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A BST RACT The oxidation and turnover of plasma
glycerol has been studied in lean and obese, fed and
starving man by means of a long-term infusion of
glycerol-"4C, and the participation of glycerol in gluco-
neogenesis has been determined.

Under none of the experimental conditions did glyce-
rol contribute more than 10% of the total respiratory
C02. Glycerol turnover in fed lean subjects was 106
mmoles/min. Glycerol levels and turnover were higher
in the obese subjects and with all subjects after starva-
tion. There was a direct correlation between plasma
levels and turnover values for which a regression
equation was derived: y = 1556 x + 33.1, when y=
turnover in micromoles per minute and x = glycerol
level in micromoles per milliliter.

Whereas a. direct relation was established between
glycerol and FFA levels, the FFA/glycerol turnover
ratio was 4.7: 1 in the lean group indicating incom-
plete hydrolysis of adipose tissue triglycerides.

During starvation plasma glycerol is nearly or com-
pletely converted to glucose in the lean and obese
groups, respectively. Of the new glucose formed from
protein and glycerol 38% is derived from glycerol in
the lean and 79% in the obese. Protein and glycerol
have been shown to be adequate as precursors to sup-
ply at least as much glucose as is being oxidized per
day.

INTRODUCTION
Until recently, glycerol has been generally regarded as
a docking site for the metabolically active free fatty
acids (FFA) in adipose tissue. Its presence in the blood
or in incubation media has usually been considered
as a measure of triglyceride hydrolysis (1-3). Rela-
tively scant attention has been paid to the possible oxi-
dative and synthetic fates of glycerol, particularly in
man. The role of glycerol in energy metabolism has
not been well clarified, especially as compared to the
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participation of fatty acid. Further, although glycerol
has been shown to be an active precursor for glucose in
vivo and in vitro (4-8), its participation in human
gluconeogenesis has not been quantitated. This role
may become important during periods of caloric de-
privation. Therefore, to investigate both the participa-
tion of glycerol in oxidative metabolism and its role
as a precursor for blood glucose, a series of experi-
ments utilizing long-term constant infusion of glycerol-
4C into lean and obese individuals in the fed and

fasting states was carried out.

METHODS

Subjects. 9 lean and 13 obese subjects participated in
this study. The ponderal index

height in inches
4weight in pounds

of the lean subjects varied from 13.9 to 12.6, average 13.3,
while the obese subjects ranged from 11.8 to 9.71, average
11.1. Two lean and four obese subjects were studied twice.
Some of the lean subjects were living in our Metabolic
Ward as were all of the obese subjects. All subjects were
on a regular diet before the start of a fasting period which
varied from 6 hr to 7 days for the lean subjects and up
to 35 days for the obese subjects. Fasting was used to
obtain a wide range of plasma FFA and glycerol levels.

Procedure. The subject was at rest in a ventilated room
during the course of the experiment. Indwelling catheters
were placed in the antecubital vein, through which radio-
active glycerol was infused, and in the femoral artery, which
was used for taking blood samples. The glycerol-'4C (uni-
formly labeled) (29.6 mCi/mmole) was prepared for human
use by the New England Nuclear Corp. (Boston, Mass.).
The labeled glycerol was washed quantitatively from the
vial and brought to volume with isotonic saline. At time
zero a priming dose was given so that the ratio of priming
dose: infusion rate was approximately 150: 1. The priming
dose and infusion (maintained at a constant rate for 7-8 hr
using a calibrated Harvard infusion pump, Harvard Appa-
ratus Co., Inc., Millis, Mass.) were adjusted so that the
total amount of radioactive tracer administered would not
exceed 100 ACi in the lean and 200 ptCi in the obese.

Expired air was collected under a plastic hood through
which a high airflow was circulated. At timed intervals, the
diluted expired air was drawn into Douglas bags by another
pump. The 02 and C02 content was measured by means of
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a calibrated Noyons diaferometer (9). Expired air and
arterial blood samples were collected every 60 min during
the first 3 hr and every 30 min thereafter.

Measurements. The specific activity (SA) of 14CO2 was
measured according to the method of Fredrickson and Ono
(10) as described by us previously (11).

Other workers have remarked on the contamination of
plasma glycerol-"C activity by glucose-1'C activity (8). In
recognition of this the following separation and measure-
ment technique was evolved. A protein-free filtrate was pre-
pared from each sample and placed on an Amberlite IRA-
410 resin (Rohm & Haas Co., Philadelphia, Pa.) column as
previously described (12). The eluate contained all of the
glycerol and glucose, whereas lactate and other anionic
compounds were retained on the column. A 2.0 ml portion
of the eluate was placed in a vial containing 15.0 ml of the
solution described by Bray (13) and counted. The radio-
activity thus determined was primarily from glycerol and
glucose, although, as discussed below, some also occurred
in other compounds as yet unidentified. The remainder of
the column eluate was incubated with Glucostat (Worth-
ington Biochemical Corp., Freehold, N. J.) for 1 hr to con-
vert glucose to gluconic acid. Then a mixture consisting
of zeolite, Lloyd's reagent, CuSo4, and Ca(OH)2, prepared
as in reference 14, was added and the sample shaken for
30 min to remove the gluconic acid. After centrifugation
a portion of the supernate was added to Bray's solutionr
for counting.

Glycerol content was determined from another sample of
the same supernate by an automated technique as modified
from Kessler and Lederer (14) (Fig. 1). The reagents used
were identical in concentration to those used in the afore-
mentioned method (14). Additionally, an appropriate amount
of unlabeled glycerol was added to the final eluate and the

glycerol was isolated as the tribenzoate derivative by the
method of Winkler, Steele, Bjerknes, Rathgreb, nad Alts-
zuler (15) and repeatedly recrystallized until a constant
SA was maintained. By this method, it was found that
about 50% of the supernatant radioactivity was not from
glycerol. The radioactivity of the column eluate and the
supernate from the zeolite soda lime treatment were both
corrected for this contaminant activity before the SA of
glucose and glycerol were calculated.

The validity of this separation procedure was substan-
tiated by means of standard solutions containing appropriate
mixtures of '4C-labeled glycerol and glucose at concentra-
tions usually encountered in plasma. Total glycerol was
consistently recovered, contaminated by 2% glucose or less.

The levels of glucose and FFA in plasma and of nitrogen
in urine were determined as reported previously (12).

Calculations. The turnover rate of the glycerol was cal-
culated from the infusion rate of the tracer and the SA
of the plasma glycerol.

Computation of the rate of oxidation of glycerol presents
certain difficulties. The SA of the exhaled C02 rises in the
form of an exponential curve approaching an asymptotic
value. This rise is due to a slow exchange between the
labeled CO2 and the unlabeled bicarbonate pool. The asymp-
totic value represents the ideal situation in which the ex-
haled C02 and the body bicarbonate have the same SA as
the C02 arising from the tissue oxidation. Issekutz, Paul,
Miller, and Bortz provided an equation to estimate the
asymptotic SA of C02 in experiments on humans (16).
This equation was established with the help of labeled
NaHCOs and radiopalmitate infusions. In order to esti-
mate the asymptote it was necessary to assume that the
C02 SA derived from glycerol at 450 min represented 80%o
of the asymptotic SA. This assumption made it possible to

sampler 11

.t/30/hr 1:3
sample to wash

ratio

primary - 405 mp B & L interference

secondary - Wratten #8

fluorometer recorder

FIGURE 1 Automated assay of glycerol. Concentration range: 0.008-0.040 ,moles/ml.

1538 W. M. Bortz, P. Paul, A. C. Haff, and W. L. Holmes

h11S-I
I-M



A. B.
Glycerol "C(UL)
19.3C1 iv 72

12.0

10.0

8.0

6.0

4.06.o-.
2.0 -- *

.

OnCi Imin 8. 9Ci iv 134 nCilmin

%C0,=10.24±0.16
0 * *0 0

0 .

%CO,= 2.56±0 06

v 0 a

600-

400-

200-
=

0 162 2% 4-oxidized

< ft 2.0-
o- .^ 1.0-

0.3-
0 f0 0.21

a~~~~~FZ' E 0.1_
o

2.0

. 6 1.0-
LL U4

t

12-

8-

4

0o

* * *- *. , .

- S0"~~~~~

I I I I I I I I I I I I I I I I

1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Hours
1124-1 11n701

FIGURE 2 Two experiments, on subjects N. B. (A) and E. J. (B). Estimation
of glycerol turnover, oxidation, and per cent C02 from plasma glycerol. Top
graphs represent observed (curvilinear) and calculated ideal asymptotic (straight
line) values of per cent CO from plasma glycerol.

calculate the best fitting equation of the exponential curve

and then to estimate the asymptotic values from each mea-

sured point. The asymptotic ratio (CO2 SA/glycerol SA)
gives the per cent contribution of plasma glycerol to the
expired C02, and since the C02 output is known, the rate
of oxidation of glycerol can be calculated.

The per cent glycerol converted to glucose and the per

cent glucose formed from glycerol were calculated from the
equations provided by Bergman, Starr, and Reulein (17).
The calculated turnover does not reflect Cori cycle par-

ticipation.

RESULTS

Fig. 2 shows experiments performed on two lean sub-
jects. Subject A, after 14 hr of fasting, had an average

FFA level of 0.300 umoles/ml and a glycerol level of
0.06 umoles/ml. Calculation showed the turnover rate
of glycerol to be 113.5 imoles/min. Of this, 62.2% was

immediately converted to C02, representing 2.56% of
the total C02 output. Approximately 30.5% of the
glycerol turnover was converted to glucose, representing

Glycerol Turnover and Oxidation in Man 1539

0
0
x

x
< _6

-CD.d0.

o 0E
U0c *

1

'- E

V v *

67 61



only 2.4% of the glucose turnover as calculated from
the mean blood glucose level and a previously estab-
lished regression equation (12). In contrast, Subject
B, after 6 days of fasting, had an average FFA level
of 1.56 ,imoles/ml. The average glycerol turnover was
432 ismoles/min of which 75% was converted into
glucose; 67.6% of the glycerol turnover was oxidized,
contributing 10.2% to the exhaled CO2.
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Fig. 3 compares results obtained from the same obese
subject. In experiment A, after 12 hr of fasting, the
subject had an FFA level of 0.99 moles/ml and a
glycerol level of 0.14 /Amoles/ml. The glycerol turnover
was 193 'moles/min, and 43% of this was converted
to glucose representing 6.9% of the total glucose turn-
over. In experiment B, after 35 days of fasting, the
FFA level was 2.36 umoles/ml, and the glycerol level
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FIGuRE 3 Two experiments on subject S. W. after 12 hr of fasting
(A) and 35 days of fasting (B). Estimation of glycerol turnover,
oxidation (hatched area), and per cent CO, from plasma glycerol.
Top graphs represent observed (curvilinear) and calculated ideal
asymptotic (straight line) values of per cent COD from plasma
glycerol.
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FIGuRE 4 Correlation between plasma glycerol level and glycerol turnover.

was 0.34 4~moles/ml. The glycerol turnover was 806
ismoles/min, and 81.5% of this was converted to glu-
cose representing 57.1% of the glucose turnover.

Fig. 4 illustrates the direct correlation of the plasma
concentration and turnover values at all glycerol levels
ob~erved. Because of it, one can derive some estimate
of glycerol turnover from the plasma level alone. The
regression equation for this relationship is y = 1556 x

+ 33.1, in surprisingly good agreement with the equa-

tion of Bj6rntorp, Bergman, Varnauskas, and Lind-
holm: y = 1780 x-28 (18).

In a similar fashion the plasma FFA level and
glycerol level are seen to be directly correlated (Fig.
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5). Such correlation holds over the entire range of
plasma FFA values seen in our experiments.

Fig. 6 indicates the correlation between glycerol
turnover and the per cent of glucose that is derived
from glycerol. It is likely that the latter values repre-
sent an underestimate of unknown magnitude due to
the exchange of isotopic carbon of glycerol with non-
isotopic carbon of pyruvate or other three carbon
moieties (7).

Table I summarizes the individual results obtained
in our 11 studies in lean subjects. Table II shows the
findings in the 17 experiments with obese subjects. In
each experiment 10 blood samples were obtained and
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FIGURE 5 Correlation between plasma glycerol and FFA level.
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FIGuRE 6 Correlation between plasma glycerol turnover and per cent

of glucose turnover derived from glycerol. The curve was drawn by eye.

analyzed, and the mean of their value is expressed.
The exception to this is the per cent glucose from
glycerol in which only the last three samples were

used for the calculation. The reason for this is that
the SA of the plasma glucose was still rising slightly
late in the experiments. Because the SA of plasma
glucose had not reached a plateau the per cent glucose
from glycerol calculation is somewhat underestimated.
It is to be noted (Tables I and II) that as starvation
progresses, blood glycerol rises, glycerol turnover rises,
and so does conversion of glycerol to glucose.

It is significant to observe that the glycerol turn-

over data presented here are in close agreement with
those of Havel (19) and Bj6rntorp et al. (18) who
calculated their figures from experiments utilizing in-

fusion of tritium-labeled glycerol. Pelkonen, NikkilA,
and Kekki (20) calculated glycerol turnover in a

group of lean subjects via an intravenous glycerol
tolerance test. Their figure of 1.7 /hmoles/kg min is in

good agreement with our figure of 1.5 ismoles/kg- min.
Splanchnic and renal removal of glycerol was deter-
mined by Borchgrevink and Havel (2) to be around
100 jsmoles/min, which is extremely close to our mean

turnover value of 106 ymoles/min.
In Table II, data of two subjects, A. D. and S. W.,

were separated from those of the others since their
plasma FFA and glycerol values were much higher.
Inclusion of these data with the others would artificially
skew the mean values as presented.

Data in Tables I and II show that the obese sub-
jects exhibited higher plasma levels of FFA and glyce-
rol after short fasting than did the lean subjects, P
<0.001. Excluding the two unusual obese subjects,
experiments C and D, from the mean of the values
obtained there was no statistical difference between
the FFA and glycerol level after long starvation. Simi-
larly the glycerol turnover and the per cent glucose
derived from glycerol were higher in the obese group

after short fasting, P < 0.05, but were not significantly
different after longer fasting.

DISCUSSION

Glycerol, like glucose, serves as a substrate for oxi-
dative and synthetic reactions. Like glucose it must

first be activated by a phosphorylation reaction.
A direct measurement of glycerol oxidation has not

been previously made in humans. Our experiments
indicate that under no conditions did glycerol con-

tribute more than 10% of the total respiratory C02.
It cannot, therefore, be assigned a major role as an

oxidative substrate.
Our results confirm those of others in dog (21),

sheep (8), and man (18, 19) that glycerol turnover

is directly proportional to the plasma glycerol. A simi-
lar relationship has also been reported for plasma FFA
(22). Therefore, under appropriate conditions the
plasma level alone gives some knowledge of glycerol

1542 W. M. Bortz, P. Paul, A. C. Hag, and W. L. Holmes

'a
G)
0

0

20
-o

0
c
I-

(n
0
U

(.9

0
aR



TABLE I

Glycerol Metabolism in Lean Subjects

Amount Amount Amount
Experi- Duration Plasma C02 from glycerol glucose
ment of Glycerol plasma Glycerol to from Urinary
No. Subject Weight fasting FFA Glucose Glycerol turnover glycerol oxidized glucose glycerol nitrogen

kg I&Eq/ mg/ pmoles/ Ismoles/ % pmoles/ % % g/24 hr
ml 100 ml ml min min

A. Lean subjects-short fasting

1 D. K. (M) 79.5 13 hr 0.472 96.3 0.033 71.4 1.17 34.8 41.0 1.9
2 J. M. (M) 64.5 6 hr 0.514 84.5 0.044 89.4 2.10 60.7 32.1 2.2
3 E. J. (M) 81.8 6 hr 0.584 87.9 0.075 149.4 2.91 88.8 48.1 5.2
4 N. B. (M) 60.6 14 hr 0.297 92.2 0.065 113.5 2.55 70.6 30.5 2.4

Average 0.467 90.2 0.054 105.9 2.18 63.7 37.9 2.9
-SE 0.061 2.6 0.009 16.8 0.38 11.2 4.1 0.8

B. Lean subjects-long fasting

1 M. M. (M) 70.5 33 hr 1.232 83.2 0.068 144.7 2.54 67.7 90.5 10.1 16.05
2 S. Sch. (M) 75.0 36 hr 1.671 64.4 0.176 281.8 5.02 163.0 59.3 17.6 17.13
3 M. D. (M) 65.5 36 hr 1.132 74.7 0.146 250.0 4.94 140.6 77.4 17.0 13.85
4 E. J. (M) 77.5 6 days 1.557 55.0 0.222 432.3 10.24 292.0 75.1 41.9 12.91
5 N. B. (M) 56.7 6 days 1.427 49.1 0.125 202.6 4.72 100.7 69.5 21.2 8.43
6 W. D. (M) 62.4 8 days 1.253 72.2 0.141 234.0 5.28 139.4 75.4 16.1 7.77
7 Ch. B. (M) 58.1 7 days 1.441 69.1 0.147 232.6 4.80 121.4 84.2 18.9 7.55

Average 1.388 66.8 0.142 254.0 5.36 146.4 75.9 20.4 11.96
4 SE 0.072 4.4 0.014 33.8 0.88 26.9 3.8 3.8 1.52

turnover. We used only fasting to induce elevation of
the plasma glycerol level, and the relationship between
plasma level and turnover was linear in the range of
plasma FFA concentrations attained. Others have in-
fused large quantities of glycerol as well and showed
that at very high plasma levels this relationship is not
valid, suggesting saturation of rate-limiting enzymes
(21).

The other role of glycerol, namely, as a substrate
for synthetic reactions is undoubtedly of greater sig-
nificance to the organism. As cited above, both in vitro
and in vivo work has emphasized how efficient is glyce-
rol as a precursor of glucose. FFA cannot serve as a
net precursor for glucose. The two organs which are
the predominant gluconeogenic sites, liver and kidney,
are also the sites of the greatest glycerokinase activity.
Particularly during starvation is this role of glycerol
manifest. In prolonged fasting, up to 100% of the
glycerol turnover is diverted to glucose formation. In
other experiments to be reported separately,' the evolu-
tion of "GCO during glycerol infusion to fed subjects

'Paul, P., W. M. Bortz, A. C. Haff, and W. L. Holmes.
Evaluation of oxidative metabolism in lean and obese hu-
mans by the appearance of 'CO2 during constant rate infu-
sion of palmitate-l-"C, n-glucose-"C(UL), and glycerol-
"C(UL). Submitted for publication.

was found to be similar to that after infusion of H"COa,
indicating rapid oxidation, presumably directly through
the tricarboxylic acid cycle, and mixing with body
bicarbonate pools. In starvation, however, the "CO2
evolution curve shifted until it was identical with that
seen after an infusion of glucose-"C, indicating that
nearly all of the glycerol was being utilized for gluco-
neogenesis.

In Tables III and IV are presented data which en-
abled us to calculate the relative contributions of pro-
tein and glycerol precursors to glucose. Glucose turn-
over and oxidation data are given from previous
experiments (12) in which glucose-"C was similarly
infused as described here. These data have been pub-
lished in detail previously, and are presented here to
provide a direct measurement of glucose use and,
further, as a comparison for the indirect calculations
for glucose use that can be made from these glycerol
experiments.

In fasting lean subjects, glucose turnover averaged
402 mmoles/min or 104.2 g/day, of which 70.6 g were
oxidized directly as determined from the glucose-"C
studies. The present experiments indicated that 251
mmoles/min or 65.4 g of glucose were oxidized, in
good agreement with the value estimated directly. The
figure is derived from measurement of CO and glu-
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TABLE I I
Glycerol Metabolism in Obese Subjects

Amount Amount Amount
Experi- Duration Plasma C02 from glycerol glucose
ment of Glycerol plasma Glycerol to from Urinary
No. Subject Weight fasting FFA Glucose Glycerol turnover glyecrol oxidized glucose glycerol nitrogen

kg pEql mg/ jmoles/ pmoles/ % pmoles/ % % g/24 hr
ml 100 ml ml min min

A. Obese subjects-short fasting

1 J. K. (F) 140.7 15 hr 0.766 93.1 0.092 236.0 3.78 123.1 52.5 8.4
2 K. 0. (M) 111.4 13 hr 0.763 88.7 0.066 90.0 1.51 54.6 30.4 2.0
3 P. S. (F) 122.2 14 hr 0.834 79.3 0.121 155.1 2.08 69.9 43.5 5.5
4 A. D. (F) 114.8 13 hr 1.010 91.5 0.098 84.1 1.50 39.2 63.3 3.7
5 S. W. (M) 165.1 12 hr 0.987 77.5 0.139 193.2 2.40 82.9 42.8 6.9
6 M. L. (M) 114.5 12 hr 0.698 87.3 0.089 229.5 3.77 129.2 45.2 7.6
7 C. G. (F) 109.5 10 hr 0.958 92.0 0.102 254.1 5.00 148.0 81.3 14.2
8 H. L. (F) 109.9 24 hr 1.093 97.7 0.137 242.0 70.4 10.9
9 J. Sh. (F) 107.7 48 hr 1.114 81.1 0.105 266.4 4.34 124.3 73.7 15.6

Average 0.914 87.6 0.105 194.5 3.05 96.4 55.9 8.3
SE 0.05 2.3 0.008 23.1 0.47 14.1 5.7 1.5

B. Obese subjects-long fasting

1 M. L. (F) 98.6 23 days 1.362 68.9 0.129 276.6 3.87 98.1 80.6 21.6 7.37
2 M. B. (F) 79.7 6 days 1.412 75.4 0.227 324.0 5.07 114.3 106.0 29.7 8.20
3 B. M. (F) 77.0 13 days 1.461 83.4 0.181 232.0 4.56 97.9 117.3 28.9 5.94
4 J. S. (F) 99.8 13 days 1.442 68.8 0.133 297.1 4.37 107.4 92.7 26.8 7.68
5 C. G. (F) 102.0 15 days 1.366 70.0 0.173 313.8 4.62 108.7 89.8 26.7 5.12
6 S. R. (F) 119.0 22 days 1.529 77.9 0.237 321.4 4.11 107.1 91.3 28.0 4.32

Average 1.429 74.1 0.180 309.3 4.43 105.6 96.3 26.9 6.43
4-SE 0.024 2.4 0.017 7.7 0.17 2.6 5.3 1.2 0.63

C. A. D. (F) 103.4 21 days 1.803 69.2 0.459 612.0 8.62 203.2 106.0 62.6 2.96

D. S. W. (M) 144.1 35 days 2.362 64.3 0.348 806.0 6.09 188.8 81.5 57.1 7.07

cose SA, and the recognition that 76% of the glycerol
is converted to glucose in the lean subjects. Urinary
nitrogen excretion in the two individual glucose-14C
studies averaged 9.89 g/day, and in the glycerol-"4C
subjects, 9.17 g/day (means from Table III). This
could generate about 33 g glucose/day. Glycerol turn-
over in lean subjects after long fasting, which is 36.5
g/day, could provide a similar amount of glucose. Thus
in this instance protein and glycerol provide 69.3 g
of glucose or approximately the equivalent of the
amount oxidized (Table III).

For the fasting obese subjects (Table IV) glucose
turnover was 442.8 mmoles/min or 114.8 g/day of
which 51.8 g was oxidized. Glucose oxidation as esti-
mated from the glycerol experiments was 49.0 g/day.
This is determined using the observation that with
fasting in the obese, glycerol is quantitatively con-
verted to glucose (Table II). Urinary nitrogen in
these subjects indicated that 19.5 g of glucose could
be supplied from amino acids, while 54.2 g of glycerol

is turned over per day. In this instance protein and
glycerol availability for glucose formation, 73.7 -g, ex-
ceeds glucose oxidation by approximately 20 g/day.
In some cases, for example, C and D, Table I, 90-130
g of glucose could be made available from these sources.
The difference in these two amounts indicates that
glucose is being provided for functions other than
oxidation. Prominent among these functions may be the
regeneration of a-glycerophosphate in the adipose tissue.

In our lean group which was starved for a prolonged
period the plasma FFA level was 1.4 tmoles/ml. Using
the regression equation previously published which
relates FFA turnover to plasma levels (22) we calcu-
late the FFA turnover to be 1880 mmoles/day. FFA
oxidation is approximately one-third of FFA turnover,
or less, indicating that FFA oxidation is about 625
mmoles/day. This estimate compares well with 650
mmoles/day which is calculated by subtracting glucose
calories from BMR values. The difference between
FFA turnover and oxidation, 1200 mmoles, is reesteri-
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TABLE III
Glucose Metabolism in Fasting Lean Subjects

Amount
Subjects C02 from
fasting Plasma Plasma Glucose Glucose plasma Urinary Glycerol
7 days C02 FFA glucose turnover oxidized* glucose$ nitrogen turnover

mmoles/ I&Eq/ mg/ Ismoles/ pmoles/ % g/24 hr jimolesl
min ml 100 ml min min min

A. Glucose-14C experiments

1 9.04 1.371 60 423 288 19.1 11.97
2 8.00 1.829 62 381 257 19.4 7.80

B. Glycerol-'4C experiments

1 8.61 1.557 55 263 23.4 12.91 432
2 7.52 1.441 69 239 25.3 7.55 233
3 6.40 1.427 49 180 22.3 8.43 203
4 7.93 1.253 72 326 32.7 7.77 234

Sample calculation utilizing the means of the glycerol-14C experiments values.
* Glucose oxidized = per cent CO2from plasma glucose X total C02 = 25.9% X 7.62 mmoles/min X 1/6 (glucose
molar correction factor) = 328 ;&moles/min (assuming total conversion of glycerol -. glucose). Actual glucose oxi-
dized = 328 p&moles/min X 76% (actual conversion of glycerol to glucose) = 251 ;&moles/min = 361.4 mmoles/
day = 65.4 g/day.
t Per cent C02 from plasma glucose = CO2 SA/glucose SA = 25.9% (mean).

fied. For this purpose, the above 33.6 g (total glucose of fatty acid per glycerol molecule compared to the
turnover of 104.2 g/day minus glucose oxidized 70.6 theoretical ratio of 3: 1 for total hydrolysis. This
g/day) or 187 mmoles of glucose is available. This can observation can be made only in our lean group as
yield 374 mmoles of glycerol which is approximately the calculation of FFA turnover from observance of
one-third of the FFA being reesterified. It is there- FFA level is valid only for the lean group (23). A
fore clear that there is sufficient glucose available for similar ratio has previously been noted by Havel (19)
the reesterification of the fatty acids. and by Bj6rntorp et al. (18). Such partial hydrolysis

It has been demonstrated by these experiments that indicates that mono- and diglycerides exist in the adi-
the triglyceride molecule of adipose tissue is incom- pose tissue and serve as potential acceptors for FFA
pletely cleaved in its hydrolysis yielding 4.7 molecules reesterification as well. For this reason it is felt that

TABLE IV
Glucose Metabolism in Fasting Obese Subjects*

Amount
Subjects CO2from

fasting from Plasma Plasma Glucose Glucose plasma Urinary Glycerol
5 to 35 days C02 FFA glucose turnover oxidized glucose nitrogent turnover

mmoles/ oEq/ mg/ pmoles/ pmoles/ % g/24 hr Smoles/
mix ml 100 ml mix mix mix

A. Glucose-'4C experiments

Average 8.21 1.398 71.2 442.8 199.6 14.8
±SE 0.84 0.05 4.5 24.6 8.4 1.3
(n = 5)

B. Glycerol-'4C experiments

Average 7.37 1.592 72.1 188.9 15.6 5.66 409.2
5SE 9.25 0.12 2.2 7.8 9.8 0.55 68.2

(n = 8)

* Values are means 4SE; n = number of subjects.
n = 11 subjects.
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the plasma glycerol level per se is not a satisfactory
measure of lipolysis.

It has been proposed that the obese individual in
the fed state exhibits similar metabolic changes to
fasting lean individuals (24). In other words, the
obese subject is primed for starvation. Observations
from these experiments are consistent with this hy-
pothesis. After short fasting the obese group has higher
blood glycerol levels and higher glycerol turnover than
the lean. Further, in the obese, glycerol contributes
relatively more to glucose formation, even after short
fasting. In the fasting state (Table II), it can be seen
that glycerol is quantitatively more important than
protein as a source for new glucose. Utilizing the
data in Tables I and II one calculates that with fasting
in the obese subjects, glycerol represented 79.3% of
the total (glycerol and protein) gluconeogenic sub-
strates. In the comparable lean group, glycerol ac-
counts for only 38% of the same total. Conversely, the
obese rely less on protein catabolism as a source of
glucose carbon. The ability of fat individuals to spare
protein breakdown during acute starvation has previ-
ously been noted (25). The increased availability of
glycerol to supply glucose is though to be at least
partially responsible for this.
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