoprotein triacyl-
glycerols: evidence from mass isotopomer distribution analy-
sis of fatty acids synthesized from [?Hs]ethanol. J. Lipid Res.
1996. 37: 262-274.
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The origin of the triacylglycerol (TG) moiety of
plasma very low density lipoprotein (VLDL) has re-
ceived much recent attention as it has become clear that
the bulk of the secreted TG is not derived directly from
new synthesis (1-3). On the basis of detailed analysis of
the stereospecific positional distribution and molecular
association of the fatty acids of TG in the plasma VLDL
and liver stores, we have concluded (3) that a minimum
of 60% of the VLDL-TG could have been derived via
lipolysis hepatic TG stores to diacylglycerol (DG)
and/or monoacylglycerol (MG) and reesterification,
while a maximum of 40% could have originated via
direct secretion of newly formed TG. These estimates
are comparable to those derived from studies with ra-
dioactive fatty acids (2). The mechanism of the remod-
eling and secretion of the stored TG has not been
determined. In order to obtain further information
about the lipolysis and esterification pathways, we have
now studied the stereospecific distribution of the deu-
terium-labeled fatty acids and glycerol between VLDL-
TG and liver-TG during an infusion of perdeuterated
ethanol. We examined the contributions of the phos-
phatidic acid (PA) and the MG pathways both under
basal conditions and when lipogenesis and VLDL pro-

Abbreviations: TG, triacylglycerol; VLDL, very low density
lipoprotein; DG, diacylglycerol; MG, monoacylglycerol; PA,
phosphatidic acid; TLC, thin-layer chromatography; CE, cholesteryl
ester; FFA, free fatty acids; FC, free cholesterol; PL, phospholipid; PC,
phosphatidylcholine; GLC, gas-liquid chromatography; MS, mass
spectrometry; DNPU, 3,5-dinitrophenylurethane; HPLC, high
performance liquid chromatography; NCI, negative chemical
ionization; MGAT, 2-monoacylglycerol acyltransferase; MIDA, mass
isotopomer distribution analysis.
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duction were increased by subjecting the animals to
carbohydrate supplementation. The mass isotopomer
distribution in these studies shows that the PA pathway
could not have contributed more than 30% of the
VLDL-TG during carbohydrate feeding, a value similar
to that previously estimated (3).

MATERIALS AND METHODS

Materials

[2Hg]ethyl alcohol (anhydrous) was purchased from
MSD isotopes (Division of Merck Frosst Canada Inc.,
Montreal, Canada). Phospholipase C (type I and type V)
was obtained from Sigma Chemical Co. (St. Louis, MO),
while 3,5-dinitrophenyl isocyanate was from Sumka
Chemical Analysis Service Ltd (Osaka, Japan). Silica gel
G soft layer thin-layer chromatography (TLC) plates
were purchased from Fisher Scientific Chemical Co.
(Rockford, IL). Ethyl magnesium bromide was from
Aldrich Chemical Co. (Milwaukee, WI). Somnotal (so-
dium pentobarbital) was from M.T.C. Pharmaceutical
(Canada Packers Inc., Cambridge, Canada).

Animals

Male Wistar rats from Charles Rivers Canada (Divi-
sion of Bausch and Lomb Canada Inc. St-Constant,
Que.) were used. There were three groups of rats: 1)
control (n = 6); 2) fructose-supplemented (n = 5); and 3)
glucose-supplemented (n = 5). All rats weighed 100 gm
at the beginning of their 2-week pre-study feeding pe-
riod. They were fed standard lab chow (Ralston Purina
Co., St. Louis, MO) and housed under normal light. The
control rats had ad libitum access to water. Group 2 was
given a 10% solution of fructose to drink ad libitum in
place of water. Group 3 was given a 10% of glucose to
drink ad libitum in place of water. All the rats weighed
240-260 gm at the end of 2 weeks. There were no
significant differences in weight among the groups.

At 2:00 PM on the day of the experiment the rats were
anesthetized with Somnotal (50 mg/kg) and an in-
traperitoneal cannula was inserted. Thereafter the rats
were allowed access to their previous drinking solutions,
but were denied access to solid food. After the rats woke,
at 10:00 PM, a 10% solution of perdeuterated ethanol in
saline was infused at a rate of 1.1 ml/h for 10 h through
the intraperitoneal cannula (4, 5). Groups 2 and 3 also
had fructose (20% wt:vol) or glucose (20% wt:vol) in the
infusate.

Two other normal rats weighing 350 gm, that were a
part of another study, were examined (Tables 1-4). They
had not received carbohydrate supplementation. These
two rats were infused with a 10% solution of perdeuter-
ated ethanol in saline that contained fructose (20%

wt/vol) for 16 h. The blood and liver of the two rats were
taken 3 h after the infusion was stopped.

Sample preparation

After the infusion period each rat was anesthetized as
previously noted and then Kkilled by exsanguination
from the abdominal aorta. The blood was immediately
chilled to 4°C and the plasma was separated within 20
min. It was then ultracentrifuged in a Ti 70 rotor (Beck-
man Instruments Canada, Toronto, Canada) at 35,000
rpm at 10°C for 18 h in order to obtain VLDL. The liver
was removed simultaneously and frozen at -20°C. Its
protein was measured according to previously described
methods (6). The total lipids were extracted with chlo-
roform-methanol 2:1 and stored at -20°C under No.

Separation of lipid classes

The total lipid extracts were resolved into cholesteryl
esters (CE), TG, free fatty acids (FFA), free cholesterol
(FC), and total phospholipids (PL) fractions by TLC on
silica gel H plates developed in heptane-isopropyl
ether-acetic acid 60:40:4 (by vol) (5). The PL were
extracted from the origin with chloroform-metha-
nol-water-acetic acid 50:39:10:1 (by vol) (7). Phospha-
tidylcholine (PC) was isolated from PL by TLC on silica
gel H using chloroform-methanol-acetic acid-water
25:15:4:2 (by vol) as the developing solvent (5).

Total lipid profiles

The plasma and liver total lipid profiles were deter-
mined by gas-liquid chromatography (GLC) after diges-
tion with phospholipase C type I and type V, respec-
tively. The digestion converted the PL to the
corresponding DG and ceramides, which were
trimethylsilylated along with other neutral lipids prior
to the GLC analysis (8).

Analysis of the composition of fatty acids

Gel scrapings of the TLC-separated individual lipid
class were subjected to acid methanolysis using 6%
HSO4 in methanol at 80°C for 2 h and the fatty acid
methyl esters were analyzed by GLC (8).

GLC/MS of fatty acid methyl esters

2H incorporation into fatty acids was determined by
gas-liquid chromatography-mass spectrometry
(GLC/MS) with electron impact ionization. The analysis
was done on a Hewlett-Packard (Palo Alto, CA) model
5890 series II capillary gas chromatograph interfaced
with a model 5989 quadruple mass spectrometer, a
model 98785A computer terminal, and model
6000,/330S data unit. The GLC column (12 m x 0.2 mm
ID) was coated with HP1 (Hewlett-Packard) cross-linked
methyl silicone gum (0.33 pm film thickness). The elec-
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tron energy was 70 eV. The fatty acid methyl esters were
eluted by temperature programming from 100-190°C
at 20°C/min and then up to 255°C at 5°C/min. The 2H
incorporation was quantitated as % replacement of old
molecules by new molecules (9). Correction for the
natural abundance of 2H and !C was done by subtrac-
tion of the parent ion plus 1 to 3 in the corresponding
lipids from rats that had not received of perdeuterated
ethanol. The approaches used to calculate deuterium %
replacement and % excess are explained in a later
subsection.

Preparation of DG and DNPU derivatives

The sn-1,2(2,3)-DG of TG were prepared by random
degradation with Grignard reagent and were resolved
by borate TLC using chloroform-acetone 97:3 (by vol)
as developing solvent (7). The DG were converted into
the 3,5-dinitrophenylurethane (DNPU) derivatives by
reacting with dinitrophenylisocyanate and the DNPU
derivatives were purified by TLC on silica gel G using
hexane-dichloromethane-ethanol 40:10:3 (by wvol)
prior to chiral phase high performance liquid chroma-
tography (HPLC) (10).

Chiral and reverse phase HPLC/MS

The enantiomeric DG were resolved as DNPU deriva-
tives ona chiral phase HPL.C column (A-KO3) containing
(R)-(+)-1-(naphthyl) ethylamine polymer using hex-
ane-dichloromethane-ethanol40:10:1asamobile phase
(10). The molecular species of the DG were separated as
the DNPU derivatives by LC/MS (3) on reversed phase
Supelcosil C-18 column (25 cm x 0.4 cm ID) using alinear
gradient of20-50% isopropanolin methanol over 30 min
as the solvent at a flow rate of 1 ml/min. The HPLC was
done on Hewlett-Packard Model 1090 Liquid Chroma-
tograph, SeriesII. The HPLC elution profile was obtained
byrecording the UV absorptionat 254 nm. The HPLC was
interfaced with Hewlett-Packard Model 5989A quadru-
ple mass spectrometer using the Hewlett-Packard ther-
mospray interface. Negative chemical ionization (NCI)
was obtained by post column addition of methanol-0.2 M
ammoniumacetate 50:50 at 0.2 ml/min. The NCl profiles
were recorded by using the filament on mode with a
fragmenter setting of 100. The deuterium content of the
DG determined by reverse phase LC/MS was corrected
for the natural abundance of the stable isotopes as
describedabove.

Calculation of deuterium % replacement and %
excess

To quantitate the deuterium in methyl esters of fatty
acids, the m/zrange 100-350is scanned repeatedlyfor the
entire GLC peak. Every newly made molecule of fatty acid
islabeled. For palmitate, thelabeled methyl ester molecu-
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lar ions are found in the region m/z 271-280. The methyl
esters of the preexisting, unlabeled, palmitate have m/z
270, 271 and 272. The last two masses are due to the
natural occurrence of 13C, 2H and 70O and 180. The
GLC/MS will provide mass chromatograms giving areas
of ion intensities from m/z 270-280 for methyl palmitate,
m/z2298-305 for methyl stearate, and 296-303 for methyl
oleate. To determine the percentage of the relative
replacement of a compound, the ion areas must be
corrected for the natural occurrence of heavy isotope.
This will give the amount of newly made labeled mole-
cules. The methyl palmitate, m/z 270, is unlabeled and
therefore 100% of it is made up of preexisting molecules.
By examining the palmitate from rats that were not given
perdeuterated ethanol it was found that the area of m/z
271 in the mass spectra was 19% of m/z 270, and m/z 272
was 2.1% of m/z 270. For methyl stearate, the correspond-
ing natural abundances of stable isotope for m/z 298, 299,
and 300 were 100%, 21.3%, and 2.6%, respectively. These
values for the naturally occurring heavyisotope contribu-
tions were subtracted from the total amounts of the m/z
2'70-280 and m/z 298-305 species to give the amounts of
palmitate and stearate, respectively, that were made from
perdeuterated ethanol.

The percentage replacement of palmitate is defined
as:

newly made palmitate

Rigo = - — —— x 100
~  newly made palmitate + preexisting palmitate

n =280

2 Ac

n=271
Rco= x 100
16:0 n =280

)y At

n =270

Where Ac is the ion area from m/z = n after correction
for the natural heavy isotope abundance, and At is the
total ion area for m/z = n.

The 2H % excess is the total number of ?H atoms in
100 molecules of palmitate. This is obtained as follows.
After correcting for natural abundance, the number of
2H atoms in a given molecular ion (e.g., m/z 271, m/z
272, etc. to m/z 280) is multiplied by the proportion,
expressed as a percent, of this molecular ion of all
molecular ions of methyl palmitate (e.g., m/z 270 to m/z
280). These are then all added together.

) n =280 [Ac form/zn]x[Numberof ’Hin m/z n]
H % excess = T x 100
n=271 At
n=270
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The 2H incorporation into the glycerol of TG was
estimated from the analysis of DG labeling. It is not
known how the labeled fatty acids and glycerol are
combined together when ?H-labeled DG are expressed
as % replacement that reflects the number of the 2H-la-
beled DG in per 100 DG molecules. In order to know
the 2H labeling in the glycerol, one has to use the
concept of 2H excess, which represents the number of
the excess 2H over the natural abundance of heavy
isotope in 100 molecules. The total H excess in the DG
molecule is the sum of the 2H excess in glycerol and that
in the fatty acids. Thus the deuterium labeling in the
glycerol portion of a DG species was determined by
subtracting the label residing in its two fatty acids:

% 2H excess (glycerol) =
% 2H excess (diacylglycerol) - % 2H excess (2 fatty acids)

RESULTS

Stereochemical structure of TG

Table 1 summarizes the enantiomer composition of
the molecular species of rat liver-TG and VLDL-TG, as
obtained by stereospecific analyses of samples obtained
from the two rats described earlier (3). These animals
were infused with fructose and perdeuterated ethanol
without prefeeding the sugar water for 2 weeks. Only
the major species are shown. The liver-TG species con-
taining both saturated and unsaturated fatty acids were
highly asymmetric with the enantiomer containing the
saturated fatty acid in the sn-1-position, in many in-
stances, being present in nearly 100-fold excess. For
example, in rat 1, 2.14% of the liver-TG was
16:0-16:0-18:1, while only 0.02% of the liver-TG was
18:1-16:0-16:0. In contrast the VLDL-TG were consid-
erably more racemic and the enantiomers with satu-
rated fatty acids in the sn-1-position were frequently
present in only 10fold excess. In contrast, the TG
containing unsaturated fatty acids in both primary posi-
tions were present in nearly racemic proportions in both
liver and VLDL. Although the differences between
VLDL and liver-TG were much smaller, exactly the same
direction of change was seen in rat 2. This, suggests the
interesting possibility that TG became partly racemized
during transfer to VLDL and racemization may occur
during the partial hydrolysis of the stored hepatic TG
and reesterification (11).

Stereochemical distribution of 2H in TG

In order to investigate the mechanism involved in
VLDL-TG synthesis and secretion, we have compared
the relative distribution of deuterium-labeled glycerol
and fatty acids among the molecular species of TG of

TABLE 1. Calculated major enantiomer composition of the
molecular species of normal rat liver-TG and VLDL-TG

Liver TG VLDL TG
Rat ] Rat 2 Rat 1 Rat 2
%

16:0-16:0-18:2 2.33 1.53 3.54 4.15
18:2-16:0-16:0 0.02 0.09 0.11 0.29
16:0-18:2-16:0 0.17 1.94 0.66 2.34
16:0-16:0-18:1 2.14 1.43 2.16 2.30
18:1-16:0-16:0 0.02 0.12 0.06 0.29
16:0-18:1-16:0 0.15 1.57 0.61 1.89
16:0-18:2-18:1 3.82 5.52 4.17 4.61
18:1-18:2-16:0 0.03 0.47 0.12 0.58
16:0-18:1-18:2 3.82 4.77 6.36 6.73
18:2-18:1-16:0 0.03 0.27 0.20 0.48
16:0-18:2-18:2 4.16 5.90 6.84 8.32
18:2-18:2-16:0 0.04 0.33 0.22 0.59
18:0-16:0-18:2 0.51 0.26 1.17 1.05
18:1-18:2-18:2 0.75 143 1.25 2.06
18:2-18:2-18:1 0.84 0.93 1.38 1.16
18:2-18:1-18:2 0.84 0.81 2.11 1.70
18:1-18:1-18:2 0.69 1.16 1.17 1.67
18:2-18:1-18:1 0.77 0.76 1.28 0.94
18:1-18:2-18:1 0.69 1.33 0.76 1.14
18:1-16:0-18:2 0.42 0.37 0.65 1.03
18:2-16:0-18:1 0.47 0.24 0.71 0.58

The calculation was based on the known fatty acid composition in
each position of TG (3) and the knowledge of random distribution of
the fatty acids in sn-1-, sn-2-, and sn-3-position.

the liver and VLDL after an infusion of perdeuterated
ethanol. Perdeuterated ethanol contributes deuterium
mainly to the newly synthesized glycerol and fatty acids,
although some deuterium may also be introduced into
existing fatty acids during chain elongation. The bio-
chemical steps involved are summarized in Fig. 1. The
glycerol becomes labeled from NAD2H during reduc-
tion of the glyceraldehyde and dihydroxyacetone phos-
phate. The incorporation of the deuterium into the fatty
acids takes place during de novo lipogenesis. The deu-
terium present in the malonyl CoA is largely lost during
the biosynthetic process. The deuterium label in the
newly synthesized fatty acids is mainly derived from
NADPH (12, 13) and also from labeled acetate. The
extent of fatty acid labeling depends on the labeling of
the NADPH, as this in turn depends on the amount of
perdeuterated ethanol infused and oxidized. The con-
tribution of labeled glycerol and fatty acids to the deu-
terated TG can be estimated using the approach de-
scribed in the methods section.

Figure 2 shows the GLC/MS profiles of fatty acids of
VLDL-TG from arat infused with perdeuterated ethanol
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ETHANOL OXIDATION

1. C2H3-C2H2-O2H + NAD* ---=> C2H3-C2HO + NAD2H + 2H+
(Alcohol Dehydrogenase)

2. C2H3-C2HO + NAD* ——> C2H3-COO" + NAD2H + 2H+
(Alcohol Dehydrogenase)

NAD2H + NADP+ «<-—--> NADP2H + NAD*
(Pyridine Nucleotide Transhydrogenase)

FATTY ACID SYNTHESIS

1. 2H3C-C(0)-C2H-C(0)-S-ACP + NADP2H + 2H+ --->

> 2H3C-C2H(O2H)-C2H2-C(O)-S-ACP + NADP"'
(Beta-Ketoacyl-ACP-Reductase)

2.  2H3C-C2H=C2H-C(0)-S-ACP + NADP2H + 2H+ --->
—> 2H3C-C2H2-C2H2-C(0)-S-ACP +NADP+
(Enoyl-ACP Reductase)

GLYCEROL-3-PHOSPHATE SYNTHESIS

1. (07)2(0)P-O-C(0)-CH(QH)-CH2-O-P(0)(0")2 + NAD2H + H* <—->
<> O2HC-CH(OH)-CH2-O-P(0)(O")2 + NAD* + P;
(Glyceraldehyde 3-Phosphate Dehydrogenase)

2. O2HC- -CH(OH)-CH2- O-P(O)(O )2 Qe Czl'lH(OH) -C(0)-CH2-O-P(0)(O- )2
(Triose Phosphate Isomerase)

3. 02HH(OH)-C(O)-CH2-O -P(O)(O")2 + NAD2H + 2H+ <>
<—-> C2HH(OH)-C2H(OH)-CH2-0-P(0)(0")2
(Dihydroxyacetone Reductase)

Fig. 1. The incorporation of deuterium into fatty acids and glycerol of TG from perdeuterated ethanol.

Abbreviations: ?H, deuterium; ACP, acyl carrier protein.

and fructose. The molecular ions of palmitate (16:0) and
oleate (18:1) are 270 and 296, respectively. These are
seen in the middle and lower panels of Fig. 2. The excess
%H incorporated in palmitate is seen in the seven peaks
following the parent ion 270. In the lower panel it may
be noted that the labeling of oleate is very low.

Table 2 compares the deuterium % replacement (up-
per panel) and % excess (lower panel) of fatty acids in
the enantiomeric DGs derived from liver-TG and VLDL-
TG. The ?H replacement represents the number of the
2H-labeled fatty acid molecules per 100 molecules. The
2H excess represents the excess of deuterium over the
natural abundance of the heavy isotope per 100 fatty
acid molecules. Table 2 shows that the labeling in 14:0
and 16:0 is much higher than that of 18:0 and 18:1. As
18:2 is not synthesized it is not labeled. The deuterium
excess and replacement data taken together indicate
that the measured fatty acids contain, on average, four
deuteriums per molecule. The 2H labeling is higher in
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sn-1,2-DG moieties than that in sn-2,3-DG moieties of
TG. This is because the major enantiomeric DG moieties
share the same fatty acids in sn-2-position, and the
?H-labeled fatty acid distribution between sn-1 and -3
positions is asymmetrical.

Figure 3 shows the positional distribution of 2H in the
fatty acids of liver-TG and VLDL-TG. The 2H distribu-
tion differs among the three positions. The greatest
labeling is in the sn-1-position.

Table 3 shows the determined deuterium incorpora-
tion of the sn-1,2- and -2,3-DG moieties of liver- and
VLDL-TG. The upper panel shows ?H replacement. For
most of the DG species with saturated fatty acids, the 2H
labeling in s»n-1,2-DG moieties is higher than that in the
sn-2,3-DG, this is consistent with the positional distribu-
tion of labeled fatty acids. The DG species containing
only unsaturated species are much less labeled. This is
because the unsaturated fatty acids are not readily made
from 16:0 and 18:0. Hence, in the DG species containing
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TABLE 2. Deuterium incorporation into the fatty acids of the s2-1,2-DG and 51-2,3-DG moieties of liver-TG and VLDL-TG of normal rats
infused with {?Hglethanol and fructose

Fatty LiverTG VLDLTG
Acids snl,2 sn2.3 TG snl,2 sn2.3 TG
" deuterium % replacement

Rac 1 14:0 37.8 18.0 26.3 24.4 16.4 20.0
16:0 31.1 27.5 30.1 22.5 18.9 22.9
16:1 25.7 29.5 33.1 22.0 27.1 23.8
18:0 5.1 4.1 6.3 5.7 3.9 7.3
18:1 4.9 5.2 5.0 4.4 2.7 1.0
18:2 ND ND ND ND ND ND

Rat 2 14:0 17.0 9.7 18.7 5.9 6.4 7.7
16:0 15.4 11.8 15.0 9.9 5.3 9.9
16:1 5.6 9.1 11.4 7.9 6.0 8.1
18:0 2.6 2.3 3.3 3.7 3.5 53
18:1 1.7 1.3 1.0 1.2 2.0 2.0
18:2 ND ND ND ND ND ND

deuterium % excess

Racl 14:0 155.6 65.0 107.1 91.6 63.9 68.0
16:0 125.2 110.2 113.1 89.1 76.8 91.3
16:1 120.5 123.4 141.2 95.4 117.1 100.5
18:0 20.2 15.3 20.7 18.4 11.7 29.9
18:1 14.2 14.2 14.3 114 9.4 8.0
18:2 ND ND ND ND ND ND

Rat 2 14:0 61.8 35.4 52.0 19.9 22.9 25.0
16:0 62.5 459 61.2 37.4 25.8 39.0
16:1 27.8 35.9 50.1 36.2 28.7 35.6
18:0 9.6 7.6 12.0 10.4 15.2 20.1
18:1 2.4 2.7 0.2 1.3 2.0 45
18:2 ND ND ND ND ND ND

ND, not detected.

only unsaturated fatty acids, the labeling is mainly in
glycerol. In the unsaturated species, the deuterium la-
beling is similar among the different DG moieties of TG,
and the deuterium labeling is also similar between the
unsaturated sn-1,2- and sn-2,3-DG of TG. This is because
the major DG species share the same glycerol backhone.
The lower panel of Table 3 gives the % excess deuterium
in the molecular species of the sn-1,2-and sn-2,3-DG. The
relative labeling of the different 16:0 fatty acid contain-
ing species is higher in s»-1,2-DG than that in sn-2,3-DGs.
The large differences in 16:0-containing species between
sn-1,2- and sn-2,3-DG may reflect the relatively small
proportion of TG with 16:0 in the sn-3-position.

Table 4 gives the % deuterium excess in the glycerol
moiety of the liver- and VLDL-TG as estimated from the
unsaturated sn-1,2-DG and sn-2,3-DG moieties of TG and
the Ci¢ saturated sn-1,2-DG and sn-2,3-DG moieties after
the contributions due to the deuterated fatty acids have
been subtracted. As both the sn-1,2-DG and -2,3-DG
moieties were prepared from the same TG, the labeling
of their glycerol should have been the same and this was
found to be the case. The labeling of glycerol in the
unsaturated and saturated species was similar. The pre-
sent data show that there is no need to resolve the

268  Journal of Lipid Research Volume 37, 1996

enantiomeric sn-1,2(2,3)-DGs in order to determine the
glycerol labeling.

2H incorporation into liver- and VLDL-TG in
fructose- and glucose-treated rats

The deuterium labeling of the VLDL-TG and liver-TG
was further examined in rats in which lipogenesis was
increased by prefeeding with either glucose or fructose.
The sugar treatment increased the liver weighs 10-30%
(P <0.05) over those of the control animals, but the liver
weights did not significantly differ between the two
sugar groups. There was no significant difference in
liver-TG content per gm protein among the three
groups (range 40-60 mg/g liver protein). Both sugar-
treated groups had significantly increased plasma-TG
(fructose group 30.2 * 3.8 mg/dl, glucose group 31.8 £
2.4 mg/dl, control group 21.1 + 2.1 mg/dl) and VLDL-
TG levels (fructose group 17.2 £ 3.6 mg/dl, glucose
group 20.8 £ 5.2 mg/dl, control group 8.0 + 1.0 mg/dl).

Figure 4 shows the ?H % replacement and excess in
total fatty acids of liver-TG and VLDL-TG. The pattern
was similar for both replacement and excess. The order
of fatty acid labeling was 14:0 > 16:0 > 16:1 = 18:0. In
control rats, the 2H % replacement in 14:0 was equal to
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Positional distribution of deuterium in fatty acids of TG

60 7

50 1

Deuterium % Replacement

30 1

Deuterium % Replacement

sni sn2 sn3
Fatty Acids

Liver-TG (Rat1)
B VLDL-TG (Rat1)

14:0 —>

<“——— 16:0 —>

Liver-TG (Rat2)
M VLDL-TG (Rat2)

< 16:0 >

(7]
3
N
(2]
=)
w

sni

Fig.3. Positional distribution of 2H in 14:0 and 16:0 of VLDL-TG and liver-TG obtained from rats infused with

fructose and perdeuterated ethanol.

that in 16:0, whereas in both sugar groups the % replace-
ment of 14:0 was higher than that of 16:0. The labeling
in 18:1 was minimal (0.5-1.0% replacement); 18:2 was
not labeled. Fructose and glucose significantly increased
the 2H % replacement both in VLDL-TG and liver-TG.
The 14:0 and 16:0 in VLDL-TG was 1.1-1.8 (average 1.5)
times more labeled than the liver-TG. Figure 4 also
compares the 2H % replacement in 16:1 and 18:0 of TG
in VLDL and liver. Both 16:1 and 18:0 of TG are less
labeled than that of 14:0 and 16:0. This probably reflects
a the low activity of the delta-9 desaturase and a slow
rate of elongation of 16:0 to 18:0.

Table 5 compares the 2H % replacement of sn-1,2(2,3)-
DG moieties of VLDL- and liver-TG. The species con-
taining saturated acids were more labeled than those
containing only unsaturated species. Because of the lack
or virtual lack of labeling in 18:1 and 18:2 described
above, all the 2H in the DG moieties containing only 18:1

and 18:2 came from glycerol. In contrast, 2H labeled

both the fatty acids and glycerol in those DG moieties
that contained saturated acids. In the sugar groups, the
2H labeling in DG of VLDL-TG was higher than that of
liver-TG and ranged from 1.0 to 1.6 (average 1.4) for
glucose and from 1.4 to 2.2 (average 1.7) for the fructose
group. A similar tendency was seen for several other
species in the control rats. However, because the label-
ing in these rats was much lower than in the sugar-sup-
plemented rats (Figs. 4 and 5), we could not draw any
conclusions from the control rat liver-TG versus VLDL-
TG. As in the case of fatty acids (Fig. 4), in the sugar-sup-
plemented rats, the glyceride-glycerol in VLDL was
more labeled than that in the liver (see the species
containing only 18:1 and 18:2, Table 5).

Figure 5 shows the calculated ?H excess in glycerol in
the sn-1,2(2,3)-DG moieties of VLDL-TG and liver-TG.
The calculation was based on the determined values of

Yang et al. TG synthesis and secretion 269

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 3. Deuterium incorporation into the sn-1,2-DG and sn-2,3-DG moieties of liver-TG and VLDL-TG of normal rats infused with

[?Hglethanol and fructose

Rat 1 Rat 2
LiverTG VLDL-TG Liver- TG VLDLTG
DG Species snl,2 sn2,3 snl,2 sn2,3 snl,2 sn2,3 snl,2 sn2,3
deuterium % replacement
16:0-16:1 59.3 44.9 54.4 40.8 36.1 23.4 24.7 24.0
16:0-16:0 53.2 41.3 51.4 36.0 39.5 25.1 31.0 28.5
16:0-18:2 37.2 37.9 25.4 29.0 23.4 20.4 15.8 17.3
16:0-18:1 45.6 39.7 34.7 35.0 25.0 25.0 15.3 15.2
18:2-18:2 15.1 16.0 12.8 8.9 13.2 15.6 14.6 9.0
18:1-18:2 214 18.7 11.5 13.3 13.3 13.9 11.1 6.9
18:1-18:1 18.1 19.2 14.3 16.3 17.2 15.9 13.1 8.4
deuterium % excess
16:0-16:1 285.7 147.3 245.0 165.7 148.3 636. 92.3 105.5
16:0-16:0 247.2 167.9 194.0 145.1 149.2 71.7 128.2 116.8
16:0-18:2 132.0 145.8 90.4 116.4 85.4 61.1 46.6 55.8
16:0-18:1 167.3 136.0 135.9 116.1 92.7 89.3 48.3 55.0
18:2-18:2 34.0 30.2 25.3 20.8 24.8 26.9 20.3 174
18:1-18:2 57.8 36.8 34.2 39.4 37.5 30.8 23.9 23.8
18:1-18:1 50.7 50.3 32.4 36.5 28.7 26.2 274 12.9

2H excess in the fatty acids (Fig. 4) and in the sn-1,2(2,3)-
DG of VLDL-TG and liver-TG (data not shown). The 2H
excess of glycerol in TG was obtained by subtracting the
2H excess of fatty acids of TG from the total 2H excess
of DG molecules. This calculation assumed that the
same fatty acids were equally labeled in the different TG
species. The glycerol labeling in the different DG moie-
ties of liver-TG was very similar. The glyceride-glycerol
labeling of VLDL-TG was about 1.5 times higher than
that of liver-TG. Although the fatty acid labeling in the
TG of control group of rats was much lower than the
sugar-supplemented rats (Fig. 4), the glyceride-glycerol
labeling was similar in all three groups of rats.

DISCUSSION

The present studies demonstrate the utility of perdeu-

terated ethanol to study hepatic lipid synthesis and
secretion in vivo. Early experiments showed that 2H
from deuterated water was readily incorporated into
liver fatty acids thereby providing a measurement of
fatty acid synthesis (5, 14). However, in vivo studies
would need large volumes of 2ZH20 to achieve detectable
°H incorporation. Cursted and Sj6vall (4), Cronholm,
Cursted, and Sjovall (12), and Cursted (13) showed that
?H can be supplied more efficiently as deuterated etha-
nol. In the present experiment, we used perdeuterated
ethanol. This form of ethanol ([2Hg)ethanol) has 2.5
times more deuterium per mole of ethanol than does
[2Hz]ethanol, which was used by the previous investiga-
tors (4, 13). The 2H on carbon 1 of ethanol is transferred
to reducing nucleotides and can go on to label the fatty
acids and glycerol. The 2H on carbon 2 of ethanol can
be incorporated via acetate into the terminal methyl
group of fatty acid. The intraperitoneal route of infusion

TABLE 4. Deuterium % excess in glycerol of the sn-1,2-DG and s2-2,3-DG moieties of lfiver-TG and VLDL-TG of normal rats infused with
[2H]ethanol and fructose

Rat 1 Rat 2
Liver-TG VLDLTG Liver-TG VLDL-TG
DC Species snl,2 sn2,3 snl,2 sn2,3 snl,2 sn2,3 snl,2 n2,3
%

16:0-16:1 45.6 40.5 30.5 28.7 315 28.2 18.7 13.8
16:0-16:0 33.9 26.5 26.2 21.3 24.1 26.0 23.4 20.4
16:0-18:2 36.3 35.6 33.2 25.6 229 15.4 19.1 22.1
16:0-18:1 37.2 25.8 27.2 20.2 20.5 23.2 214 20.5
18:2-18:2 34.0 30.2 25.3 20.8 24.8 26.9 20.3 17.4
18:1-18:2 43.8 22.6 22.8 30.0 35.1 28.1 22.6 218
18:1-18:1 22.3 21.9 9.6 17.7 23.9 20.8 24.8 8.9
270  Journal of Lipid Research Volume 37, 1996
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Deuterium incorporation into fatty acids of TG
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Fig. 4. ?H % replacement and excess in the fatty acids of VLDL- and liver-TG. Each acid is identified in figure. As there is only 0.5-1.0% *H
replacement in 18:1 and 18:2 is not labeled, they are not shown. *P < 0.01 compared to control group.

was chosen to provide a route that might supply more
[2Hg]ethanol to the liver than to the periphery. Further-
more, as alcohol dehydrogenase is primarily a hepatic
enzyme, one would anticipate that this would generate
a maximal amount of labeled precursors at the site of
lipogenesis for VLDL.

Stereochemical formation of liver- and VLDL-TG

A comparison of the distribution of saturated and
unsaturated fatty acids between the two outer positions
of TG enantiomers (Table 1) shows that the TG of VLDL
is more racemic than the TG of liver. This suggests that
the sn-1-position fatty acid of VLDL-TG is acylated via a
different pathway from the liver-TG. It is known that the
phosphatidic acid pathway preferentially incorporates
saturated fatty acids in sn-1-position and unsaturated
fatty acids in sn-2-position of phosphatidic acid (11, 15).
This distribution is retained in the liver-TG. The sn-3-po-
sition may contain either saturated or unsaturated fatty
acids in variable proportions. In contrast, the VLDL-TG
contains higher proportions of unsaturated fatty acids
in the sn-1-position. We have previously (3, 11) proposed
that such a discrepancy could arise as a result of two

independent pathways that contribute to VLDL-TG for-
mation: the phosphatidic acid and monoacylglycerol
pathways. The present studies support this proposal.

Several investigators (1-3) suggested that liver-TG are
hydrolyzed and reacylated before secretion as VLDL-
TG. However, the processes and pathways remain un-
clear. If the hydrolysis of liver-TG were only as far as
sn-1,2-DG, one would expect that the sn-1,2-DG in VLDL-
TG would be the same as that in liver-TG. The relative
racemic change in sn-1- and sn-3-fatty acids that we
observed in VLDL-TG (Table 1) indicates that the liver-
TG hydrolysis proceeded beyond that point. It indicates
that some of the liver-TG is hydrolyzed into 2-monoacyl-
glycerols and reacylated at sn-1- and sn-3-positions. This,
in turn, suggests that a 2-monoacylglycerol acyltrans-
ferase (MGAT) pathway exists in the liver. The ability of
MGAT to put unsaturated fatty acids in sn-1-position has
been demonstrated in intestine (11). Although 2-MG
could not be recovered from rat liver in this experiment,
the presence of a quantitatively small, rapidly turning
over pool could not be excluded. Liver MGAT has been
shown to have a very high activity in neonatal rats and
to persist with a low activity in adult rats (16).
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TABLE 5. Deuterium % replacement in the sn-1,2(2,3)-DG moieties of VLDL-TG and liver-TG

Control Fructose Glucose
DG moieties VLDL (n = 2) VLDL (n =2) VLDL(n=3)
of TG Liver (n = 4) Liver (n=3) Liver (n = 3)
14:0-18:2 VLDL-TG 40.7 £ 2.5 50.3+6.9 45.9+5.0
Liver-TG 343+3.2 33.7+£10.3 31.8+1.9
16:0-16:1 VLDL-TG 46.0 £ 3.5 49.1 £ 6.6 54.6 + 4.1
Liver-TG 431128 38.0%7.0 36.9+3.0
16:0-16:0 VLDL-TG 304112 54.0+11.6 51.9+52
Liver-TG 41.2+3.7 40.4 £2.7 52516.8
16:0-18:2 VLDL-TG 439143 (n=3) 39.2+44 420+ 1.6
Liver-TG 372409 28.4+2.0° 31.5 % 0.6¢
16:0-18:1 VLDL-TG 32.010.9 42.1+38.7 46.0 £ 3.9
Liver-TG 33.8+£0.8 26.5 1 5.7 314+0.8
18:2-18:2 VLDL-TG 28.6 £ 5.7 379114 31.0+338
Liver-TG 296+ 2.6 22.7+1.9 254+ 2.1
18:1-18:2 VLDL-TG 209+1.1 365+ 1.3 325+ 1.4
Liver-TG 33.7+1.7 17.6 £ 5.4¢ 22.6 + 3.3¢
18:1-18:1 VLDL-TG 30.7+£4.8(n=3) 32.5+6.2 33.712.0
Liver-TG 273107 19.5 + 0.6° 215123

Values are mean + SEM, unless n = 2 in which case the data are given as mean * range/2.

“P < 0.05 compared to control group.

VLDL-TG secretion from liver

The 2H labeling in 14:0, 16:0, and 18:0 of TG of VLDL
in sugar-supplemented rats was approximately 1.5-times
higher than that of their liver-TG. This indicated that
the 14:0, 16:0, and 18:0 of VLDL-TG was not derived
only from the liver-TG storage pool, but that a signifi-
cant amount (~ 30-40%) was made de novo and directly
incorporated into VLDL-TG. This was similar to the
conclusion reached in our earlier work on the structure
of the VLDL-TG (3). The 2H labeling of glyceride-glyc-
erol was similar in all liver-TG species. This was not
affected by sugar administrated. As in the case of the
fatty acids, the VLDL-TG glycerol was approximately
1.5-times more labeled than the liver-TG glycerol. This
suggested that 30-40% of VLDL-TG glycerol was also
derived from newly synthesized glycerol. The balance of
the fatty acids and the glycerol in VLDL-TG was prob-
ably derived from hydrolysis and reesterification of the
TG stored in the liver. This is consistent with the resuits
obtained by Wiggins and Gibbons using radioisotopes
(2). The similarity of the increased labeling of both
glycerol and fatty acids in VLDL-TG compared to those
in liver-TG suggests that the TG stored in the liver is not
hydrolyzed completely (i.e., to glycerol and fatty acids).
Rather, liver-TG is probably hydrolyzed to partial
glycerides. Our study also indicates that hydrolysis to
2-monoacylglycerols (previously reported in the intes-
tine) (11) may be more important in the liver than
previously thought.

272  Journal of Lipid Research Volume 37, 1996

Recently, Swift (17) reported that rat livers produce
apoB-100- and apoB-48-containing lipoproteins. This
observation raises another possible explanation for our
findings. Perhaps each of these two lipoprotein fractions
has TG of different metabolic origins.

In control rats, VLDL-TG glycerol was labeled to the
same extent as it was in sugar-supplemented rats (Fig.
5). However, the VLDL-TG fatty acids were much less
labeled in the control rats than in the sugar-supple-
mented ones (Fig. 4). This implies that sugar supplemen-
tation does not alter glycerol synthesis. On the other
hand, as previously suggested (22), sugar supplementa-
tion does increase de novo fatty acid synthesis.

Fructose and glucose effect on 2H incorporation
into lipids

In the present study, the control group, that had no
sugar supplement and was infused i.p. only with normal
saline and perdeuterated ethanol, had the very little 2H
labeling in fatty acids. The highest 2H labeling of TGFA
was greatest in the fructose-fed rats, the next was in the
glucose-fed rats, and the least was in the control rats.
This was consistent with the observation of other inves-
tigators using other approaches (18-21). The lipogenic
effect of fructose has been reported previously (4,
20-22). This is partly due to fructose-induced increase
in the activity of several lipogenic enzymes, glucose-6-
phosphate dehydrogenase, malic enzyme, acetyl-CoA
carboxylase, fatty acid synthetase, pyruvate dehydro-
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Glycerol of sn-1,2(2,3)-DG of VLDL- and liver-TG
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Fig. 5. 2H excess in glycerol of sn-1,2(2,3)-DG of VLDL- and liver-TG. Each DG species is identified in figure. There are three rats for each

group.

genase, and stearoyl-CoA desaturase (22-24). Also, glu-
cose is used mainly by peripheral tissues (19), whereas
fructose, perhaps because its transporters are located
mainly in the liver and intestine, is metabolized pre-
dominantly in the liver (25).

Conclusions

This stable isotope study demonstrated that [2HgJetha-
nol is an effective way to label TG glycerol and TGFA and
thus to study lipogenesis and lipoprotein secretion in
vivo. The fatty acids in VLDL-TG are more symmetrically
distributed than those of liver-TG. Both in the case of
TG-glyceroland TGFA, VLDL-TG labelingis greater than
that of liver-TG, indicating that VLDL-TG do not have a
simple product-precursor relationship to liver-TG. These
data suggest that 30-40% of the glycerol and fatty acids in
VLDL-TG are not the direct product of TG stored in the
liver. The data also suggest that liver TG is hydrolyzed to
partial glycerides and reesterified before being incorpo-
rated into VLDL and that the monoacylglycerol pathway
maybe moreimportantin this than previously thought.

Finally, these studies may have implications for the
use of mass isotopomer distribution analysis (MIDA) in
the calculation of VLDL-TGFA synthesis. That approach

is based on the assumption that [!3C]Jacetate infused for
a sufficient time will label the immediate precursor pool
from which fatty acid is made and that one can estimate
the labeling of the precursor from the labeling of the
fatty acid (26). If VLDL-TGFA is derived both from de
novo fatty acid synthesis and from mobilized hepatic-
TGFA and if the hepatic-TGFA and VLDL-TGFA have
not reached equilibrium in terms of labeling, one may
have to account for the different contributions of label
from each source to the TGFA in VLDL when MIDA is
used to calculate VLDL-TGFA synthesis. i3

These studies were performed with the funds from the Heart
and Stroke Foundation of Ontario (G.S.) and from Medical
Research Council of Canada (A.K.). L-Y.Y. is a Fellow of the
Canadian Diabetes Association.
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