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Metabolism of p- and r-glyceraldehyde

in adipose tissue: a stereochemical

probe for glycerokinase activity
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ABSTRACT Distributions of “C have been determined in
free glycerol, in glycerol from triglycerides, in glucose from
glycogen, and in lactate after incubation of p-glyceraldehyde-
3-4C and L-glyceraldehyde-3-C with rat adipose tissue. The
distributions are interpreted in terms of presently accepted
possible reactions for the initial metabolism of glyceraldehyde.

Formation of glycerol-1-“C from b-glyceraldehyde-3-1C
indicates that in adipose tissue glyceraldehyde is reduced to
glycerol. Incorporation of “C from b-glyceraldehyde-3-14C
into carbon 3 of the glycerol of triglyceride indicates that p-
glyceraldehyde is either phosphorylated or oxidized to b-
glyceric acid, or both, in its initial metabolism. Incorporation
of “¥C from r-glyceraldehyde-3-1C into carbon 3 of glycerol
indicates that L-glyceraldehyde is reduced to glycerol, which is
phosphorylated and (or) converted to p-glyceric acid via L-
glyceric acid. Some “C from vr-glyceraldehyde-3-"C is in-
corporated into carbon 1 of glycerol of triglycerides and carbon
4 of glycogen; the explanation for this incorporation is un-
certain.
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THE INITIAL REACTIONS have not been established for
the metabolism of glyceraldehyde by adipose tissue.
By analogy with studies in rat liver (2) several reactions
could exist. D-Glyceraldehyde (Fig. 1) could be (a) re-
duced to glycerol which could be phosphorylated to
L-glycerophosphate and this could be dehydrogenated to
form dihydroxyacetone phosphate, () phosphorylated
to D-glyceraldehyde-3-phosphate, or (¢) oxidized to
p-glyceric acid which could be phosphorylated to
phosphoglyceric acid. Since these phosphates are inter-

mediates in the Embden—Meyerhof pathway, they would
then be metaholized via this pathway.

L-Glyceraldehyde (Fig. 2) could be (a) reduced to
glycerol which could be phosphorylated, () phosphoryl-
ated to L-glyceraldehyde-3-phosphate for which no
further metabolism is known, or (¢) oxidized to L-glyceric
acid which via hydroxypyruvate could be converted to
p-glyceric acid (3) with further metabolism as noted
above.

The present study had two objectives. The first was to
establish the absence or presence of these possible path-
ways in white adipose tissue of the rat. This has been
achieved to some degree. The second objective was to
use this information to quantify the extent of phosphory-
lation of glycerol by adipose tissue to form triglyceride.
Other investigators who have concluded that phosphoryl-
ation of glycerol by adipose tissue is negligible have been
unable to demonstrate glycerolkinase activity in homog-
enates of the tissue (4). However, such activity has re-
cently been demonstrated (5). Phosphorylation has also
been considered to be negligible because of the very
small quantity of *C from glycerol-*C incorporated by
adipose tissue in vitro (4). Dilution of glycerol-*C by
endogenous glycerol, or failure of glycerol-"“C to pene-
trate into the tissue, could mean that greater phosphory-

Terminology: The numbering of the carbons of “C-labeled
glycerol is that proposed by Hirschmann (1).
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Fic. 2. Initial steps of L-glyceraldehyde metabolism with expected “C-labeling pattern indicated (*)

for L-glyceraldehyde-3-14C.

lation occurs than that concluded from such incorpora-
tion.

Our approach to measuring phosphorylation of
glycerol to form triglyceride depends upon the fact that
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only via pathway a of Fig. 1, (phosphorylation of glycerol
formed from p-glyceraldehyde), can carbon 3 of p-glyc-
eraldehyde be incorporated into carbon 1 of triglyceride-
glycerol. If it is assumed that glycerol is formed in this
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manner in the fat cell and that a single pool of glycerol
exists in the cell, the specific activity of carbon 1 of the
glycerol that is free inside the cell and released from the
cell will be the specific activity of the pool. The quantity
of glycerol converted to triglyceride can then be esti-
mated from this specific activity and the total “C in-
corporated into carbon 1 of glycerol of triglyceride. Thus
in this approach, glycerol is formed inside the cell to
eliminate the problems of restricted penetration and of
dilution by endogenous substrate. The latter problem
may still not be completely eliminated, if there is more
than one metabolic pool of glycerol. In the experiments
to be described, our expectation that *C from p-glyceral-
dehyde-3-“C would be incorporated into carbon 1 of
glycerol of triglyceride only via pathway a was not
established, so that our second objective, estimating the
extent of phosphorylation, was not achieved. However,
we present the method since it is perhaps applicable to
other tissues, substrates, and conditions.

MATERIALS AND METHODS
Materials

p- and L-Glyceraldehyde-3-“C were prepared from
D-fructose-6-14C and r-sorbose-6-“C respectively, by a
small-scale modification of the method of Perlin and
Brice (2, 6). The glyceraldehydes were purified by de-
scending chromatography on Whatman 3MM paper in
n-butanol-acetic acid-water 40:10:50 after addition of
nonradioactive fructose and sorbose to dilute any un-
reacted, labeled hexose. The glyceraldehydes and hexoses
were located on the chromatograms by means of ap-
propriate standards run simultaneously. Despite the
spreading of glyceraldehyde it was well separated from
the hexoses. The R, values were 0.23 for sorbose, 0.25
for fructose, and 0.40-0.63 for glyceraldehyde. The area
of paper corresponding to the glyceraldehyde guide
spots was removed and eluted with water, and the eluate
was lyophilized. Essentially all the *C in the lyophilizate
was established by degradation to be in carbon 3 of
glyceraldehyde (2).

These preparations of p- and r-glyceraldehyde were
used in the first four experiments, designated G1 through
G4. The results of these experiments raised the pos-
sibility that dihydroxyacetone-1,3-"C might be a con-
taminant in the preparations. Glyceraldehyde has been
reported to partially isomerize to dihydroxyacetone
during chromatography (7). By spectrometric assay (8),
dihydroxyacetone could have been present to the ex-
tent of 5%, although the assay is not specific and a
similar percentage was obtained on assaying a com-
mercial preparation of crystalline p,L-glyceraldehyde.

An additional purification step was introduced be-
fore the subsequent experiments. The preparations of

p- and L-glyceraldehyde were chromatographed on
Whatman 3MM paper in ethyl acetate—formic acid-
water 70:20:10 (7). In this system the R, values are
0.18 for glyceraldehyde and 0.52 for dihydroxyacetone.
The area corresponding to the R, of dihydroxy-
acetone contained 7% of the total radioactivity and
yielded glycerol-1,3-*C on incubation with adipose tis-
sue. L-glyceraldehyde purified by this chromatographic
step was checked before experiment G5 by rechromato-
graphing a small aliquot. Only a single peak with the
mobility of glyceraldehyde was present. Seven months
later, before experiments G7, aliquots of the p- and
L-glyceraldehyde preparations were chromatographed.
p-glyceraldehyde had a single radioactive component,
but approximately 10%, of the total radioactivity of the
L-glyceraldehyde preparation was in an area of the
chromatogram corresponding to dihydroxyacetone. The
entire samples of p- and L-glyceraldehyde were re-
chromatographed and the resulting preparations were
used in experiment G7.

Incubation

Segments of epididymal fat pads from Wistar rats
weighing 150-250 g were incubated in a modified Krebs
bicarbonate buffer at 37°C (9). The rats were either
fasted and refed or maintained on a stock diet (Purina
Rat Chow, Ralston Purina Company, Inc., St. Louis,
Mo.) (Table 1). Except for experiment G3, each flask
contained 3 ml of medium and 1-1.5 g of tissue. p-glycer-
aldehyde-3-4C was present at a concentration of 0.27,
0.5, or 2 mg/ml and L-glyceraldehyde-3-*C at 0.5
mg/ml. Between 1 and 4 pc of “¥C was added to each
flask. Incubation was for 2 or 3 hr. Glucose (2 mg/ml),
gelatin (2 mg/ml), bovine albumin (40 mg/ml), and
epinephrine (20 pg/ml) were added as indicated (Table
1).

Incubations were terminated by addition of perchloric
acid. In some experiments the “C evolved as #¥CO; was
collected and assayed (9). The segments of fat pads were
rinsed with water and immersed in chloroform—meth-
anol 2:1. Glycogen was isolated from the residues re-
maining after extraction of the fat by digesting the
residues in 309, KOH and precipitating the glycogen
from the digests with ethanol. After hydrolysis of the
glycogen the resulting glucose was degraded and the
individual carbons, isolated as CQO,, were assayed for
UC activity (9). The extracts containing the fat were
washed by the method of Folch, Lees, and Sloane
Stanley (10). The glycerol from the triglycerides was
isolated (9), and was degraded with Aerobacter aerogenes
to obtain the specific activity of each of its three carbons
(11). In three experiments the total incorporation of *C
into lipid and glycerol was determined as described
previously (9).

ANTONY, WHITE, AND LANDAU  Glyceraldehyde Metabolism in Adipose Tissue 523

2102 ‘0z aunr uo “sanb Aq 610 | mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 1 CoNDITIONS OF INCUBATION

Glycer-
aldehyde Incuba- Epineph-
Exp. Rat Optical  Concen- tion  Glucose Albumin Gelatin rine
No. Diet Isomer tration Time 2 mg/ml 40 mg/m! 2 mg/ml 20 xg/ml
mg/ml hr

1A Fasted-refed D 0.27 2 - + —
1B Fasted-refed D 0.27 2 -+ — -+ —
2A Stock D 0.27 2 - - -+ -
2B Stock D 0.27 2 + - —+ +
Gl1A Stock D 2 2 - - + -
G1B Stock D 2 2 — - + +
G2A Stock D 0.5 3 — -+ — —
G2B Stock D 0.5 3 + — +
G3* Stock L 0.5 3 - + — +
G4 Stock L 0.5 3 + +
G5 Stock L 0.5 3 — + - +
G6 Stock > 0.5 3 +
G7 Stock v 0.5 3 + +

* In all experiments except G3, each flask contained 3 ml of medium and 1-1.5 g of tissue. In
Exp. G3, volume was 10 ml and 3 g of tissue were incubated.

The medium was neutralized with KOH and the
potassium perchlorate that precipitated was removed
by centrifugation. The supernatant fraction was combined
with the Folch washings and free glycerol was isolated
as follows. The solution was deionized by passage through
the mixed-bed ion exchanger Amberlite MB-3 (Rohm &
Haas Co., Philadelphia, Pa.). Over 909 of the M“C
of the glyceraldehyde-*C in the medium was retained
on the resin even after thorough washing of the column
with water. We do not know the reason for the retention
of the glyceraldehyde on this ion exchanger. Carrier
glycerol (4 mg) was added to the efluent, which was
concentrated, applied to Whatman 3MM paper, and
chromatographed in ¢-butanol-methyl ethyl ketone-
formic acid-water 40:30:15:15 (17). The area contain-
ing glycerol, as identified by guide spots, was eluted and
2 mmoles of glycerol was added as carrier. The solution
was concentrated to 10 ml, made 1 N in NaOH, and re-
fluxed for 3 hr to destroy residual dihydroxyacetone and
glyceraldehyde (12). The solution was deionized on
another Amberlite MB-3 column and the effluent and
aqueous washings were evaporated. The glycerol was
purified further through its tribenzoate and degraded,
and the individual carbons were assayed for *C. Lactate
was isolated in experiments G2A and G2B and was also
degraded and assayed for 4C (9).

RESULTS

Free glycerol formed from p-glyceraldehyde-3-1*C was
labeled primarily in carbon 1. 1-Glyceraldehyde-3-1C
yielded glycerol labeled almost completely in carbon 3
(Table 2).
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TABLE 2 DistrisutioN OF "C IN FREE GLYCEROL FROM
D- AND L-GLYCERALDEHYDE-3-14C

Activity in Carbon

Optical Exp.

Isomer No. 1 2 3 Recovery*
% %
D G2B 92.2 0.9 6.9 100.4
Go 64.2 1.8 34.0 96.2
G7 90.3 3.1 6.6 95.5
I G3 7.2 3.6 89.2 90.8
G6 12.8 4.1 83.1 91.7
G7 7.7 8.8 83.5 91.0

* In this and succeeding tables, the sum of the activities in the
individual carbons has been taken as 1009, and the percentage in
each of the carbons is recorded. The total “C in the compound
(here glycerol) was determined by total combustion of an aliquot.
The value in the last column is that percentage of the total 14C
that was found in the degraded compound (sum of “C in each
carbon). These recoveries serve as a measure of the adequacy of the
degradation.

Glycerol of triglyceride formed from bp-glyceralde-
hyde-3-1“C contained little C activity in carbon 2 (Table
3); about one-fourth of the activity was in carbon 1
with the remainder in carbon 3. ™C was distributed
similarly in lactate (Table 4). Glucose from glycogen
(Table 5) was labeled primarily in carbons 4 and 6
with about one-third as much *C in carbon 4 as in carbon
6. Glycerol from the triglycerides when L-glyceraldehyde-
3-14C was substrate had a distribution similar to that ob-
tained with p-glyceraldehyde-3-14C (Table 6).

When the concentration of bp-glyceraldehyde-3-"C
was 2 mg/ml, about 0.5%, of the added counts were re-
covered in CO; and 29, in lipid (about half of this per-
centage being in glycerol). When the concentration of
the p-isomer was 0.5 mg/ml, 3% was in CO; and 8%,
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TABLE 3 DistrisutioN oF “C 1N TRIGLYCERIDE-GLYCEROL
FROM D-GLYCERALDEHYDE-3-14C

Activity in Carbon

Exp.
No. 1 2 3 Recovery
) %
1A 23.2 2.3 74.5 83.3
1B 34.4 4.6 70.0 78.3
2A 241 1.1 74.8 98.9
2B 26.7 5.3 68.0 104
G2B 29.3 1.4 69.3 92.1
G6 17.2 2.5 80.3 103
G7 16.3 2.4 81.3 94.1
G7* 38.3 1.6 60.1 118.5

* Unlabeled dihydroxyacetone (0.5 mg/ml) added to medium.

TABLE 4 DistriBuTiON OF #C IN LAGTATE FROM
D-GLYCERALDEHYDE-3-14C

Activity in Carbon

Exp.

No. 1 2 3 Recovery
% %

G2A 21.1 2.5 76.4 88.3

G2B 17 5 2.6 79.9 91.3

in lipid. With r-glyceraldehyde at a concentration of
0.5 mg/ml, 59, of the added counts were in CO. and 79,
in lipid. In experiments G2A and G2B, 8.6%, and 10.09%,
respectively of the *C in the glyceraldehyde-3-1*C were
recovered in lactate. In experiment G2B, 1.69, was re-
covered in free glycerol.

DISCUSSION

Only by the reduction of bp-glyceraldehyde-3-“C to
glycerol (pathway a of Fig. 1) can carbon 1 of glycerol
become labeled. The incorporation of “C into carbon 1
of the glycerol (Table 2) indicates that this reaction does
occur in adipose tissue and is evidence for the presence
of glyceraldehyde hydrogenase activity in the tissue.

As indicated in the Introduction, if the above reaction
were the only one by which *C from p-glyceraldehyde-
3-C was incorporated into carbon 1 of glycerol of
triglycerides, the extent of glycerol phosphorylation
could be estimated from the specific activity of carbon 1
of the free glycerol and the total quantity of “C in-
corporated into carbon 1 of the glycerol from the
triglycerides. However, in view of our finding (Table 6,
discussed later) that in incubations with L-glyceraldehy-
dehyde-3-*C, “C is incorporated into carbon 1 of
glycerol of triglyceride, the incorporation of “C into
carbon 1 with p-glyceraldehyde-3-1*C as substrate can-
not be ascribed with certainty to the phosphorylation
of glycerol-1-1C.1

Incorporation of "C into carbon 3 of free and triglyc-
eride glycerol with p-glyceraldehyde-3-C as substrate
could arise either by phosphorylation of the p-glyceralde-
hyde to p-glyceraldehyde phosphate or via its oxidation
to p-glyceric acid (pathways b and ¢ of Fig. 1). Glycerol-
3-phosphate, formed from both of these compounds,
can yield free glycerol either on hydrolysis through the
action of a phosphatase (13) or via formation of glycerides
and their hydrolysis.

The greater incorporation of “C into carbon 3 than
into carbon 1 of triglyceride-glycerol would indicate
that these reactions (i.e. pathways & and ¢, Fig. 1) pre-
dominate over the phosphorylation of glycerol-1-4C
formed from glyceraldehyde. One would expect to find
more “C in carbon 1 of the free glycerol than in carbon
3 since glycerol-1-C would be formed directly from the
p-glyceraldehyde-3-1*C, while the glycerol-"C derived
from glycerol-3-phosphate and triglyceride would first
be diluted by the pools of these unlabeled compounds
in the tissue.

The isolation of glycerol-3-C when L-glyceralde-
hyde-3-1C was substrate is in accord with pathways a
and ¢ of Fig. 2. An NADPH-dependent p-glyceraldehyde
hydrogenase isolated from liver has been reported to
have less activity toward p,L-glyceraldehyde than toward
p-glyceraldehyde, but its action on L-glyceraldehyde was
not reported (14). An NADH-dependent dehydrogenase
catalyzes the reduction of p,L-glyceraldehyde (15), and
L-glyceraldehyde has been shown to be preferentially
formed from glycerol by an NADH-dependent alcohol
dehydrogenase from horse liver (16).

None of the reactions thus far considered can account
for the incorporation of *C from r-glyceraldehyde-3-4C
into carbon 1 of triglyceride glycerol (Table 6). What-
ever the sequence of reactions may be, they could also
lead to the incorporation of “C from p-glyceraldehyde-
3-4C into carbon 1 of triglyceride-glycerol (Table 3)

! In experiment G2B the quantity of free glycerol in the medium
combined with the Folch washings was 10.3 umoles by assay with
glycerol dehydrogenase (Worthington Biochemical Corp., Free-
hold, N. I.). From the recoveries of the glycerol during its purifica-
tion and the dilution factors due to addition of carrier glycerol,
the specific activity of carbon 1 of the free glycerol was determined.
From this activity and the total *C activity in carbon 1 of the
triglyceride-glycerol, we calculated that 10.6 umoles of glycerol
had been converted to triglyceride-glycerol via phosphorylation
of glycerol. In experiments G6 and G7, in which the activity into
carbon 1 was about 609, of that in experiment G2B (Table 3),
if we assume that all else was similar, approximately 6 umoles
would be estimated to have been phosphorylated. This estimation
is offered as a maximum value since it is assumed that all the
activity in carbon 1 was incorporated into the triglyceride-glycerol
via pathway « of Fig. 1. The quantity of ¥C that was incorporated
into carbon 1 of triglyceride-glycerol and then released in free
glycerol can be calculated from the 4C in carbon 3 of the free
glycerol and the activity in carbon 1 relative to carbon 3 if the
assumption is madc: that the activity in carbon 3 of free glycerol
arises only through hydrolysis of triglyceride-glycerol.
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TABLE 5 DistriBuTioN OF “C 1IN GLucose FrROM GLYCOGEN DERIVED
FROM D-GLYCERALDEHYDE-3-14C

Activity in Carbon

Exp.

No. 1 2 3 4 5 6 Recovery
%% %%

1A 1.4 0.7 1.4 24.7 3.4 68.4 95.7

1B 10.5 4.9 3.8 23.5 1.2 56.1 100.5

2B 2.6 3.5 0.0 23.1 0.6 70.2 86.9

TABLE 6 DistrisutioN oF “C 1N TRIGLYCERIDE-GLYCEROL
FROM L-GLYCERALDEHYDE-3-14(

Activity in Carbon

Exp.
No. 1 2 3 Recovery
% %

G3 36.9 3.5 59.6 96.7
G4 42.1 1.9 56.0 93.0
G5 21.7 7.2 711 107.3
G6 23.4 2.4 74.2 160.6
G7 7.0 2.0 91.0 101.7
G7* 12.3 0.0 87.7 113.2

* Unlabeled dihydroxyacetone (0.5 mg/ml) added to medium.

as well as into carbon 4 of glycogen (Table 5). We
examined the possibility that this incorporation was due,
in the first four experiments, to contamination of our
preparation with dihydroxyacetone-1,3-4C (see Ma-
terials section). However, #C from purified L-glyceral-
dehyde was also incorporated into carbon 1 (experiments
G5-G7 of Table 6), although the incorporation was
perhaps one-half as much as in experiments G3 and
G4. A decrease in incorporation of *C from p-glyceral-
dehyde-3-1%C into carbon 1 may also have occurred as
a result of the purification (Table 3). Addition of
relatively large quantities of unlabeled dihydroxyacetone
to the preparations did not reduce incorporation into
carbon 1 (Tables 3 and 6). Glucose labeled only in
carbons 1 and 6 has been obtained on incubating
L-glyceraldehyde-3-4C with slices of liver (2) and the
p-glyceraldehyde-3-1#C preparation with intestinal seg-
ments (17). When glyceraldehyde was incubated in the
absence of tissue, no dihydroxyacetone was formed as
measured by a spectrophotometric method (8). The
possibility exists that in adipose tissue dihydroxyacetone
is formed from glyceraldehyde; this would explain the
incorporation of "C into carbon 1.

The “C recovered in COs, lipid, and lactate in the
first experiments cannot be derived primarily from di-
hydroxyacetone-1,3-1C, since its amount exceeds that
present in the contaminant at the time of chromatog-
raphy. Incorporation of M“C into triglyceride-glycerol
cannot be due primarily to dihydroxyacetone-1,3-14C
since incorporation into carbon 3 markedly exceeded
that into carbon 1 in most of the experiments. Glycerol
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from dihydroxyacetone-1,3-1*C should give equal label-
ing in carbons 1 and 3.

Possibly, *C was incorporated into carbon 1 of the
triglyceride-glycerol via dephosphorylation of dihydroxy-
acetone phosphate and subsequent rephosphorylation.
There is evidence that these reactions occur in propionic
acid bacteria (18). Dihydroxyacetone is utilized by the
bacteria, triokinase and triose phosphatasc activities
have been shown to be present, and incubation of the
bacteria with glycerol-1-¥C and glycerol-3-1“C  gives
distributions of “C in propionate consistent with the
incorporation of the MC via a symmetrically labelled
intermediate.

L-Glyceraldehyde-3-1C could also be converted to
p-glyceraldehyde-3-P via pathways ¢ and ¢ of Fig. 2.
If there is in adipose tissue a phosphatase which can
convert p-glyceraldehyde-3-phosphate, 3-14C to p-glycer-
aldehyde-3-1C, incorporation of *C into carbon 1 of
glycerol could then have occurred via pathway a of
Fig. 1. If this were the case the method for estimating
glycerol phosphorylation in adipose tissue would be ap-
plicable in spite of the incorporation of carbon 3 of
L-glyceraldehyde into carbon 1 of glycerol, since only
pathway a of Fig. 1 would be responsible for the in-
corporation into carbon 1.

Another possible explanation for incorporation into
carbon 1 of glycerol and carbon 4 of glycogen is fixation
of “CO; formed by oxidation of *C-labeled glyceralde-
hyde. Pyruvate-1-*C formed by this fixation and by the
reactions of the Krebs cycle could then introduce “C
into carbon 1 of glycerol and carbons 3,4 of glycogen.
This seems unlikely in view of the small quantity of
14CO, formed and its probable dilution by the large pool
of CO; present in the incubation system. Moreover, the
incorporation of the carbon of CO; into glycerol by
adipose tissue is relatively small (19, 20). In addition,
if glyceraldehyde-3-phosphate,3-*C were metabolized
in the Krebs cycle and pyruvate-*C were then formed,
one would expect to find “C in carbon 2 of glycerol and
in carbon 5 of glycogen (20).

That the distributions of “C in lactate, in carbons 4,
5, and 6 of glucose from glycogen, and in triglyceride-
glyceride are similar to one another is in accord with
these compounds’ being derived from triose phosphates
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of a similar *C distribution. This means that glycero-
phosphate in the tissue from which glycerol was derived
was equilibrated with the tissue glyceraldehyde-3-phos-
phate from which the lactate and carbons 4, 5, and 6
of the glucose were derived. The negligible activity in
carbons 1 and 3 of glucose from glycogen probably in-
dicates that incorporation of “C into the glucose oc-
curred via the transaldolase reaction (21, 22) in which
carbons 1, 2, and 3 are from the hexose-6-phosphate in
the tissue and the carbons of glyceraldehyde-3-phosphate
exchange with carbons 4, 5, and 6 of the hexose-6-phos-
phate.
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