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Abstract

Recent studies have established the existence of substrate
cycles in humans, but factors regulating the rate of cycling
have not been identified. We have therefore investigated the
acute response of glucose/glucose-6P-glucose (glucose) and
triglyceride/fatty acid (TG/FA) substrate cycling to the infu-
sion of epinephrine (0.03 gg/kg min) and glucagon. The re-
sponse to a high dose glucagon infusion (2 gg/kg - min) was
tested, as well as the response to a low dose infusion (5
ng/kg. min), with and without the simultaneous infusion of
somatostatin (0.1 gg/kg min) and insulin (0.1 mU/kg min).
Additionally, the response to chronic prednisone (50 mg/d)
was evaluated, both alone and during glucagon (low dose) and
epinephrine infusion. Finally, the response to hyperglycemia,
with insulin and glucagon held constant by somatostatin infu-
sion and constant replacement of glucagon and insulin at basal
rates, was investigated. Glucose cycling was calculated as the
difference between the rate of appearance (R.) of glucose as
determined using 24k- and 6,642-glucose as tracers. TG/FA
cycling was calculated by first determining the R. glycerol with
d5-glycerol and the R. FFA with 11-'3Cqpalmitate, then sub-
tracting R. FFA from three times R. glycerol.

The results indicate that glucagon stimulates glucose cy-
cling, and this stimulatory effect is augmented when the insulin
response to glucagon infusion is blocked. Glucagon had mini-
mal effect on TG/FA cycling. In contrast, epinephrine stimu-
lated TG/FA cycling, but affected glucose cycling minimally.
Prednisone had no direct effect on either glucose or TG/FA
cycling, but blunted the stimulatory effect of glucagon on glu-
cose cycling. Hyperglycemia, per se, had no direct effect on
glucose or TG/FA cycling. Calculations revealed that stimula-
tion ofTG/FA cycling theoretically amplified the sensitivity of
control of fatty acid flux, but no such amplification was evident
as a result of the stimulation of glucose cycling by glucagon.

Introduction

Substrate cycles exist when opposing, nonequilibrium reac-
tions, catalyzed by different enzymes, are active simulta-
neously. The net result of substrate cycling is thermogenesis,
and amplification of enzymatic control can also occur (1).
During the past ten years, a number of studies have investi-
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gated the regulation ofsubstrate cycles in in vitro systems or in
animal studies (e.g., references 2 to 7). More recently, studies
of glucose and fructose cycling in human subjects have been
undertaken by ourselves (8, 9) and others (10-14). We have
also investigated triglyceride/fatty acid (TG/FA)' cycling in
humans (15). This involves the processes of lipolysis and rees-
terification occurring simultaneously.

In our study of glucose and TG/FA cycling in severely
burned patients, we found that both cycles were increased
three- to fivefold above normal (9). Since glucagon was mark-
edly elevated in these burned patients, and the extent of the
hypermetabolic response in burn patients has recently been
found to be directly related to the glucagon concentration (16),
it was logical to suspect glucagon as the mediator of the in-
creased glucose cycling. However, the role of glucagon in con-
trolling the rate of substrate cycling in humans is not clear. In
vitro experiments have generally indicated that glucagon in-
hibits cycling (3), but Issekutz concluded that glucagon stimu-
lated hepatic glucose cycling in the conscious dog (6). It is also
possible that glucagon contributes to increased TG/FA cycling
in vivo. In vitro experiments have documented that glucagon
stimulates lipolysis (17, 18). Coupled with an increased rees-
terification of FFA due to secondary hyperglycemia (15), it is
possible that an elevation in glucagon could increase TG/FA
cycling. However, in vivo experiments have not determined
the effect of glucagon on the rates of release of glycerol (as an
index of lipolysis) or of FFA.

The action of other hormones on substrate cycling in
humans is also unclear. Whereas beta blockade with propran-
olol in severely burned patients decreased TG/FA cycling and
did not affect glucose cycling (7), it is not known how either
cycle is affected by epinephrine infusion. Issekutz (6) reported
that cortisol had a direct stimulatory effect on glucose cycling
in the dog, and that cortisol amplified the stimulatory effect of
glucagon. Similar studies have not been performed in humans,
nor has any in vivo assessment of the effect of cortisol on
TG/FA cycling.

To better understand the roles of glucagon, epinephrine,
and cortisol in the regulation ofglucose and TG/FA cycling in
humans, we have performed a series of experiments using
stable isotopic tracers to quantify the rates of cycling. The
response to glucagon and epinephrine infusion has been evalu-
ated before and after several days of treatment with predni-
sone. In addition, the response to glucagon has been evaluated
in the setting of a constant insulin concentration (by virtue of
inhibition of secretion with somatostatin and replacement at a
constant basal rate), and the role of hyperglycemia, per se, has
been tested by infusing unlabeled glucose while holding both
glucagon and insulin constant with somatostatin and appro-
priate hormonal replacement.

1. Abbreviations used in this paper: GEMS, gas chromatograph mass
spectrometer; m/e, mass/charge ratio; TG/FA, triglyceride/fatty acid.
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Methods

Studies were performed in normal volunteers ranging in age from 20 to
32 (x = 24±1) yr. They were given a complete physical examination
and considered to be in good health, and they had no history of any
metabolic disease or prolonged medication. They were all in the nor-

mal range of weight for height. The average height and weight was

70±2 in. and 71.8±2 kg. The protocol was approved by the Institu-
tional Review Board of The University of Texas Medical Branch, and
informed consent was obtained from each volunteer.

All volunteers were admitted to the Clinical Research Center ofthe
above institution the day before the study. They were given a standard
hospital meal in the evening, and the study was performed the follow-
ing morning after 14 to 16 h of fasting. Teflon catheters were placed
into the antecubital vein ofone arm for infusions and into a contralat-
eral dorsal hand vein for arterialized venous sampling, using the
heated-hand technique (19).

After the baseline blood sample, a constant infusion of2-d1-glucose
and 6,6-d2-glucose (Cambridge Isotope Laboratories, Woburn, MA),
d5-glycerol (Merck Isotopes, Montreal, Canada) and [I-'3C]palmitate
(Tracer Technology, Newton, MA) were given. A stock solution of
glucose isotope was made in sterile water. For infusion, the appropriate
amount ofconcentrated stock solution was diluted in 0.9% saline. The
palmitate was bound to 5% human albumin (Cutter Biological, Ala-
meda, CA), as described previously (20), and the glycerol was added
directly to the albumin-palmitate mixture. All isotope solutions were

infused by means of calibrated syringe pumps (Harvard Apparatus
Co., Inc., Natick, MA). The glucose isotopes were infused through
catheters with 0.22-,um filters in the line (Bard, North Reading, MA);
this was not possible with the palmitate mixture, due to the albumin
not easily passing through the filter. Both the potassium salt of palmi-
tate (dissolved in water) and d5-glycerol were passed through a

0.22-,um filter when injected into the bottle containing the sterile albu-
min solution.

The approximate infusion rates were as follows: 2-d1- and 6,6-d2-
glucose, 0.22 gmol/kg. min; d5-glycerol, 0.1 mol/kg- min; and
[1-'3C]palmitate, 0.04 gmol/kg-min. In each experiment the exact
infusion rate was determined by measuring the concentration of iso-
tope in the infusion mixture and multiplying that value by the infusion
rate of the solution (milliliters per minute). At the start ofthe constant
infusions, priming doses of 2-d1- and 6,6-d2-glucose were given (17.8
jsmol/kg). Glycerol and palmitate primes were not needed.

Experimental protocols
Glucagon experiments. In two protocols (n = 4 in each), the first 90
min involved only the infusion of the glucose, glycerol, and palmitate
tracers. Then, without interruption of the isotope, glucagon was in-
fused for the next 60 min. Two rates ofglucagon were used; in one case,
the glucagon infusion rate (2 ug/kg. min) was high enough to elicit the
maximum response to glucagon. The other infusion rate (5
ng/kg min) was designed to test the response to an elevated glucagon
concentration in the physiological range.

In the third group of studies the acute response to glucagon (n = 4)
was evaluated while endogenous insulin release was blocked. Before
the start of the isotope infusion, somatostatin (Serono, Inc., Denens,
Switzerland) was infused at the rate of 0.1 g/kg- min in order to
inhibit endogenous insulin and glucagon secretion. Basal replacement
of insulin (0.1 mU/kg. min) and glucagon (1 ng/kg. min) was then
accomplished by infusion. For 1-1.5 h, the exact replacement rate

of insulin was adjusted slightly so that a stable, normal blood glucose
concentration could be achieved. After that was accomplished no fur-
ther change was made in the basal replacement rates. The isotope
infusions described above were then started. After 90 min the glucagon
infusion rate was increased from 1 to 6 ng/kg. min and maintained at
that rate for the next 60 min. Thus, the increase in glucagon infusion
rate (above basal) was 5 ng/kg. min, which was the same infusion rate
as in the protocol without somatostatin (described above).

Epinephrine experiments. In six subjects the response to a low dose
epinephrine infusion was examined. After the initial basal period, in
which only tracers (2-d1, 6,6-d2-glucose, d5-glycerol, and [1-'3Clpal-
mitate) were infused, epinephrine was given as a constant infusion at
the rate of 0.03 ag/kg- min for 60 min. This rate was selected because
Clutter et al. (21) had previously shown that this rate of epinephrine
infusion was adequate to stimulate both glucose production and lipo-
lysis, yet the resulting plasma concentration of epinephrine (- 400
pg/ml) is in the same range as that observed in severely stressed pa-
tients (such as burned patients) (9).

Prednisone experiments. The response to prednisone treatment was
assessed in six subjects. All had participated in the epinephrine study,
as described above, and four also participated in the low dose glucagon
study. After the initial studies, they received 50 mg prednisone a day
for 4 d (total of200 mg). On the third day ofprednisone treatment, the
glucagon (low dose) experiment was repeated, and on the fourth day of
prednisone treatment the epinephrine experiment was repeated. To
assess the effect of prednisone alone, the values obtained in the two
basal periods after prednisone was averaged and compared with the
average basal value for that individual before prednisone treatment.
Similarly, the interactive effects of prednisone and epinephrine, and
prednisone and glucagon, were assessed by comparing the responses
with hormone infusion after prednisone treatment to the responses
observed before prednisone was given.

Hyperglycemia experiments. In each of the above protocols, the
plasma glucose concentration increased as a result of the treatment.
Therefore, we performed another protocol in four subjects in which the
response to hyperglycemia, independent of changes in insulin or glu-
cagon, was assessed. Somatostatin, basal insulin, basal glucagon, and
all isotopes were infused as described above. After basal values were
obtained, unlabeled glucose was infused at the rate of2 mg/kg min for
the next 90 min. The 90-min infusion of glucose was used to ensure
that a new physiological steady state would be achieved.

Glucagon and insulin were obtained from Eli Lilly & Co. (India-
napolis, IN) and E. R. Squibb & Sons, Inc. (Princeton, NJ), respec-
tively. Epinephrine was supplied by Upjohn Co. (Kalamazoo, MI).
Each hormone-infusion mixture was mixed freshly each day. The epi-
nephrine was diluted in saline containing ascorbic acid to prevent
oxidation. Prednisone (Elkins Sinn, Cherry Hill, NJ) was given orally
in 25-mg tablets.

In each experiment a blood sample was drawn before the start of
the isotope infusion. After an initial 60 min for isotope equilibrium to
be established, samples were drawn at 10-min intervals until the end of
the experiment. In all cases period I ended after 90 min, meaning
samples drawn at 60, 70, 80, and 90 min were used to obtain basal
values. The samples were then drawn at 10-min intervals throughout
the experimental perturbation in period II. Samples were analyzed for
isotopic enrichment and concentration of glucose, FFA, and glycerol,
as well as plasma concentrations ofinsulin, glucagon, and epinephrine.

Analysis ofsamples
The samples for glucagon and insulin analysis were collected in iced
tubes containing 0.05 ml of 15% EDTA and 0.2 mg of aprotinin and
centrifuged immediately. Plasma concentration of glucagon and insu-
lin were determined by radioimmunoassay using 6-15 antibody ob-
tained from Dr. Jonathan Jaspan of the University of Chicago (Chi-
cago, IL) and a kit from Micromedic Systems Inc. (Horsham, PA),
respectively. Plasma epinephrine concentration was measured by ra-
dioenzymatic assay (22). Plasma glucose concentration was measured
on a Beckman glucose autoanalyzer.

Blood for analysis of glucose enrichment was collected in heparin-
ized prechilled tubes. The blood was centrifuged immediately and the
plasma was frozen until the time ofanalysis. The plasma proteins were
precipitated and the supernatant passed sequentially through Dowex
AG-1-X8 and AG-50W-X8 anion and cation exchange columns. For
the determination of the enrichment of 6,6-d2-glucose, the pentaace-
tate derivative was formed; for the determination of 2-d1-glucose en-
richment, the trimethylsilyl derivative was formed. Measurement of
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isotopic enrichment of the two derivatives was performed using a
Hewlett-Packard 5985 gas chromatograph mass spectrometer
(GCMS). The ions at mass/charge ratio (m/e) 171:169 were selectively
monitored using the chemical ionization mode to determine 6,6-d2-
glucose enrichment, and ions at m/e 205:204 were selectively moni-
tored using electron impact ionization to determine 2-d1-glucose en-
richment. By using these ions, the molecular fragments included the
carbon position of interest (e.g., the 6 position), while excluding the
other labeled position in the molecule (e.g., the 2 position). We have
previously described the details of the mass spectrometry proce-
dures (8).

Samples to be analyzed for palmitate enrichment were first pro-
cessed for quantitative gas chromatography, with heptadecanoic acid
(0.05 mg/ml plasma) being added as an internal standard for subse-
quent measurement of FFA concentration by gas chromatography
using a Hewlett-Packard gas chromatograph (22). After conversion to
the methyl ester, [1-'3C]palmitic acid enrichment was determined by
GCMS as described previously (20).

The processing of samples for glycerol involved the addition of
[2-'3C]glycerol as an internal standard for concentration measure-
ment, precipitation of proteins with Ba(OH)2 and ZnSO4, and passing
the resultant supernatant sequentially through anion and cation ex-
change columns. The trimethylsilyl derivative was formed and isotopic
enrichment determined by GCMS using electron-impact ionization
(23). Ions were selectively monitored at m/e 205, 206, and 208 in order
to quantify the isotopic enrichment in the plasma resulting from the
d5-glycerol infusion (m/e 208) and the enrichment resulting from the
in vitro addition of [2-'3C]glycerol (m/e 206) for the purpose of deter-
mining concentration.

Calcuiations
The rate of appearance of palmitate (Ra palmitate), glycerol (Ra glyc-
erol), and glucose (Ra glucose) were calculated using the same general
approach.

In the basal period (samples 60-90 min), a physiological and iso-
topic steady state existed, meaning that neither concentration of sub-
strate nor isotopic enrichment was changing over time. Under these
conditions, Ra was calculated as: Ra (micromoles per kilogram times
minutes) = ([IEf]/[IEp] - l)F, where F is the isotope infusion rate
(micromoles per kilogram times minutes), IEf is the isotopic enrich-
ment of the infusate, and IEp is the isotopic enrichment of plasma
(mole percent excess) at isotopic equilibrium. We have discussed in
detail elsewhere the use ofthis equation with stable isotope tracers (24).

Since palmitate is thought to be typical of other long-chain fatty
acids, the relationship between flux and concentration of the other
fatty acids in plasma was assumed to be the same as for palmitate.
Therefore, Ra of total FFA = Ra of palmitate/[palmitate]/[total FFA],
where [palmitate] and [total FFA] are the concentrations of palmitate
and FFA, respectively.

The concentration of plasma glycerol was determined as follows:
unlabeled glycerol (micromoles per milliliter) = 0.004 ,mol/ml/MPE
- 0.004, when 0.004 Mmol of [2-'3C]glycerol was added to 1 ml ofeach
sample, and MPE is the mole percent excess of each sample as com-
pared with a sample from the same subject without [2-'3C]glycerol
added.

After the administration of glucagon or epinephrine or unlabeled
glucose, the steady state was disturbed. In this case, the nonsteady state
form of the Steele equation was used (after curve fitting of raw data)
(25). Ra = F - V[(C2 + C,)/2] [(IE2 - IE,)/(t2 - t1)]/(IE2 + IE1/2),
where C2 and C, are the concentrations at times t2 and t1, respectively;
IE2 and 1E, are the enrichments at times t2 and t,, respectively; and V is
the effective volume of distribution ofthe substrate. V was assumed to
be 40 ml/kg for palmitate, 210 ml/kg for glycerol, and 150 ml/kg for
glucose. During the hyperglycemia experiments, the rate of endoge-
nous glucose production was calculated by subtraction of the glucose
infusion rate from the calculated Ra.

Rate of substrate cycling was calculated as follows: rate of glucose
substrate cycling (micromoles per kilogram times minute) = Ra(2-dj)

- Ra(6,6d2), where Ra(24di) is the Ra of glucose as calculated by the
2-di-glucose, and Ra(6,64d2) is the Ra of glucose as calculated by the
6,6-drglucose: rate of TG/FA substrate cycling (micromoles per kilo-
gram times minutes) = 3 X R. glycerol - Ra FFA. The rationale for this
calculation is that for every glycerol released from triglyceride, three
fatty acids must also be released from triglyceride. Thus, if fatty acids
appear in the plasma at a rate less than three times Ra glycerol, some
reesterification of fatty acid must have occurred.

Statistical analysis
The value after treatment was compared statistically with the basal
value for the same group using the paired t test. Comparison between
groups were made using the nonpaired t test.

Results

In all cases, an isotopic and physiologic steady state existed in
period I. A representative example of isotope enrichment is
shown in Fig. 1. Average values for isotopic enrichment do not
reflect the steady state situation as clearly, since the standard
error of each point does not distinguish between intrasubject
variability (sample to sample) at equilibrium and intersubject
variability resulting from different isotopic infusion rates and
different turnover rates. Because a steady state was judged to
have been achieved in each case, the basal values were conse-
quently calculated by averaging the four basal enrichment
values, and dividing into the isotopic infusion rate.

Glucagon experiments. The high dose infusion increased
the glucagon concentration to > 5,000 pg/ml, whereas the low
dose infusion increased the glucagon concentration to form a
basal value of 153±35 to 453±56 pg/ml (mean±SEM). The
plasma glucose concentration significantly increased after both
glucagon infusions (Fig. 2). The infusion of somatostatin and
insulin did not affect the extent to which low dose glucagon
caused the glucose concentration to increase. The hyperglyce-
mia during the high dose glucagon was more exaggerated than
during the low dose protocols.
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Figure 1. Representative example of glucose, palmitate, and glycerol
enrichment from experiment in which the first 90 min involved only
the tracer infusion, and from 90 to 150 min glucagon was infused at
the rate of 6 ng/kg. min. Isotope infusion rates for this experiment
were as follows: 2-d1-glucose, 0. 183 ,umol/kg. min; 6,6-d2-glucose,
0.178 gmol/kg * min; [ 1-'3C]palmitate, 0.036 /mol/kg * min; and d5-
glycerol, 0.097 ,umol/kg. min. Units for enrichment are mole percent
excess (MPE).
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Figure 2. Glucose concentration before (basal) and during infusion
of glucagon at 5 ng/kg * min (low dose glucagon), or 2 gg/kg * min
(high dose glucagon). In the group given somatostatin (0.1
pg/kg- min), insulin was replaced at the rate of 0.1 mU/kg - min
throughout the entire experiment. Glucagon was infused at I
ng/kg. min in the basal period, and then the infusion was increased
to 6 ng/kg- min from 0 to 60 min of "glucagon infusion" period.

In the basal period, the insulin concentrations were compa-
rable in all three groups (high dose glucagon, 10±1 yIU/ml; low
dose glucagon, 8±1 ,U/ml; low dose glucagon plus somato-
statin and insulin replacement, 8±1 gU/ml; mean±SE). After
the high dose glucagon, insulin rose to an average value of
167±9 ,U/ml. The insulin concentration rose to 20±2 ,U/ml
after the low dose glucagon infusion. Insulin remained con-
stant throughout the somatostatin protocol (9±1 uU/ml after
glucagon infusion). These data are presented in Fig. 3.
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Figure 3. Insulin concentration during the infusion of high dose glu-
cagon (o), low dose glucagon (A), or low dose glucagon plus somato-
statin and replacement insulin (i). tSignificantly different from low
glucagon groups, P < 0.01. *Significantly different from low gluca-
gon and somatostatin group.

The basal values for Ra(2-di)- and Ra(6,6-d2)-glucose, and
glucose cycling, were similar in all groups (Figs. 4-7) (Table I).
Both Ra(2-dl)- and Ra(6,6-d2)-glucose were initially stimulated
by glucagon infusion in all groups (Figs. 4-6). Without so-
matostatin infusion, these values peaked at 20 min and de-
clined thereafter in both low and high dose glucagon groups.
When somatostatin plus constant basal insulin was infused,
the R,(6,6-d2)-glucose response was similar to the response
during the low dose infusion without somatostatin, but the
increase in Ra(2-dl)-glucose was sustained throughout the en-
tire infusion of glucagon (Fig. 6).

The responses of glucose cycling to glucagon are shown in
Fig. 7. All three groups had significant increases in cycling after
glucagon infusion. The peak value for glucose cycling was sig-
nificantly higher (P < 0.05) in all cases than the corresponding
basal value, as was the average value throughout the 60 min of
glucagon infusion (Table I). Comparison of the low glucagon
group versus the low glucagon plus somatostatin and basal
insulin replacement group indicated a prolonged stimulation
of cycling with somatostatin, since the values in the somato-
statin group at 50 and 60 min were significantly greater than
the corresponding values in the low dose glucagon group (P
< 0.05). No significant differences between the high and low
dose glucagon groups could be determined.

Low dose glucagon did not significantly affect Ra glycerol
or R. FFA (Fig. 8). Similarly, Ra glycerol was constant during
high dose glucagon but Ra FFA decreased from a basal value of
7.4±0.8 ,umol/kg min to a low value of 3.0±0.5 ,umol/
kg min. The fall in Ra FFA was not immediate but corre-
sponded to the inverse of the pattern of the change in glucose
concentration.

Similarly, low dose glucagon had no effect on TG/FA cy-
cling (Table II). The high dose glucagon group had an increase
in TG/FA cycling, due to an increased rate of reesterification
of fatty acids, while lipolysis (Ra glycerol) remained constant.

Low dose glucagon with somatostatin had no significant
effect on Ra glycerol, Ra FFA, and TG/FA cycling (Table II).

Epinephrine experiments. The epinephrine concentration
increased from a basal value of 106±19 to 453±56 pg/ml
(mean±SE) during the epinephrine infusion.

Epinephrine infusion caused a modest increase in both
Ra(2-dl)- and Ra(6,6-d2)-glucose (Fig. 9), but did not cause a
significant effect on glucose cycling (Table I). Plasma glucose
concentration nonetheless increased significantly, from a basal
value of 4.8±0.2 ,mol/ml to a peak value of 5.9±0.3 ,umol/ml
(mean±SE, P < 0.05). Insulin concentration did not increase
significantly.

On the other hand, the stimulatory effect ofepinephrine on
TG/FA cycling was significant (Table II), owing to the fact that
three times R. glycerol increased more than did R. FFA (Fig.
10). However, the effect of epinephrine on lipolysis was tran-
sient, and therefore the overall average rate of cycling during
epinephrine infusion was not significantly elevated (Table II).

Prednisone experiments. Prednisone treatment caused a
significant increase in the plasma glucose concentration, from
4.8±0.2 ,mol/ml before prednisone to 5.4±0.2 Mmol/ml after
prednisone (P < 0.05). Insulin concentration also significantly
increased from 9±1 uU/ml before prednisone to 17±2 gU/ml
after prednisone (P < 0.05). There were no significant effects
ofprednisone alone on basal glucose or TG/FA cycling (Tables
I and II). The response to glucagon infusion of Ra(2-dl)- and
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Table I. Glucose Substrate Cycling

Low dose glucagon Prednisone plus low Prednisone plus Glucose plus
Low dose glucagon High dose glucagon plus somatostatin Epinephrine dose glucagon epinephrine somatostatin

(n = 4) (n = 4) (n = 4) (n = 6) (n = 4) (n = 6) (n = 4)

Basal 5.3±0.9 4.4±0.8 6.8±1.6 3.4±0.8 4.9±0.7 2.9±0.8 6.4±1.3
Peak value 18.0±1.9* 25.8±6.0* 23.5±2.4* 6.9±2.3 7.7±1.7 9.8±3.2 10.5±3.8
Average value 12.4±1.9* 19.2±4.8* 15.8±2.7* 5.7±1.2 6.7±1.2 7.4±2.3 7.0±3.0

Units are micromoles per kilogram times minutes. Values are mean±SE. * Significantly different from basal value (P < 0.05).

Ra(6,6d2)-glucose, as well as the rate of glucose cycling, was
markedly blunted by prednisone (Fig. 4) (Table I). Ra FFA and
Ra glycerol were not affected by glucagon infusion after pred-
nisone treatment (Fig. 8). Prednisone treatment did not mod-
ify the response of either glucose cycling or TG/FA cycling to
epinephrine infusion (Tables I and II) (Figs. 9 and 10).

Hyperglycemia experiment. The role of hyperglycemia in
regulating glucose and TG/FA cycling was assessed, since all
hormone infusions caused increases in glucose concentration.
Plasma glucose concentration increased from a basal value of
5.3±0.4 ,umol/ml to a value of 9.3±0.6 ,mol/ml (mean±SE, P
< 0.05) in this group. Basal values for R. in this group were
comparable with corresponding values in other groups (Figs.
11 and 12). Hyperglycemia caused a significant suppression of
endogenous glucose production when assessed with 6,6-d2-
glucose (P < 0.05), but the average reduction in Ra(2-d1)-glu-
cose was not statistically significant (Fig. 1 1). Consequently,
the calculated value for glucose cycling increased slightly, but
not significantly (Table I). Hyperglycemia, in the absence of
changes in glucagon and insulin, caused slight but significant
reductions in both Ra glycerol and Ra FFA (P < 0.05) (Fig. 12),
but the calculated increase in TG/FA cycling was not signifi-
cant (Table II).

Discussion

Although substrate cycles were proposed over twenty years ago
to be important in the regulation ofenergy metabolism (1), the
assessment of substrate cycling in human subjects has only
recently been undertaken (8-14). Whereas these recent studies
have established the existence of substrate cycling in humans,
there is little evidence regarding the factors regulating the rate
of cycling. In this study we have assessed the acute response to
elevations in glucagon and epinephrine, as well as the response
to a chronic elevation in glucocorticoid activity. Our results
indicate that glucagon markedly stimulates glucose cycling,
but has little direct effect on TG/FA cycling. In contrast, epi-
nephrine stimulates TG/FA cycling, but has minimal effect on
glucose cycling. The glucagon effect on glucose cycling is
counteracted by an inhibitory action of insulin, but hypergly-
cemia does not affect either glucose or TG/FA cycling. We did
not observe a direct effect of glucocorticoid treatment on ei-
ther glucose or TG/FA cycling, but the response of glucose
cycling to glucagon was blunted after glucocorticoid treat-
ment.

The rationale for the use of glucose labeled in different
positions to quantify glucose cycling derives from the different
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Figure 4. Ra of glucose calculated with different tracers to low dose
glucagon infusion before (A) and after (B) 3 d of treatment with
prednisone.
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statin, insulin, and glu-
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I to 6 ng/kg. min after
basal values were ob-
tained.

steps in the metabolism of glucose at which the hydrogen (or
deuterium) is lost. The deuterium at position 2 is lost in the
phosphoglucose isomerase step, so most label will be removed
before glucose-6-phosphate leaves to become either glycogen
or advances through glycolysis, or recycles back to glucose.
Therefore, a molecule that cycles through the glucose/glucose-
6-phosphate cycle will lose the deuterium at position 2, but not

0--0 High Dose Glucagon
*.--- Low Dose Glucigon + Somatostatin

-- Low Dose Glucagon

BASAL 100 30 40 50 60

Minutes of Glucagon Infusion

Figure 7. Rate of gluconeogenic/glycolytic substrate cycling after glu-
cagon infusion. #Significant difference (P < 0.05) from low dose glu-
cagon infusion (without somatostatin).
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Figure 8. Effect of low dose glucagon infusion before (A) and after
(B) prednisone treatment on the Ra of glycerol and FFA.

the deuterium from position 6. The deuterium from position 6
of glucose is lost during carboxylation of pyruvate into oxalo-
acetate, and equilibrium with dicarboxylic acids. Thus, if a
molecule cycles through the glucose cycle (glucose/glucose-
6P-glucose) it will lose the label in the 2 position, but not in the
6 position. Consequently, the difference between the Ra of
glucose as calculated using the different tracers will reflect the
rate of glucose cycling.

There is little possibility that this method of estimating the
rate of glucose cycling will overestimate the true values by
virtue of glucose going to glycerol-6P, being incorporated into
triglyceride, then released as glycerol and reincorporated into
glucose. Although this pathway would theoretically add to the
calculation of Ra2-Ra6 (since the 2D would be lost but the 6D
would be retained), the quantitative aspect of this cycle is vir-
tually nil. Using a high rate of infusion of [1-'3C]glucose, we
found that < 1% of the glycerol flux is derived from plasma
glucose labeled (15). Since the percentage contribution of glyc-
erol to glucose output in postabsorptive man is < 5% (26), the
amount of apparent glucose substrate cycling that might actu-
ally be occurring by this alternative route is insignificant.

The interpretation that the difference between Ra2 and Ra6
equals the rate of glucose cycle activity varies from our pre-
vious claim that Ra2 - Ra6 equaled the sum ofthe glucose and
the fructose cycles (8). The rationale for our previous interpre-
tation was that a substrate cycle in the metabolism of glucose
could be quantified if a label in one position of glucose is lost
in that cycle, while a label from another position is not lost. In
that case, the rate of the glucose cycle would equal Ra2 - Ra3
(since the 3 deuterium is not lost in the glucose cycle), and the
rate of the fructose cycle would equal Ra3 - Ra6 (since the 6
deuterium is lost in the fructose cycle, and the 6 deuterium are
not lost). This general approach has been used by others for
calculation ofboth the rate ofthe glucose cycle (14, 27, 28) and
the fructose cycle (29). If each substrate cycle is calculated as
described above, then, the sum of the two cycles would be
equal (Ra2 - Ra3) + (Ra3 - Ra6) = Ra2 - Ra6. However,
whereas there is general agreement that Ra3 - Ra6 provides a
reflection of fructose cycle activity, it is now evident to us that
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Table II. TG/FA Substrate Cycling

Low dose glucagon Prednisone plus low Prednisone plus Glucose plus
Low dose glucagon High dose glucagon plus somatostatin Epinephrine dose glucagon epinephrine somatostatin

(n = 4) (n = 4) (n = 4) (n = 6) (n = 4) (n = 6) (n = 4)

Basal 0.7±1.0 0.9±0.9 1.2±0.3 0.4±0.4 0.5±0.3 0.4±0.5 0.4±0.3
Peak value 0.6±0.8 4.8±0.7* 1.4±0.1 4.9±0.9* 2.1±0.9 6.4±2.7* 1.0±0.6
Average value 0.1±0.2 3.8±0.7* 1.1±0.2 1.0±0.5 0.7±0.4 2.5±2.2 0.7±0.3

Units are micromoles per kilogram times minutes. Values are mean±SE. * Significantly different from basal value (P < 0.05).

the use ofR52 - R53 as a reflection of glucose cycle activity is
valid only when hepatic fructose cycling is zero. Although this
appears to be the case in postabsorptive humans (1 1), the lack
of universality of the definition of R.2 - R.3 invalidates the
extrapolation described above that led us to the conclusion
that R52 - Ra6 equals the sum ofglucose plus fructose cycling.

A more appropriate manner in which to interpret the glu-
cose data is that Ra2 measures all new glucose production, plus
that which has cycled through the glucose cycle, while R.6
measures only new glucose production. Therefore, R.2 - Ra6
equals the rate of glucose cycle activity.

There is general agreement that glucose cycling occurs in
normal human subjects in the postabsorptive state, but there is
some discrepancy in the precise quantitation ofthat rate. Two
other studies in which glucose cycling was determined with
radioisotopes in normal volunteers have recently been re-
ported (10, 1 1), and both papers reported rates of cycling that
were lower than the value we have reported using stable iso-
topes. We have recently found that a systematic difference
between radioisotopes and stable isotopes cannot explain this
discrepancy. In a separate study we have compared the Ra
of glucose as determined simultaneously with 2-D-glucose
(R52D) and [2-3H]glucose (R523H) in conscious rats. The aver-
age values for R.2D and Ra23H were 5.85±0.29 and 5.98±0.34
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Mean ± SE
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mg/kg min, respectively (unpublished observation). These
values are obviously not different. It is possible that the differ-
ences in cycling rates between the various studies in humans
simply reflects the difficulty of precise quantitation of all nec-
essary factors, rather than any systemic differences. Thus, Bell
et al. (10) reported a value for Ra23H of 15 ,mol/kg-min,
almost precisely equal to our overall average value of 14.6
Amol/kg * min. Although Karlander et al. (1 1) reported a lower
value for Ra23H (12.1 Asmol/kg* min), their value for Ra63H of
10.3 timol/kg. min was similar to our value for Ra6D of 9.8
Amol/kg* min. We are confident that our method of analysis
induced no bias that would have resulted in an overestimation
ofRa2 - Ra6. First, there was no possibility of crosscontamin-
ation of isotopic enrichment at the two positions. The frag-
ment used to analyze the enrichment of 2-D-glucose has a

2 3
structure of [(CH3)3SiOCHCHOSi(CH3)3]+, whereas the struc-
ture ofthe fragment used to analyze 6,6-d2-glucose enrichment

6 543
is (C2H302CH2CCCHC202H3)+. Thus, enrichment at the 2
position could not affect the apparent enrichment at the 6
position, or vice versa. Since both fragments exclude the 1
position, any deuterium that was not lost from the 6 position
and was subsequently recycled into glucose would not be con-
sidered in the measurement of the enrichment of 2-D-glucose.
Furthermore, the 6-D enrichment would not be significantly
affected by such recycling either, since the mass increase due to
recycling would be reflected by an increase in the ratio of m/e
170:169, and would not have a noticeable effect on the ratio of
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Figure 9. Effect of epinephrine infusion (0.03 /Ag/kg * min) on Ra of
glucose calculated with different tracers before (A) and after (B) pred-
nisone treatment.

Minutes Of Epinephrine Infusion

Figure 10. Effect of epinephrine infusion on the Ra of FFA and glyc-
erol before (A) and after (B) prednisone treatment.
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ioll/Kg.mln possibility of recycled 3H from the 6 position contributing to
10-theapparent enrichment at the 2 position is not excluded. This

would cause an underestimation of Ra23H. In contrast, the
* Ra 2d, GLUCOSE detritiation procedure used by Bell et al. (10) to determine the
o Ra 6W2 GLUCOSE specific activity in position 2 should exclude any enrichment

in position 1. This could be the explanation ofwhy Karlander
!0 - et al. (1 1) obtained a slightly lower value for Ra2 than either

Bell et al. (10) or ourselves. Another possible problem in the
radioactive technique is that, regardless of the method of sepa-
ration ofthe 2 and 6 positions, the untestable assumption must
be made that with each sample the ion exchange chromatogra-

10 <>9 w I T phy successfully eliminates 100% ofother labeled compounds,
such as lactate and alanine. If this is not accomplished, the
difference between Ra2 and Ra6 will be underestimated with
either technique. Another potential problem in the radioactive

|1A'_- T techniques is the uncertain extent to which complete separa-
0 , -'- _ tion of the activity of the 2 and 6 positions is accomplished.

Basal 30 40 50 60 70 80 90 This was reported to vary between 86 and 97% by Karlander et
al. (1 1), but it is not clear how the recovery of each individual

Minutes of Glucose Infusion sample processed was determined. Also, due to limitations in
ure 11. Effect of glucose infusion (2 mg/kg. min) on rate of en- the amount of radioactivity that can be administered to
,enous glucose production calculated with different tracers. human subjects, low counts are obtained, leading to less preci-

sion in determining specific activity. Finally, it is erroneous to
assume that the true value for glucose cycling in the volunteers

e 171:169, which was used to monitor the enrichment of studied by Karlander et al. (I 1) was the same as for our sub-
-d2-glucose. The technique we used to measure isotopic en- jects, as our subjects were much younger (age range, 20 to 32
hment can reliably determine the known levels of natural yr) than their subjects (age range, 33 to 60 yr). Given all the
indance of stable isotopes of a glucose standard, and the potential pitfalls of both the stable and radioisotope tech-
fficient of variation on five repeat analyses of the same niques, and the differences in the subjects studied, it is interest-
nple (in the range of isotopic enrichment used in this study) ing that the calculated values from the different studies are as
:onsistently below 2%. Finally, because of mass spectrum close as they are. In the context of the present study, we place
ntification, there is little possibility of contamination of the more emphasis on the relative changes in cycling rates induced
cose peak with another compound that would cause spuri- by specific treatments than with the exact rate of glucose cy-

s analysis of glucose enrichment. cling in absolute terms.
There are several potential sources of errors in the analysis The interpretation of the 2-d1- and 6,6-d2-glucose data
specific activity of different positions of glucose. In the would be complicated ifsome 6,6-d2-glucose was incorporated
thod used by Karlander et al. (11), the radioactivity in the 1 into hepatic glycogen during the basal period, then released as
sition is not distinguished from that in position 2, thus the a consequence ofhormone infusion. In that case, the apparent

stimulation of glucose cycling during hormone infusion would
mol/Kg.min not reflect the simultaneous activity of glucokinase and glu-
9 cose-6-phosphatase, but rather only the activity of glucose-6-

phosphatase, since the labeled glucose coming from glycogen
* Ra FFA breakdown would have been incorporated into the glycogen in
o Ra Glycerol the preceding period. However, our results argue against this

being an important problem. In the fasting (basal) state, little

6- glycogen synthesis would be expected. Secondly, epinephrine
is known to be a potent stimulator ofglycogen breakdown, yet
only a minor increase in glucose cycling was observed during

Yv T epinephrine infusion. Thirdly, the magnitude of the increase
in glucose cycling after glucagon was large compared with any
artifact due to release of isotope from glycogen. In the basal

3- period, glucose uptake averaged 1 I gmol/kg. mm, or 1,000
gmol/kg over the 90-min period. Since the volunteers were

2-t_5! _2_ g ___g__ aid___ ___ fasting, the assumption that 10% of this glucose uptake (100
gtmol/kg) went directly to glycogen would almost certainly be
an overestimate. Nonetheless, even if that large estimate of

0 hepatic glycogen synthesis during fasting is assumed, and in
Basal 30 40 50 60 70 80 90 the further unlikely event that glucagon infusion stimulated

the complete release of all of that newly synthesized glycogen,
this would still account for < 10% of the increase in glucose

gure 12. Effect of glucose infusion on the Ra of FFA and glycerol. cycling over the 60 min during the high dose glucagon infusion
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(1,140 gmol/kg) (Table I). Consequently, there is little doubt
that glucagon stimulates glucose cycling.

The stimulation ofglucose cycling by glucagon might have
been expected, on the one hand, since the stimulation of glu-
cose-6-phosphatase by glucagon is well established (30). On the
other hand, increased glucose cycling also requires a simulta-
neous increase in glucokinase activity. Although it has been
shown that glucagon must be present for the maintenance of
the regular activity of glucokinase (30), a direct stimulatory
effect of glucagon on glucokinase has not been demonstrated.
However, hyperglycemia does stimulate glucokinase (30).
Consequently, the increased glucose cycling during glucagon
infusion may have been the combined result ofdirect stimula-
tion of glucose-6-phosphatase by glucagon, and the stimula-
tion ofglucokinase by the resulting hyperglycemia. Ifhypergly-
cemia was responsible for the stimulation of glucokinase, an
insulin response to the hyperglucagonemia/hyperglycemia was
not necessary for such an effect. In fact, comparison of the
glucose cycling responses in the low dose glucagon groups with
and without somatostatin plus insulin replacement leads to the
conclusion that insulin inhibits glucose cycling. Glucose cy-
cling decreased during the low dose glucagon infusion coinci-
dental with the rise in insulin concentration, and when the
insulin concentration was held constant throughout the gluca-
gon infusion, glucose cycling continued to increase throughout
the infusion period. The finding of an inhibitory effect of in-
sulin on glucose cycling is consistent with the results reported
by Efendic et al. (14), who found that elevated glucose cycling
was a characteristic of early type two diabetes. These investi-
gators concluded that normally functioning insulin is neces-
sary for the suppression of glucose cycling (14). However, the
results from our experiment in which high dose glucagon was
infused might appear to be at odds with this conclusion, since
the glucose cycling rate was elevated despite a large increase in
insulin concentration. Alternatively, it is likely that this insulin
response dampened what would have been an even larger, and
more sustained, increase in cycling had the insulin response
been blocked with somatostatin. The peak in glucose cycling
during high dose glucagon was reached by 20 min of infusion,
at a time when the insulin response had not yet reached maxi-
mum (Fig. 3). As the insulin reached the maximum levels later
in the infusion, the glucose cycling decreased, despite a persis-
tently high concentration of glucagon.

A potential complication of the use of somatostatin plus
insulin replacement is that growth hormone secretion is also
suppressed by somatostatin. It is possible that growth hormone
might affect glucose cycling, as it has recently been reported
that acromegalic patients with marked increases in growth
hormone concentration had a significant increase in glucose
cycling (12). However, the magnitude of the increase in these
patients was small (1.0 gmol/kg min), raising the possibility
that less extreme variations in growth hormone would not
affect glucose cycling at all. This possibility is supported by the
fact that growth hormone infusion in normal volunteers had
no effect on basal glucose production (31, 32). Furthermore, in
our study when somatostatin was infused growth hormone was
suppressed throughout both the basal and experimental pe-
riods, so any effect of increasing the glucagon infusion rate
could not be ascribed to a change in growth hormone. Thus, it
is extremely unlikely that failure to replace growth hormone
when somatostatin was infused in any way influenced our

conclusions regarding the effect of glucagon or glucose sub-
strate cycling.

Two potential types ofTG/FA cycle activity are possible in
vivo: "intracellular," in which the FFA never leave the adipo-
cyte before reesterification, and "extracellular," in which the
FFA are released into the plasma, whereupon they are cleared
from the plasma and reesterified. We have previously de-
scribed how both of these pathways can be determined in
humans (15). The calculation of the extracellular recycling
requires knowledge ofthe total rate of fat oxidation, which can
be determined by indirect calorimetry. In the present study,
however, we were unable to quantify the rate of total fat oxi-
dation during hormone infusion. The response to each hor-
mone was transient, and our ability to measure oxygen con-
sumption and CO2 production was not sufficiently accurate to
quantify substrate oxidation in a rapidly changing nonsteady
state. Consequently, we have calculated only intracellular
TG/FA cycling. Since it is assumed that all fatty acids that do
not enter the plasma are reesterified, the calculation of intra-
cellular recycling overestimates the process by the amount of
fatty acids that do not enter the sampled plasma pool before
oxidation. Nonetheless, in our experience, changes in intracel-
lular cycling correspond closely to changes in total cycling
(9, 15).

The results from in vitro studies have suggested a stimula-
tory effect of glucagon on lipolysis (17, 18). Our results indi-
cate that this effect may occur in vivo as well, since Ra glycerol
was maintained despite the elevation in plasma glucose and
insulin concentration. Increases in either insulin or glucose
concentration would have been expected normally to reduce
Ra glycerol by themselves (15), as seen in Fig. 12. However, the
physiological significance of the glucagon effect on lipolysis is
minimal, since the amount of FFA mobilized during glucose
infusion actually decreased modestly, presumably reflecting
the direct inhibitory effect of glucose on lipolysis (Fig. 12), as
well as the stimulatory effect of glucose and insulin on reester-
ification (15). The stimulatory effect of high dose glucagon on
TG/FA cycling was almost certainly due to the resultant hy-
perglycemia and hyperinsulinemia stimulating reesterifica-
tion, since Ra glycerol was no higher than during low dose
glucagon infusion, when cycling was not significantly in-
creased and the plasma glucose and insulin levels were much
lower.

Whereas the predominant effect of glucagon is on glucose
kinetics, epinephrine primarily exerts its effect on lipid ki-
netics. However, the direct effect of epinephrine on lipolysis
(as reflected by Ra glycerol) can only be observed in the early
phase of response (first 20 min), because the resulting increase
in plasma glucose concentration counteracts the lipolytic ef-
fect of epinephrine. It seems likely that epinephrine exerts an
effect not only on lipolysis but also on reesterification. Al-
though plasma glucose concentration rose during epinephrine
infusion, the peak in TG/FA cycling occurred at - 10-20 min
of epinephrine infusion. At this time the plasma glucose con-
centration had risen only modestly. Thus, it may be that stim-
ulation of lipolysis is accompanied by a certain increase in
direct reesterification due to an increase in intracellular fatty
acid concentration. Whereas hyperglycemia may augment the
reesterification process, it does not appear to be necessary for
an increased rate of reesterification during epinephrine infu-
sion.
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The direct effect of epinephrine on both lipolysis and rees-
terification is supported by a recent study we performed in
severely burned patients in whom plasma epinephrine con-
centration was significantly elevated (9). In the basal state,
these patients had elevated rates of lipolysis and of TG/FA
cycling (fivefold elevation). When they were given beta adren-
ergic blockade, the rate of lipolysis was reduced significantly,
as was the rate ofTG/FA cycling, yet there was minimal effect
on plasma glucose concentration, glucose production, or glu-
cose cycling (9).

We had anticipated both a direct effect of glucocorticoid
treatment on substrate cycling as well as an interactive effect of
glucocorticoids with both glucagon and epinephrine. The pri-
mary basis for this expectation was a study by Issekutz in
conscious dogs (6). Issekutz observed an eightfold increase in
glucose cycling with methylprednisolone treatment alone, and
a significant amplification ofthe stimulatory effect ofglucagon
on substrate cycling when it was given after methylpredniso-
lone treatment. In contrast to the finding of Issekutz (6), we
observed no effect of prednisone treatment alone on either
glucose or TG/FA cycling. Our observation is consistent with
the results ofother investigators who found no effect ofcortisol
infusion on total glucose production in both dogs (33) and
man (34). Furthermore, rather than a synergistic effect with
glucagon, we found that prednisone treatment blunted the re-
sponse of glucose kinetics to glucagon infusion (Table I).
Owing to the inhibitory effect of insulin on glucose cycling, it
seems likely that the insulin response to the prednisone treat-
ment counteracted any direct effect of prednisone on glucose
cycling. Furthermore, this insulin response to prednisone was
apparently pronounced enough to also block the normal stim-
ulatory effect of glucagon. This explanation could only be
proven by repeating the studies involving prednisone treat-
ment while simultaneously inhibiting the insulin response.

Whereas the prednisone treatment blunted the response of
glucose cycling to glucagon, it did not affect the stimulation of
TG/FA cycling by epinephrine (Fig. 10 B and Table II). This is
consistent with our conclusion cited above that epinephrine
works directly to stimulate TG/FA cycling, rather than being
dependent on changes in glucose and/or insulin concentration
to stimulate reesterification. The insulin concentration during
epinephrine infusion was much higher after prednisone treat-
ment than before, yet the response of both Ra glycerol and Ra
FFA were almost exactly the same on each study day (Fig. 10,
A and B).

We have attempted to elucidate the role of hyperglycemia,
per se, in the control ofsubstrate cycling, because the hormone
treatments tested caused the blood glucose concentration to
increase significantly. We observed no significant effect of hy-
perglycemia on glucose cycling, which is consistent with the
recent report of Bell et al. (10). As reported in the dog (35),
hyperglycemia had an inhibitory effect on lipolysis and a cor-
responding effect on FFA mobilization. In contrast, we have
previously observed that when glucose is infused and insulin is
allowed to increase, reesterification is stimulated more than
lipolysis is inhibited, so that TG/FA cycling increases (15). By
deduction, it appears insulin is necessary for hyperglycemia to
effectively increase reesterification.

One of the major physiological roles of substrate cycles has
been proposed to be their contribution to overall energy ex-
penditure. Since ATP is hydrolyzed with each revolution of a

cycle, but there is no net conversion of substrate to product,
there is an increase in thermogenesis and energy expenditure
(1). As explained above, in this study we were not able to relate
the observed changes in substrate cycling with directly mea-
sured rates of energy expenditure. Nonetheless, the changes in
substrate cycling that we observed are consistent with other
experiments assessing the role of hormones on metabolic rate.
It has recently been shown that glucagon stimulates metabolic
rate in normal volunteers and that this effect is counteracted
by insulin (36). Our data indicate that increased glucose cy-
cling may be a biochemical basis for a glucagon-induced in-
crease in energy expenditure. Similarly, it seems likely that
sympathetic nervous system stimulation increases metabolic
rate in man (37). Our data suggest that increased TG/FA cy-
cling may contribute to this response.

Since, by definition, the existence ofsubstrate cycles results
in increased energy expenditure without any change in either
the amount of substrate or product, the physiological signifi-
cance of these cycles has been debated. One perspective is that
these "futile" cycles serve no purpose beyond thermogenesis
(2). Alternatively, Newsholme and Crabtree (1) have demon-
strated that substrate cycling can provide a mechanism ofvari-
able sensitivity for the control of flux. They have shown theo-
retically that cycling will amplify the control of flux to a given
change in regulator (e.g., hormone) concentration by 1 + C/J,
where C is the rate ofcycling and J is the rate of flux. Although
this calculation may not be strictly applicable to the in vivo
situation, it nonetheless is useful in addressing the issue of
whether metabolic cycling is futile, or if it serves an important
role in metabolic regulation. Inspection of the data from the
TG/FA data in our study reveals that sensitivity was amplified
by stimulation of cycling by epinephrine. Epinephrine infu-
sion increased 1 + C/J from 1.06 to 1.37 when given alone,
and from 1.07 to 1.51 when infused after prednisone treat-
ment. The 30-50% amplification of sensitivity of control of
FFA flux by TG/FA cycling induced by epinephrine is consis-
tent with the fact that severely burned patients given propran-
olol had a reduction in 1 + C/J (for TG/FA cycling and FFA
flux) from 1.84 to 1.39 (9). The finding that epinephrine in-
creases the sensitivity ofcontrol ofthe rate ofrelease ofFFA by
means of stimulating TG/FA cycling in humans is consistent
with studies done in animals (7), and confirms the importance
of this substrate cycle in the regulation of metabolism. In con-
trast, the marked stimulation of glucose cycling by glucagon
was not accompanied by a concomitant increase in 1 + C/J.
Although 1 + C/J increased after glucagon by 8-12% (average
over 1 h) in each group, this is a small amount when compared
with the magnitude of increase in cycling rate (from 150 to
300%). Furthermore, it has been pointed out that increased
glucose cycling contributes to the lack ofglycemic control after
glucose infusions in type II diabetes (13), and since glucose
cycling is elevated in burned patients (9), it is likely that the
hyperglycemia that results during glucose infusions in those
patients is also in part the consequence of increased glucose
cycling. Thus, it may be a mistake to generalize as to whether
substrate cycling in humans is futile, or if it plays an important
role in amplifying the enzymatic control of substrate flux.
Clearly, changes in TG/FA cycling can modify control ofFFA
flux, but it is uncertain if there are conditions in which stimu-
lation of the glucose cycle would result in an amplification of
metabolic control of hepatic glucose output.
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