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Abstract

The present studies were undertaken to determine whether li-
polysis was increased in non-insulin-dependent diabetes melli-
tus (NIDDM) and, if so, to assess the influence of increased
glycerol availability on its conversion to glucose and its contri-
bution to the increased gluconeogenesis found in this condition.
For this purpose, we infused nine subjects with NIDDM and 16
age-, weight-matched nondiabetic volunteers with [2->H] glu-
cose and [U-'*C] glycerol and measured their rates of glucose
and glycerol appearance in plasma and their rates of glycerol
incorporation into plasma glucose. The rate of glycerol appear-
ance, an index of lipolysis, was increased 1.5-fold in NIDDM
subjects (2.85+0.16 vs. 1.62+0.08 umol/kg per min, P
< 0.001). Glycerol incorporation into plasma glucose was in-
creased threefold in NIDDM subjects (1.13+1.10 vs.
0.36+0.02 umol/kg per min, P < 0.01) and accounted for twice
as much of hepatic glucose output (6.0+0.5 vs. 3.0+0.2%, P
< 0.001). Moreover, the percent of glycerol turnover used for
gluconeogenesis (77+6 vs. 44+2, P < 0.001) was increased in
NIDDM subjects and, for a given plasma glycerol concentra-
tion, glycerol gluconeogenesis was increased more than two-
fold. The only experimental variable significantly correlated
with the increased glycerol gluconeogenesis after taking glyc-
erol availability into consideration was the plasma free fatty
acid concentration (r = 0.80, P < 0.01). We, therefore, conclude
that lipolysis is increased in NIDDM and, although more glyc-
erol is thus available, increased activity of the intrahepatic
pathway for conversion of glycerol into glucose, due at least in
part to increased plasma free fatty acids, is the predominant
mechanism responsible for enhanced glycerol gluconeogenesis.
Finally, although gluconeogenesis from glycerol in NIDDM is
comparable to that of alanine and about one-fourth that of lac-
tate in terms of overall flux into glucose, glycerol is probably
the most important gluconeogenic precursor in NIDDM in
terms of adding new carbons to the glucose pool. (J. Clin. In-
vest. 1992. 89:169-175.) Key words: gluconeogenesis » glycerol
« lipolysis

Introduction

Circulating glycerol originates primarily from adipose tissue as
a result of the breakdown of stored triglycerides (1, 2). In hu-
mans, most of the glycerol undergoes either oxidation or con-
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version to glucose (2-4). Although ~ 50% of the glycerol that is
released into plasma in the postabsorptive state is converted to
glucose (3-5), glycerol is normally considered a minor gluco-
neogenic substrate since it accounts for only ~ 3% of overall
hepatic glucose output and 10% of overall gluconeogenesis (3,
4). After a prolonged fast, however, lipolysis greatly increases
and the proportion of glycerol turnover used for gluconeogene-
sis also increases so that glycerol can account for up to 60% of
overall hepatic glucose output (3).

In non-insulin-dependent diabetes mellitus (NIDDM),!
overall gluconeogenesis is increased (6), and recently enhanced
conversion of both lactate and alanine to glucose has been re-
ported (7). The role of glycerol as a gluconeogenic precursor in
this condition has yet to be determined. Glycerol is of particu-
lar interest because, in contrast to lactate and alanine most of
whose carbons originate directly from plasma glucose (8, 9),
essentially all of glycerol carbon incorporated into plasma glu-
cose represents addition of new carbons to the glucose pool (2).

Another consideration is that glycerol availability as a glu-
coneogenic precursor may be increased in NIDDM. Most pa-
tients with NIDDM have an expanded adipose tissue mass and
their adipose tissue is resistant to insulin (10). One would, there-
fore, expect that there may be enhanced lipolysis in this condi-
tion and that the resultant increased availability of glycerol
would augment gluconeogenesis. Moreover, enhanced avail-
ability of FFA and their subsequent oxidation in liver could
also increase gluconeogenesis (11).

Nevertheless, although obesity is associated with increased
lipolysis (3), it remains to be established that lipolysis is in-
creased in NIDDM. Plasma FFA turnover in individuals with
NIDDM has not been found to be greater than that in weight-
matched nondiabetic individuals (12-16). Furthermore, there
is evidence that the increased plasma FFA concentrations in
NIDDM may be due to reduced reesterification (12). Finally,
in vitro studies indicate that the antilipolytic effect of insulin
on adipocytes from NIDDM subjects is not impaired (17-19).

Despite these observations, there still might be increased
lipolysis in NIDDM. The failure to demonstrate increased lipol-
ysis by adipocytes from NIDDM individuals in vitro could
merely mean that in vivo factors are essential. Moreover, FFA
turnover may not necessarily be a reliable indicator of lipolysis
in NIDDM. FFA can be reesterified within adipose tissue after
lipolysis (20). The hyperglycemia and hyperinsulinemia char-
acteristic of NIDDM could promote reesterification of FFA
within the adipocyte so that some FFA liberated from triglycer-
ide do not enter the circulation (21). Glycerol liberated within
the adipocyte as a result of lipolysis cannot be reincorporated
into triglyceride because adipose tissue lacks glycerokinase
(22). Release of glycerol into plasma should therefore be a more
reliable index of lipolysis than release of FFA.

1. Abbreviation used in this paper: NIDDM, non-insulin-dependent
diabetes mellitus.
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The present experiments were undertaken with three aims
in mind: (@) to determine whether there is increased lipolysis in
NIDDM (as reflected by the rate of glycerol appearance in
plasma); (b) to quantitate the contribution of glycerol gluconeo-
genesis to overall hepatic glucose output in NIDDM; and (c)
using glycerol as a model, to assess the relative importance of
alterations in substrate availability and intrahepatic pathways
for the increased gluconeogenesis found in this condition.

Methods

Subjects. Informed, written consent was obtained from nine subjects
with NIDDM and from 16 nondiabetic subjects matched for age,
gender, and body mass index. Body mass index ranged from 24 to 28
and 24 to 29 in the female and male nondiabetic subjects and from 22
to 30 and 24 to 29 in the female and male NIDDM subjects (Table I).
None of the diabetic subjects had been treated with insulin; those being

treated with sulfonylureas had their medication discontinued 10 d be-

fore the study. All subjects had normal renal and hepatic function and
each consumed a weight-maintaining diet containing at least 200 g
carbohydrate for 3 d before the study.

Protocol. Subjects were admitted to the University of Pittsburgh
General Clinical Research Center the evening before the experiments
between 5:00 and 7:00 p.m., were given a standard meal (10 cal/kg;
50% carbohydrate, 35% fat, and 15% protein) and were studied the next
morning after a 12-14-h fast.

At 4:00 a.m., primed continuous infusions of [U-'“C] glycerol (30
uCi, 0.30 uCi/min) (Research Products, Mount Prospect, IL) and
[2-*H] glucose (20 uCi, 0.20 uCi/min, Amersham Corp., Arlington
Heights, IL) were started through an antecubital vein. At 7:00 a.m. a
dorsal hand vein was retrogradely cannulated and placed in a thermo-
regulated device maintained at 65°C for sampling of arterialized ve-
nous blood.

After allowing 4 h for isotopic equilibration, four blood samples
were taken at 15-30-min intervals for determination of plasma sub-
strate concentrations (glucose, glycerol, and FFA), and hormone (insu-
lin and glucagon) concentrations, and specific activity of plasma ['*C]-
and [*H] glucose and plasma ['“C] glycerol. In addition, after obtaining
the above basal samples, five of the nondiabetic subjects were infused
with glycerol at rates of 0.55, 1.18, and 1.65 pmol/kg per min in ascend-
ing order (each for 90 min) to increase plasma glycerol concentrations
into the range found in our NIDDM subjects. Blood was sampled for
plasma glucose and glycerol concentrations and specific activities at
15-30-min intervals. All blood samples were placed immediately in a
4°C ice bath to prevent in vitro lipolysis of endogenous triglycerides.
Plasma was separated by centrifugation at 4°C and frozen at —20°C
until the time of analysis.

Analytical procedures. Plasma glucose was determined with a glu-
cose analyzer (Yellow Springs Instrument Co., Yellow Springs, OH).
Plasma glycerol was determined by a standard microfluorometric assay
(23). Plasma FFA concentrations were determined by an enzymatic
method (24). Plasma insulin and glucagon were determined by radioim-
munoassays with an interassay variability of 3 and 4%, respectively (25,
26). Plasma ['“C]- and [*H] glucose and plasma ['*C] glycerol specific
activities were determined by HPLC as described previously (4).

Calculations. Because experiments were performed under steady-
state conditions, rates of glucose and glycerol turnover (R, ) were deter-
mined by dividing the infusion rates of [2-*H] glucose and [U-'*C}-
glycerol (disintegrations per minute per kilogram body weight per min-
ute) by their respective steady-state specific activities (disintegrations
per minute per micromole). The percentage of plasma glucose derived
from glycerol was calculated from the ratio of ['*C] glucose and ['*C]-
glycerol specific activities (4). The rate of glycerol conversion to glucose
was calculated by multiplying the percent of glucose derived from glyc-
erol by the glucose R,. The metabolic clearance rate of glycerol was
calculated by dividing glycerol R, by plasma glycerol concentration.
The percent of glycerol turnover incorporated into plasma glucose was

170  N. Nurjhan, A. Consoli, and J. Gerich

calculated by dividing the rate of glycerol conversion to glucose by
glycerol R,.

The body fat mass was determined by bioelectric impedance (Body
Composition Analyzer; RJL Systems, Detroit, MI) (27) and the percent
of body weight due to fat was calculated dividing body fat mass by body
weight. This approach has been reported to have an error < 5% (28).

Statistical analysis. Data are given as mean+SEM. Unless other-
wise stated, statistical evaluation was performed using two-tailed Stu-
dent’s ¢ test and least squares linear regression analysis.

Resuits

Plasma glucose, glycerol, free fatty acid, insulin, and glucagon
concentrations (Table I). Plasma glucose, glycerol, FFA, insulin
and glucagon concentrations were all significantly greater in
the NIDDM subjects (Table I). Plasma insulin and glucagon
were not affected by the glycerol infusion in the five nondia-
betic subjects (40+1 pM and 221+40 ng/liter, respectively, be-
fore glycerol infusion versus 40+2 pM and 205+35 ng/liter,
respectively, during the highest glycerol infusion).

Plasma[2-°H, "*C] glucose and [**C) glycerol specific activi-
ties (Table II). The data given in Table II indicate that in the
basal (postabsorptive) experiments, isotopic steady state had
been approximated for [2-*H] glucose, [“C] glucose, and ['“C]
glycerol in both groups of subjects (P = NS between time points
in each group by ANOVA). Similarly, isotopic steady state was
closely approached during the last 30 min of each 90-min glyc-
erol infusion in the five nondiabetic subjects in whom these
experiments were conducted.

Plasma glucose and glycerol turnover (Table I, Figs. 1 and
2). As expected, plasma glucose turnover was greater in the
NIDDM subjects (18.3+0.4 umol/kg per min) than in the non-
diabetic subjects (11.9+0.3 umol/kg per min, P < 0.001).
Plasma glycerol turnover was also significantly greater in the
NIDDM subjects (2.85+0.16 vs. 1.62+0.08 umol/kg per min,
P <0.001). The NIDDM and nondiabetic subjects had compa-
rable fat masses (17.8+1.3 and 17.7x1.1 kg, respectively;
range, 13-28 in the nondiabetic subjects and 12-26 in the
NIDDM subjects). Consequently, the NIDDM subjects also

Table I. Clinical and Metabolic Characteristics of Subjects Studied

Nondiabetic Diabetic
subjects subjects P

Age (yr) 512 54+2 NS
Gender 10M, 6F 6M, 3F NS
Body mass index (kg/M?) 25.7+0.7 26.5+0.9 NS
Body fat mass (kg) 17.7+1.1 17.8+1.3 NS
Body fat mass (% of wr) 23.2+1.3 23.8+2.5 NS
Plasma glucose (mM) 5.2+0.1 10.9+0.4 < 0.001
Plasma insulin (pM) 40+4 76+8 < 0.001
Plasma glucagon (ng/liter) 179+18 238+23 <0.02
Plasma glycerol (uM) 65+3 95+9 <0.01
Plasma FFA (uM) 400+22 51629 <0.02
Glucose turnover

(emol/kg/min) 11.9+0.3 18.3+0.4 <0.001
Glycerol turnover

(umol/kg/min) 1.62+0.08 2.85+0.16 < 0.001
Glycerol clearance

(ml/kg/min) 25.5+1.0 31.3x1.9 < 0.007
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Figure 1. Relationship between plasma glycerol turnover and plasma
glycerol and FFA concentrations.

had greater glycerol turnover (13.0+1.3 vs. 7.2+0.4 umol/kg
per min, P < 0.001) expressed per kilogram body fat. As shown
in Fig. 1, there was a significant positive correlation between
plasma glycerol turnover and both plasma glycerol (r = 0.77, P
< 0.001) and plasma FFA (r = 0.58, P < 0.05) concentrations
in the nondiabetic subjects; in the NIDDM subjects plasma
glycerol concentration (r = 0.76, P < 0.05) but not plasma FFA
concentration (r = 0.46, P > 0.1) was significantly correlated
with glycerol turnover. As shown in Fig. 2, there was a signifi-
cant correlation between fat mass (kilograms) and glycerol turn-
over (micromoles per minute) in the nondiabetic subjects (r
= 0.64, P < 0.01) but not in the NIDDM subjects (r = 0.13, P
> 0.5).

Glycerol incorporation into glucose (Figs. 3-5). The rate of
plasma glycerol conversion to glucose was threefold greater in
the NIDDM subjects (1.13+0.10 vs. 0.36+0.02 umol/kg per
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Figure 2. Relationship between plasma glycerol turnover and fat mass.
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Figure 3. Rate of plasma glycerol conversion to plasma glucose and
proportion of glucose appearance and glycerol turnover accounted
for by glycerol gluconeogenesis.

min, in the nondiabetic subjects, P < 0.0001) (Fig. 3). As
shown in Fig. 4, there was a significant positive correlation
between the rate of glycerol conversion to glucose and the
plasma glycerol concentration in each group (r = 0.80 and r
= 0.92 in nondiabetic and NIDDM subjects respectively, both
P < 0.001). However, at comparable plasma glycerol concen-
trations, there was greater conversion of glycerol into glucose in
the NIDDM subjects. Thus, the nondiabetic subjects who were
infused with glycerol to increase their plasma glycerol concen-
trations into the range found in the NIDDM subjects (~ 100-
120 uM) still had lower rates of glycerol conversion to glucose
than the NIDDM subjects (~ 0.5 vs. ~ 1.2 umol/kg per min).
As shown in Fig. 5, in both groups there was a significant corre-
lation between plasma FFA concentration and glycerol gluco-
neogenesis (r = 0.64 and 0.71 in nondiabetic and NIDDM
subjects, respectively, both P < 0.03). However, for a given
plasma FFA concentration, NIDDM subjects had greater gluco-
neogenesis.

Contribution of glycerol gluconeogenesis to glucose and glyc-
erol turnover (Fig. 3). Despite the fact that glucose turnover was
greater in the NIDDM subjects, glycerol gluconeogenesis ac-
counted for twice as much of hepatic glucose output in the
NIDDM subjects (6.0+0.5% vs. 3.0+0.2%, in the nondiabetic
subjects, P < 0.001). Moreover, conversion of glycerol into
glucose accounted for a greater proportion of glycerol turnover
in the NIDDM subjects (77+6 vs. 44+2% in the nondiabetic
subjects, P < 0.001). This enhanced proportion of glycerol turn-
over used for gluconeogenesis could not be the mere result of
the increased plasma glycerol concentrations in the NIDDM

[72]
n 1.6 r O NONDIABETICS
= ® DIABETICS ®
[ )

S —_
o £ 12r
g g r= 0.92
S > p< 0.001

X, 0.8 +
2> ©
-
3

I 0.4}
e30 o r= 0.80
= p< 0.001
o=
> 0.0 , , , . . , ,
& 20 40 60 80 100 120 140 160

PLASMA GLYCEROL (uM)

Figure 4. Relationship between plasma glycerol concentrations and
rate of glycerol conversion to plasma glucose.
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Figure 5. Relationship between plasma FFA concentrations and
plasma glycerol conversion to glucose.

subjects because the percent of glycerol turnover accounted for
by gluconeogenesis was still < 50% (range 40-44) in the nondia-
betic subjects who were infused with glycerol to increase their
plasma glycerol concentrations above the mean value of the
NIDDM subjects. The metabolic clearance rate of glycerol was
greater in the NIDDM subjects than that of the nondiabetic
subjects (31+2 vs. 25+1 ml/kg per min, P < 0.01) and was
significantly correlated with their glycerol gluconeogenesis (r
= 0.75, P < 0.02); no such correlation was found in the nondia-
betic subjects.

Discussion

The present studies were undertaken to determine whether
there was increased lipolysis in individuals with non-insulin-
dependent diabetes mellitus and, if so, to assess the influence of
increased glycerol availability on its conversion to glucose and
its contribution to the increased gluconeogenesis found in this
condition.

To assess lipolysis, we used the appearance rate of glycerol
in plasma because this was thought to be a more reliable index
of lipolysis than that of FFA. The rate of glycerol appearance in
plasma was found to be > 1.5 times greater in NIDDM subjects
than in age-, gender-, weight-matched nondiabetic volunteers
whether expressed per body weight (2.85+0.16 vs. 1.62+0.08
pmol/kg per min, P < 0.01) or per fat mass (13.0+1.3 vs.
7.2+0.4 umol/kg per min, P < 0.01). In the nondiabetic sub-
jects, the rate of glycerol appearance (micromoles per minute)
was significantly correlated with fat mass (kilograms), whereas
no significant correlation was found in the NIDDM subjects.

These results thus indicate that in individuals with
NIDDM, lipolysis is significantly increased irrespective of their
fat mass. A recent preliminary report (29) in which glycerol
turnover was used to assess lipolysis also found increased lipoly-
sis in NIDDM. The failure of previous studies (12-16) to find
evidence for increased lipolysis in NIDDM may relate to their
use of FFA appearance in plasma as an index of lipolysis rather
than that of glycerol.

In the present studies, there was a significant correlation
between glycerol turnover and plasma glycerol concentration
in the NIDDM subjects but not between glycerol turnover and
plasma FFA concentration despite the fact that plasma FFA
concentrations were significantly greater in the NIDDM sub-
jects. Although this could have resulted from study of too few
NIDDM subjects, these observations nevertheless suggest that
plasma FFA concentration is not a reliable indicator of lipoly-
sis in NIDDM. Conceivably in some NIDDM subjects, hyper-
glycemia along with hyperinsulinemia may have increased in-
traadipocyte FFA reesterification, whereas in other NIDDM
subjects there may have been a defect in extraadipocyte reester-
ification (12) and that such situations could explain the lack of
correlation between plasma FFA concentration in our
NIDDM subjects and both their fat mass and rates of glycerol
appearance.

Table II. Specific Activities of Plasma [2-°H) Glucose, [!*C] Glucose, and ["*C] Glycerol

[2- *H] glucose specific activity ['4C] glucose specific activity ['4C] glycerol specific activity
Nondiabetic NIDDM Nondiabetic NIDDM Nondiabetic NIDDM
Time subjects subjects subjects subjects subjects subjects
dpm/umol
Basal studies
—60 430+29 406+58 413124 495+76 6965+382 4559+518
=30 440+30 400+48 403+25 504+75 6666512 4480+530
-15 408+27 403+47 403+25 529+85 67461466 4391+505
0 434+29 415+49 400+23 547+84 6728+488 4445+493
Glycerol infusion studies*
60 428+42 382433 60191176
75 445+47 389+34 5311909
90 423+35 399+32 5540+735
150 450+30 408+31 5050+1182
165 470+33 407+26 47461916
180 473+32 417+27 4495+617
240 ' 509+32 441429 3359+499
255 502+31 447429 3584+565
270 534+40 445+30 35794572

* Glycerol was infused from 0 to 90 min at a rate of 0.55 pmol/kg per min, from 90 to 180 min at a rate of 1.18 umol/kg per min and from 180
to 270 at a rate of 1.65 umol/kg per min in five of the 16 nondiabetic subjects.
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The increased rates of glycerol appearance found in our
NIDDM subjects were accompanied by a disproportionately
increased rate of glycerol incorporation into plasma glucose
(1.13+0.10 vs. 0.36+0.02 pmol/kg per min, P < 0.001). Glyc-
erol conversion to plasma glucose was increased threefold in
the NIDDM subjects, whereas their rates of glycerol appear-
ance were increased only 1.5-fold. Thus, a greater proportion
of glycerol turnover was used for gluconeogenesis in the
NIDDM subjects than in the nondiabetic volunteers (77+6 vs.
44+2%, P < 0.05). In a preliminary report (29), Puhakainen
also found a greater proportion of glycerol turnover used for
gluconeogenesis in NIDDM. These observations suggest that
factors other than a mere increase in glycerol availability were
responsible for the increased gluconeogenesis from glycerol in
the NIDDM subjects.

It should be pointed out that because of intrahepatic lipoly-
sis, intrahepatic ['*C] glycerol specific activity would be ex-
pected to be lower than the intraarterial specific activity. Thus,
the use of arterial plasma specific activity of the [**C] glycerol
rather than its intrahepatic value would lead to an underesti-
mation of glycerol incorporation into glucose in both groups
studied. However, because lipolysis was significantly greater in
NIDDM subjects, the intrahepatic specific activity of ['*C] glyc-
erol would also probably have been less in the diabetic subjects.
Therefore, the underestimation of glycerol gluconeogenesis
probably was greater in NIDDM subjects. Thus, our results
most likely represent a conservative estimation of the overpro-
duction of glucose from glycerol in NIDDM.

The relationship found between glycerol gluconeogenesis
and plasma glycerol concentrations in the present study sup-
port the view that accelerated intrahepatic pathways rather
than increased glycerol availability was the major factor respon-
sible for increased glycerol gluconeogenesis found in the
NIDDM subjects. In each group of subjects, there was a signifi-
cant correlation between plasma glycerol concentration and
gluconeogenesis from glycerol; however, at any given plasma
glycerol concentration, there was greater gluconeogenesis from
glycerol in the NIDDM subjects. Indeed, even when normal
volunteers were infused with glycerol so as to increase their
circulating glycerol concentrations above those found in the
NIDDM subjects, the rates of glycerol gluconeogenesis in the
nondiabetic subjects were still less than half those found in the
NIDDM subjects. These observations suggest that the activity
of the intrahepatic pathway for conversion of glycerol into glu-
cose was increased in the NIDDM subjects.

There are several intrahepatic steps whose alteration in
NIDDM could promote increased glycerol incorporation to
glucose (30). Most prominent among these would be the phos-
phofructokinase-fructose 1,6-biphosphatase step. A reduction
in the activity of phosphofructokinase and an increase in the
activity of fructose 1,6-biphosphatase would promote glycerol
being incorporated into glucose rather than its undergoing gly-
colysis or oxidation in the liver. FFA whose circulating levels
were increased in our NIDDM subjects increase the activity of
fructose 1,6-biphosphatase (31). Fructose 2,6-P, is a potent in-
hibitor of fructose 1,6-biphosphatase and a stimulator of the
phosphofructokinase (32). The level of hepatic fructose 2,6-P,
is reduced in diabetic animals (33) and is also reduced by gluca-
gon (32) whose circulating levels were increased in our diabetic
subjects. All of these factors have played a role in accelerating
intrahepatic incorporation of glycerol in glucose in our
NIDDM subjects.

An appreciation of the relative importance of the activity of
the intrahepatic pathway and glycerol availability can be ob-
tained from further analysis of the relationships between
plasma glycerol concentrations and glycerol gluconeogenesis
(Fig. 4). Glycerol availability as reflected by plasma glycerol
concentrations was increased ~ 45% in the NIDDM subjects,
whereas both the slope (0.012 vs. 0.005) of the regression line
relating plasma glycerol to glycerol gluconeogenesis was in-
creased in the NIDDM subjects > 200%. This further suggests
that accelerated intrahepatic conversion of glycerol to glucose
was a more important factor for the increased glycerol gluco-
neogenesis than increased glycerol availability.

Recently, evidence for increased intrahepatic conversion of
lactate to glucose has been reported in NIDDM (7). The mecha-
nisms responsible for the increased activity of intrahepatic
pathways for conversion of gluconeogenic precursors to glu-
cose are unclear. In the present study, NIDDM subjects had
increased plasma glucagon and FFA levels and were insulin
resistant as indicated by their fasting hyperinsulinemia. Hy-
perglucagonemia (34), increased hepatic FFA oxidation (11),
and hepatic insulin resistance (35) could all contribute to en-
hanced intrahepatic gluconeogenic precursor conversion to
glucose. When we analyzed the increase in glycerol conversion
to glucose in the NIDDM subjects above that expected from
the increase in their plasma glycerol concentration (difference
between observed rates versus those predicted from the regres-
sion equation for plasma glycerol versus glycerol gluconeogene-
sis in nondiabetic volunteers) by multiple linear regression in
which differences in plasma insulin, glucagon, glucagon/insu-
lin molar ratio, and plasma FFA concentration were indepen-
dent variables, only the differences in plasma FFA concentra-
tions were found to be a significant factor (r = 0.80, P < 0.01).
Moreover, using multiple linear regression, 86% of the varia-
tion in glycerol gluconeogenesis in the NIDDM subjects could
be explained on the basis of plasma glycerol and FFA concen-
trations. Since there was no correlation between plasma FFA
and glycerol turnover in the NIDDM subjects, this suggests
that plasma FFA had an effect in accelerating glycerol gluconeo-
genesis independent of lipolysis. The most likely explanation
for this effect would be enhanced hepatic FFA oxidation (11).
Whether enhanced hepatic FFA oxidation also contributes to
the increased lactate and alanine gluconeogenesis found in
NIDDM (7) remains to be determined.

Glycerol is normally a minor gluconeogenic precursor
usually accounting for ~ 3% of overall hepatic glucose output
and ~ 10% of overall gluconeogenesis. In the present study,
despite the fact that overall hepatic glucose output was in-
creased in the NIDDM subjects, the proportion of hepatic glu-
cose output derived from glycerol was about twofold greater in
the NIDDM subjects than in the nondiabetic subjects (6.0+0.5
vs. 3.0+0.2%). This still represents a small proportion of overall
hepatic glucose output. Nevertheless, in a preliminary report
(29), Puhakainen found that glycerol gluconeogenesis ac-
counted for ~ 15% of overall hepatic glucose output in
NIDDM.

It is worthy to note that a recent report (7) studying
NIDDM subjects with rates of hepatic glucose output compara-
ble to those in present study found alanine gluconeogenesis to
be ~ 1.2 umol/kg per min. This is not appreciably different
from that found in the present study for glycerol (1.1 umol/kg
per min). Thus, in NIDDM gluconeogenesis from glycerol ap-
pears to be comparable to that of alanine, a substrate which has
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generally been considered an important gluconeogenic precur-
sor. Moreover, since at least 50% of alanine carbons probably
come directly from plasma glucose (9), glycerol could be
viewed as more important in that its gluconeogenesis provides
essentially all new carbons to the glucose pool.

Lactate is generally considered to be the most important
gluconeogenesis precursor in man (1), accounting for ~ 20%
of hepatic glucose output and 60-80% of gluconeogenesis (8,
36). The study of Consoli et al. cited above (7), found lactate
gluconeogenesis to be ~ 4.3 umol/kg per min in NIDDM sub-
jects whose overall hepatic glucose output was comparable to
those in the present study. Since up to 80% of lactate carbon
has been reported to be derived from plasma glucose (8), the
contribution of new carbon to the plasma glucose pool from
4.3 umol/kg per min lactate gluconeogenesis could be as little
as 0.9 umol/kg per min. Thus glycerol may be the most impor-
tant gluconeogenic substrate in NIDDM in terms of adding
new carbons to the plasma glucose pool. It should be pointed
out, however, that this conclusion must be viewed in light of
the fact that the inability to use the intrahepatic specific activity
of all these precursors introduces some underestimation of
their incorporation into glucose. Moreover, there are problems
due to recycling of the carbon label. Thus, in the present stud-
ies, some ['*C] carbons in glucose which came from the infused
[C] glycerol would be converted to lactate and alanine, and
some of the resultant ['“C] carbons in these gluconeogenic pre-
cursors would be reincorporated into glucose. A rough estimate
of this process for lactate can be obtained using data in this
report and the previously cited data of Consoli et al. (7). Assum-
ing that 80% of lactate originates from glucose (8), lactate
should have a steady-state specific activity 40% of that of glu-
cose in disintegrations per minute per micromole because 2
mol of lactate originate from 1 mol of glucose. In the present
study, glucose had a steady-state specific activity of ~ 400
dpm/umol, and glycerol had a steady-state specific activity of
~ 6,800 dpm/umol. Lactate should have had a steady-state
specific activity of ~ 160 dpm/umol. Multiplying the specific
activities of lactate and glycerol by their rates of incorporation
into glucose—2.2 umol/kg per min for glycerol and 8.6 umol/
kg per min for lactate (7)—would provide an estimate of the
relative inflow of ['*C] into glucose directly from glycerol ver-
susindirectly through lactate. The total disintegrations per min-
ute per kilogram per minute incorporated into glucose from
lactate and glycerol would be 16,336. Of this, 1,376 dpm/kg/
min ~ 8% would represent ['*C] recycled through lactate. Simi-
lar calculations for alanine indicate that 1% of the radioactivity
came from recycled alanine. Nevertheless, it is a semantic ques-
tion whether this 10% represents lactate and alanine gluconeo-
genesis or still glycerol gluconeogenesis because all [“C] car-
bons originally came from the infused ['*C] glycerol.

In summary, the present studies demonstrate that lipolysis,
as assessed by rates of glycerol appearance in plasma, is in-
creased in NIDDM mellitus and that the conversion of glycerol
to glucose in this condition is disproportionately enhanced rela-
tive to the increase in glycerol availability. The relationship
found between plasma glycerol concentrations and glycerol
conversion to glucose suggest that increased activity of intrahe-
patic pathways is more important than increased glycerol avail-
ability and that hepatic FFA oxidation may be a critical factor.
Finally, although glycerol only accounted for ~ 6% of overall
hepatic glucose output in NIDDM subjects, it is probably as
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important a gluconeogenic precursor as lactate in the condition
in terms of addition of new carbons to the glucose pool.
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