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Abstract

Substrate, or futile cycles, have been hypothesized to be under
hormonal control, and important in metabolic regulation and
thermogenesis. To define the role of thyroid hormones in the
regulation of substrate cycling in glycolysis and gluconeogenesis,
we measured rates of cycling in nornial (a = 4), hypothyroid
(a = 5), and hyperthyroid (a = 5) subjects employing a stable
isotope turnover technique. Glucose labeled with deuterium at
different positions (2-D1-, 3-Di-9 and 6,6D2-glucose) was given
as a primed-constant infusion in tracer doses, and arterialized
plasma samples were obtained and analyzed by gas-chroma-
tography mass-spectrometry for the steady state enrichment
of glucose that was labeled at the various positions. The rate
of appearance (Ra) was then calculated for each isotopic tracer.
The difference between the Ra determined by 2-DI-glucose
(Ra2) and the Ra determined by 3-D,-glucose (Ra3) represents
the substrate cycling rate (SCR) between glucose and glucose-
6-phosphate. The difference between the Ba determined by 3-
i)-glucose (Ba3) and the Ra determined by 6,6-D-glucose
(RaG) represents the SCR between fructbse-phosphate and
fructose-1,6-diphosphate. The difference between Ra2 and Rat
represents the combined SCRof both cycles.

In normal subjects (serum thyroxine jT41 = 8.4±1.2 ug/dl
(all expressions, mean±SD), a = 4), the rates of appearance
for Ra2, RA3, and Raf were 3.23±0.56, 2.64+0.50, and
2.00±0.27 mg/kg min, respectively, whereas those in the
hypothyroid subjects (T4 = 1.0±0.8 pg/dl; = 5) were
1.77±0.56 (P < 0.01), 1.52, 1.57±031 (P < 0.05) mg/kg. n-n,
respectively. Conversely, the rates of appearance for Ra2 and
Ba4 in the hyperthyroid subjects (T4 = 23.9±3.6 pg/dl) were
3.94±0.43 (P < 0.05) and 2.54±0.22 (P < 0.02), respectively,
compared with the normal subjects. On the basis of these data,
we noted that the normal subjects had a combined SCR of
1.23±035 mg/kg min. In contrast, the hypothyroid patients
had a significantly decreased combined SCR, 0.20±0.54 mg/
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kg. miOn (P < 0.02). The hyperthyroid patients had a combined
SCRof 139±0.23 mg/kg - min (P < NS).

To determine whether these cycles responded to thyroid
hormone treatment, these same hypothyroid subjects were
acutely treated for 1 wk with parenteral 50 pg/d sodium L-
triiodothyronine and chronically with 100-150 jug/d L-thyroxine.
After 7 d, their mean oxygen consumption rate and carbon
dioxide production rate increased significantly from 102±13
;tmol/kg * min, to 147±34 Amol/kg miin (P < 0.05), and from
76±13 umol/kg min to 111±19 pmol/kg min (P <0.05),
respectively. The combined SCR (Ra2-RaJ) remained un-
changed at 0.07±037 mg/kg. min. However, after 6 mo of
oral L-thyroxine therapy (T4 = 9.5±1.4 pg/dl) the treated
hypothyroid patients had increased their combined SCR (Ra2
- Ba4) to 0.86±0.23 mg/kg min (P < 0.02), a value not sig-
nificantly different from the combined SCRof normal subjects.

Weconclude that substrate cycling between glucose and
glucose-6-phosphate and between fructose-6-phosphate and
fructose-1,6-diphosphate occurs in man and is affected by
thyroid hormone. Substrate cycles may represent a mechanism
by which thyroid hormone alters the sensitivity of certain
reactions to metabolic signals.

Introduction

A substrate, or futile cycle, occurs when two opposing non-
equilibrium reactions, catalyzed by separate enzymes, operate
simultaneously, with a net result of heat production by hydro-
lysis of ATP. These cycles may be important in the sensitivity
and flexibility of metabolic regulation (1-4). It has also been
hypothesized that substrate cycles are under hormonal control
and that they play a role in the regulation of body weight and
thermogenesis (2). Whereas the existence of such cycles has
been demonstrated to occur in vitro and in several in vivo
studies (3, 4), their existence and potential for hormonal
regulation in man has not been well established. Therefore,
the goals of these experiments were to determine: (a) whether
the hepatic substrate cycles of glycolysis and gluconeogenesis
were detectable in normal man; (b) whether their activities
were modified in the hypothyroid and hyperthyroid states; and
(c) whether their activities in hypothyroid individuals were
altered by acute and/or chronic thyroid hormone therapy. We
have examined the substrate cycles between glucose and glucose-
6-phosphate, and between fructose-6-phosphate and fructose-
1,6-diphosphate.

Methods

These experiments involved three groups of subjects: (a) normal
volunteers, (b) hyperthyroid patients, and (c) hypothyroid patients.
Patients were excluded from the study if they had other active medical
illnesses or were taking medications. Their body dimensions and
laboratory data are shown in Table I. All subjects gave informed
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consent. The protocol was reviewed and approved by the Massachusetts
General Hospital Subcommittee on Human Studies.

Normal subjects. Four normal subjects, two males and two females,
ages 35-50, served as controls.

Hyperthyroid patients. Five patients, two males and three females,
ages 22-59. All had diffuse toxic goiter and typical clinical features of
hyperthyroidism, including a recent history of heat intolerance and
weight loss despite an increased appetite. All patients met chemical
criteria for hyperthyroidism with elevated serum thyroxine (T4)' (> 12
jsg/dl) and triiodothyronine (TT3) concentrations (> 195 ng/dl).

Hypothyroid patients. Five patients, one male and four females,
ages 30-74. All patients had clinical features of hypothyroidism,
including cold intolerance and weight gain despite no change in
appetite. They also met chemical criteria for hypothyroidism. with a
low serum thyroxine 'concentration (<4.0 jig/dl) and an elevated serum
thyrotropin (TSH) concentration (> 3.5 MU/ml).

The hypothyroid subjects were restudied after 1 wk of 50 Usg/d
parenteral sodium L-TT3 (Sigma Chemical Co., St. Louis, MO) and
again after 6 mo of 100- 150 usg/d of sodium L-thyroxine treatment
(Flint-Travenol Laboratories, Deerfield, IL) when they were clinic ally
and chemically euthyroicd.

Procedure. All subjects were studied at 0800 after a 12 h overnight
fast. An in-dwelling catheter was inserted into the right brachiocephalic
vein and a blood sample was taken to determine the background
enrichment of glucose. In six subjects (all four normal subjects and
two hypothyroid patients (J.L. and R.F.J), a primed-constant infusion
of a solution containing 2-deuterated; 2-D1-, 3-deuterated;, 3-D1-, and
6,6-deuterated; 6,6-D2-glucose was then started. In all the remaining
subjects only 2-D,- and 6,6-D~2-glucose were given. The primer consisted
of a single bolus injection (2 mg/kg) of each tracer. The tracers were
infused for 60 min at a rate of 0.0 19 mg/kg. min (pump rate 0.781
ml/min), except for 3-D-glucose, which was infused at a rate of 0.0 16
mg/kg. -min. Blood samples were obtained from a vein in the left
hand, which was placed in a thermostatically controlled chamber kept
at 680C to arterialize the blood (5). Over the first 45 min of isotope
infusion', two 6-mmn collections of expired air were made in Douglas
bags using a Rudolph 3-way valve for determination of oxygen
consumption (V02) and carbon dioxide production (VC02). Blood
samples for the determination of the enrichment of glucose at the 2,
3, and 6 positions and subsequent calculations of glucose turnover and
substrate cycling were obtained at 40, 45, 50, 55, and 60 min into the
infusion. Insulin and glucagon determinations were performed on the
45- and 55-mmn samples. Previous experience indicated this length of
infusion would be adequate to reach an isotopic plateau.

Stable isotopes. 2-D-glucose (90 atom percentage excess [APE]) was
obtained from Cambridge Isotopes (Cambridge, MA). 3-D-glucose (97
APE) and 6,6-D2-glucose (98 APE) were obtained from Merck Isotopes
(Montreal, Canada). The isotopes were dissolved in water passed
through a 22-,gm Amicon filter (Danvers, MA) and tested for sterility
and pyrogens before infusion.

Analytical techniques. All blood samples were immediately placed
on ice. Plasma was separated by centrifugation and stored frozen at
-300C for subsequent analysis. Aliquots for glucagon analysis were
placed in tubes with aprotinin and sodium EDTA. Serum glucose
determinations were perfopned with a glucose autoanalyzer (Beckman
Instruments, Inc., Fullerton, CA). Insulin and glucagon concentrations
were determined by double antibody radioimmunoassays as previously
described (6, 7). The oxyg'ep, carbon dioxide, and nitrogen concentra-
tions in the expired air were analyzjed on a Perkin Elmer model 1100
medical gas analyzer -(Wilton, CT). The volume was determined by

1. Abbreviations used in this paper: APE, atom percent excess;
BMR, basal metabolic rate; CI, chemical ionization; 2-D1, 3-D1, and
6,6-ED2, 2-, 3-, and 6,6-deuterated; El, electron impact; Ra, rate of
appearance; SCR, substraWp cycling rate; T4, serum thyroxine; T3,
triiodothyronine; TSH, serum thyrotropin; 1173, triiodothyronine; V02,
oxygen consumption; VIC02, carbon dioxide production.

means of a gasometer (Warren Collins Co., Braintree, MA) and
corrected to standard temperature and pressure, dry.

Gas-chromatography mass-spectrometry analysis of 2-D-,
3-r)-, and 6,6-Drglucose
Analysis. All analyses were performed on a Hewlett-Packard 5985
quadrapole gas-chromatograph mass-spectrometer. Plasma glucose was
initially separated as described prvosy (8) using Dowex AGlI-X8
and AG-50W-X8 anion and cation ion exchange resins. The penta-
acetyl derivative of glucose was formed by adding acetic anhydride
and pyridine to the dried glucose sample, and heating at 1000C for 5
min. Approximately 1 gl of the acetic anhydride solution was used for
analysis.

A 3-ft glass coil packed with 3% OV-l01 was used for the
chromatographic separation with the temperature programmed from
1750C to 2500C at a rate of 20'C/min. In the electron impact (El)
mode, helium carrier gas was used with a flow rate of 20 ml/min. In
the chemical ionization (CI) mode, methane was used both as the
carrier and the reagent gas with a flow rate of 20 ml/min. The retention
time was ~-2 min. Two anomeric peaks were observable and were
integrated together or separately with identical results.

Since some of the samples contained three isotopic isomers with
potential variation in enrichment at each position, all three positions
in these samples were measured for 'each data point. The structure of
the molecule and its resulting fragmentation patterns created a degree
of interference in the analysis of each position from one or both of
the other two. This interference was not alleviated by the use of the
butyl-boronate or trimethylsilyl derivatives. Therefore, corrections for
the interfering enrichments were made in the following manner: Both
(70 eV) El ionization and methane CI were used to take advantage of
particular fragments or enhanced signal abundances which occurred
in each mode. The sum of the 2-D,- and 3-D1-glucose enrichments
were measured by monitoring the ratio of the ion abundance at m/e
116.1 to that at m/e 115.1 in the El spectrum. The ionic fragment at
mass 115.1 contains both the number 2- and 3-carbon of glucose, but
it does not contain the number 6-carbon. This was verified by analyzing
the fragmentation patterns of the three infusates, individually. The ion
in the CI spectrum occurring at m/e 169.1 contains the 3- and the 6-
carbon, but does not contain the 2-carbon. Therefore, the 3-D,-glUCOSe
(M + 1) value was Measured by monitoring the m/e, ratio 170.1:169. 1,
and the 6-D,2-glucose (M + 2) value was measured by monitoring the
m/e ratio of 171.1:169. 1. A correction factor was applied for the
interfering signal at m/e 17 1.1 created by the 3-D3-glucose spectrum
overlapping the 17 1.1 abundance of the 6-D2glucose spectrum. Similarly,
the 170.1 value in the 3-D,-glucose measurement was corrected for the
170.1 overlap from the 6-D2-glucose spectrum. After determining the
corrected value for the enrichment of the, 3-D,-glucose molecule, this
value was subtracted from the measured value at the m/e 1 16.1 to
obtain the 2-D1-glucose enrichment.

The APE of the labeled molecules is defined as the enrichment of
the isotopic ion relative to the sum of all isotopic and nonisotopic ions
at the same mass.

APE = (R/[R + I]) X 100, where R is the ratio difference between
the enriched and background (bkgrd) value normalized to 1. APE

R
+ (100%) = ([in + alumpi. - [m + aJbk)/([m + aJ,..mk - [m

+ aJbk)+ 1 (1 00%), where a is 1, 2, 3, etc. (depending on the number
of mass units the isotopic ion is above the nonisotopic ion), mn + a is
the mass of the isotopic ion, and [mn + a] is the abundance of the
isotopic ion, mn + a, relative to the nonisotopic ion, m, the latter being
normalized to 1.

Calculations. In all cases, a dynamnic steady state was achieved in
the enrichment of plasma glucose (Fig. 1). Therefore, the rate of
appearance (Ra) for each isotope can be calculated as follows (9): 2-
Di-glucose (Ra2) = (infusion rate of 2-D-glucose)/(IE 2-D-glucose)

X100, 3-Di-glucose (Ra3) = (infusion rate of 3-D-glucose)/IE 3-D>
glucose) X 100, 6,6-D2-glucose (Ra.6) =(infusion rate of 6-D2-glucose)/
JE 6-ED2-glucose) X 100, where JE is the isotopic enrichment in APE.
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The rates of substrate cycling can be calculated as follows: substrate
cycling rate (SCR) of glucose/glucose-6-phosphate = Ra2- Ra3; SCR
of fructose-6-phosphate/fructose-1,6-diphosphate = Ra3 - Ra6; com-
bined SCk between glucose/glucose-6-phosphate and between fructose-
6-phosphate/fructose-1,6-diphosphate = Ra2- Ra6.

The statistical significance of differences between groups was cal-
culated using the t test. One way of analysis of variance was employed
for analysis of serial data in the hypothyroid subjects before and after
treatment.

Results

Pretreatment clinical and hormonal data. The ages, body
dimensions, and clinical and laboratory findings in the normal,
hypothyroid, and hyperthyroid subjects are summarized in
Table I. The mean fasting plasma glucose, insulin, and glucagon
concentrations were the following: 97±13 mg/dl, 15±4 AU/
ml, and 123±62 pg/ml, respectively, in the normal subjects;
100±1 1 mg/dl, 24±6 AU/ml, and 1 19±43 pg/ml, respectively,
in the hyperthyroid subjects; and 88±9 mg/dl, 15±4 AU/ml,
and 148±31 pg/ml, respectively, in the hypothyroid subjects.
Concentrations did not differ significantly among the three
groups.

Pretreatment substrate cycling. A typical plasma enrichment
time course for 2-DI-, 3-D,-, and 6,6-D2-glucose in a subject
during a primed-constant infusion of these tracers is shown in
Fig. 1. After 40 min, there was negligible variation in the
enrichment of 2-Dl-, 3-DI-, and 6,6-D2-glucose over the sampling
period, and therefore, steady state conditions are applicable.

The turnover rates calculated using 2-DI-, 3-DI-, 6,6-D2-
glucose, and the oxygen consumption (V02) and carbon dioxide
production (VCO2) rates in the three study groups are shown
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Figure 1. Representative enrichment time courses for 2-D-glucose, 3-
D-glucose, 6,6-D2-glucose from subject J.L. after a primed-constant
infusion of 2-Diglucose, 3-o-glucose, 6,6-D2glucose. Infusion rates for
2-D-glucose, 3-D-glucose, 6,6-D-glucose were 0.019, 0.016, 0.019 mg/
kg min, respectively.

in Table II. There was a significant decrease in the Ra2 and
Ra6 in the hypothyroid group, their values being 1.77±0.56
mg/kg. min (P < 0.01) and 1.57±0.31 mg/kg. min (P < 0.05),
respectively, compared with 3.23±0.56 mg/kg. min and
2.00±0.27 mg/kg min, respectively, in the euthyroid controls.
In contrast, the hyperthyroid subjects had a significant increase
in the mean Ra2 and Ra4 of 3.94±0.43 mg/kg min (P < 0.05)
and 2.54±0.22 mg/kg - min (P < 0.02), respectively, compared
to the euthyroid controls.

The combined rates of SCRbetween glucose and glucose-
6-phosphate, and between fructose-6-phosphate and fructose-
1,6-diphosphate as determined by Ra2 - Ra were 1.23±0.35
mg/kg min in the normal group compared to significantly

Table 1. Base-line Clinical and Laboratory Data, Normal, Hyperthyroid and Hypothyroid Subjects

Subject Age Sex Height Weight T4 TT3 TSH

cm kg cg/dl ng/dl AU/ml
Euthyroid controls

B.W. 35 M 196 86 8.7 126 1.9
P.L. 35 M 178 84 7.1 105 2.8
J.P. 53 F 165 64 7.7 147 2.5
D.G. 50 F 155 50 9.9 121 0.5
Mean 43 174 71 8.4 125 1.9
±SD ±10 ±18 ±17 i±.2 ±17 ±1.0

Hyperthyroid patients
J.P. 41 M 186 87 23.3 691 <0.5
D.H. 29 F 182 66 21.5 575
M.C. 27 F 165 58 22.8 577 <0.5
L.S. 26 F 146 54 21.8 568 <0.5
T.K. 59 M 175 61 30.2 566 <0.5
Mean 36 171 65 23.9 595
±SD +14 ±16 ±13 ±3.6 ±54

Hypothyroid patients
J.L. 55 F 167 64 1.4 37 28
D.D. 39 M 158 76 1.1 43 116
R.F. 42 F 162 50 0.2 25 242
J.F. 54 F 165 89 2.0 73 115
D.B. 74 F 151 49 0.1 5 156
Mean 53 161 66 1.0 37 131
±SD +14 +6 ±17 ±0.8 ±25 ±78
Normal values 4-12 70-185 0.5-3.5
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Table II. Metabolic Data: Normal, Hyperthyroid, and Hypothyroid Subjects

Subject Ra2 Ra3 RIL Ra2 - Ra3 Ra3- Ra6 Ra2 - Ra6 V02 VCO2

mg/kg- min mg/lkg min mg/lkg min mg/kg min mg/kg- min mg/lkg min pmol/kg min nol/kg- min
Euthyroid controls

B.W. 3.81 2.81 2.38 1.00 0.43 1.43 123 88
P.L. 3.05 1.90 1.93 1.15 -0.03 1.12 147 112
J.P. 3.53 2.83 1.96 0.70 0.87 1.57 158 118
D.G. 2.53 3.00 1.74 -0.47 1.26 0.79 146 130
Mean 3.23 2.64 2.00 0.60 0.64 1.23 143 112
±SD ±0.56 ±0.50 ±0.27 ±0.73 ±0.56 +0.35 ±15 +18

Hyperthyroid patients
J.P. 3.96 2.52 1.44 230 165
D.H. 3.28 2.19 1.09 235 162
M.C. 4.46 2.74 1.72
L.S. 3.88 2.54 1.34 234 119
T.K. 4.11 2.73 1.38 227 163
Mean 3.94* 2.54t 1.39§ 23811 165*
±SD ±0.43 ±0.22 ±0.23 ±15 +35

Hypothyroid patients
J.L. 1.21 1.25 1.31 -0.04 -0.06 -0.10 98 71
D.D. 1.28 1.36 -0.08
R.F. 1.78 1.78 1.74 0 0.04 0.04 112 69
J.F. 2.56 1.40 1.16 85 69
D.B. 2.04 2.04 0 111 96
Mean 1.771 1.52 1.57** -0.02 -0.01 0.20#4 10214 76**
±SD ±0.56 ±0.31 ±0.54 ±13 +13

*P < 0.05. t P < 0.02. § P < NS. P < 0.01. I P < 0.05. **P < 0.01. P < 0.02.

reduced rates of 0.20±0.54 mg/kg- min (P < 0.02) in the
hypothyroid group. The hyperthyroid group showed a higher
but not significant increase in the combined SCRof 1.39±0.23
mg/kg min. In the two hypothyroid subjects in which 3-D-
glucose was infused (J.L. and R.F.), the rates of substrate
cycling in both cycles (Ra2- Ra3 and Ra3 - Ra6) were each
suppressed to approximately the same extent.

The mean V02 and VCO2 rates were significantly reduced
to 102±13 umol/kg. min (P < 0.02) and 76.0±13 ,mol/kg. min
(P < 0.05), respectively, in the hypothyroid group, and were
significantly increased to 238±15 umol/kg- min (P < 0.01)
and 165±35 umol/kg. min (P < 0.05), respectively, in the
hyperthyroid group, as compared to 143±15 ,umol/kg. min
and 1 12±18 gmol/kg mmin, respectively, in the normal subjects.

Effect of acute and chronic thyroid hormone therapy in
hypothyroid patients. The clinical and laboratory data for the
hypothyroid subjects after 1 wk of parenteral triiodothyronine
50 4g/d are shown in Table Ill. The mean serum triiodothy-
ronine concentration level rose significantly from a mean value
of 37±25 to 357±29 ng/dl (P < 0.001), whereas the mean
serum TSH levels fell significantly from 131±78 uU/ml to
2.0±1.1 ,uU/ml (P < 0.05). The mean serum T4, fasting plasma
glucose, insulin, and glucagon concentrations remained un-
changed compared to pretreatment levels, the means being
1.0±0.9 Asg/dl, 84±15 mg/dl, 15±9 ,uU/ml, and 124±48 pg/
ml, respectively. The mean V02 and VCO2 both increased
significantly from their pretreatment levels, 102±13 ,umol/
kg-min and 76±13 gmol/kg.min, respectively, to 147±34
,umol/kg * min (P < 0.05) and 111 ± 19 ,umol/kg * min (P < 0.05),
respectively (Table IV). However, Ra2 and Ra6 were unchanged
with no resultant change in the substrate cycling rates.

Table III. Clinical and Laboratory Data:
Hypothyroid Patients After Treatment with Triiodothyronine*
and After Treatment with L-Thyroxinet

Subject Weight T4 iT3 TSH

kg pg/dl ng/dl PU/m,
Hypothyroid patients with

1 wk triiodothyro-
nine treatment

J.L. 61 1.2 336 1.9
D.D. 75 1.3 316 3.6
R.F. 50 0.1 371 2.2
J.F. 91 2.2 378 2.7
D.B. 49 0.1 382 <0.5
Mean 65 1.0 357§ 2.0"
+SD ±18 ±0.9 ±29 ±1.1

Hypothyroid patients with
6 mo of L-thyroxine
treatment

J.L. 66 9.2 124 0.9
D.D. 80 9.0 154 8.5
R.F. 47 8.9 150 1.0
J.F. 89 12.0 153 <0.5
D.B. 47 8.6 144 <0.5
Mean 66 9.5¶ 145 2.3
+SD ±19 ±1.4 ±12 ±3.5
Normal values 4-12 70-185 0.5-3.5

*50 lg/d X 1 wk.
t 100-150 Ig/d X 6 mo.
§ P < 0.001 before vs. after 1 wk triiodothyronine treatment.
"P < 0.05 before vs. after 1 wk triiodothyronine treatment.
¶ P < 0.01 before vs. after 6 mo L-thyroxine treatment.
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Table IV. Metabolic Data: Hypothyroid Subjects After Treatment with Triiodothyronine
(50 ug/dl X I wk) and After Treatment with Thyroxine (100-150 gtg/d X 6 mo)

Subject Ra2 Ra3 Ra6 Ra2 - Ra3 Ra3 - Ra6 Ra2 - Ra6 V02 VCO2

mg/kg. min mg/kg- min mg/kg- min mg/kg- min mg/kg- min mg/kg.- min mol/kg - min jmol/kg- min
Hypothyroid patients after

I wk triiodothyro-
nine treatment

J.L. 1.12 1.10 1.31 0.02 -0.21 -0.19 150 110
D.D. 1.55 1.54 0.01

R.F. 1.47 1.51 1.62 -0.04 -0.11 -0.15 183 130
J.F. 2.45 1.73 0.72 100 85
D.B. 2.16 2.20 -0.04 154 119
Mean 1.75*§ 1.30 1.68*§ -0.01 -0.16 0.07§ 147f§ 111 §
±SD ±0.54 ±0.33 ±0.37 ±34 ±19

Hypothyroid patients after
6 mo of L-thyroxine
treatment

J.L. 2.91 2.48 1.90 0.43 0.58 1.01 130 107
D.D. 2.81 1.84 0.97
R.F. 3.11 2.51 2.11 0.60 0.40 1.00 178 128
J.F. 2.87 2.00 0.87 122 93
D.B. 2.75 2.29 0.46 130 108
Mean 2.8911** 2.50 2.031** 0.52 0.49 0.8611** 135* ** 110* **

±SD 0.14 ±0.18 ±0.23 ±25 +12

* P < NS. t P < 0.05. § Before vs. after 1 wk triiodothyronine treatment. "l P < 0.02. ¶ P < 0.01. **Before vs. after 6 mo thyroxine
treatment.

After 6 mo of T4 treatment, normalization of the serum
T4 and TT3 levels was documented in all of the hypothyroid
subjects (Table III). The mean fasting plasma glucose, insulin,
and glucagon levels remained unchanged at 93±6 mg/dl, 16±7
,gU/ml, and 107±63 pg/ml, respectively, compared with both
the pretreatment values and those obtained after 1 wk of
parenteral T3 treatment. The V02 and VCO2rates also remained
unchanged compared to their levels obtained 1 wk after T3
treatment (Table 4). The increase in serum T4 was paralleled
by a significant increase in Ra2 to 2.89±0.14 Amol/kg min (P
< 0.02) and Ra6 to 2.03±0.18 gmol/kg - min (P < 0.01) (Table
IV) compared to the values obtained before treatment. The
posttreatment Ra2 and Ra6 values were not significantly different
from the mean levels in the normal control group (Table I).
The mean combined rate of substrate cycling increased signif-
icantly to 0.86±0.23 mg/kg min (Table IV) compared to 1
wk after T3 treatment, 0.07±0.37 mg/kg- min (P < 0.02). It
was not significantly different from the combined rate of
substrate cycling observed in the normal subjects of 1.23±0.35
mg/kg- min (Table II).

Discussion

Wehave studied substrate cycling rates between glucose and
glucose-6-phosphate, and between fructose-6-phosphate and
fructose-1,6-diphosphate in euthyroid, hypothyroid, and hy-
perthyroid man determined by differences in steady state
appearance rates of 2-DI-glucose, 3-Di-glucose and 6,6-D2-
glucose. Wehave found the following: (a) these cycles existed
in normal man and could be detected using a stable isotope
technique; (b) the combined rate of these two substrates cycles
was significantly less in hypothyroid patients than in normal

subjects; (c) the rate of these two substrate cycles tended to be
higher in hyperthyroid subjects compared to normal subjects;
(d) despite normalization of the Vo2 and VCO2after 1 wk of
parenteral L-triiodothyronine treatment (50 tig/d) in the hy-
pothyroid subjects, the rate of substrate cycling between these
two steps remained low (5). After 6 moof L-thyroxine treatment
(100-150 gg/d) in these same subjects and attainment of
euthyroid indices, the substrate cycling rates between these
two steps returned to normal.

The concept that glycolytic enzymes are completely sup-
pressed during active gluconeogenesis has recently been ques-
tioned because of the demonstration of glucose/glucose-6-
phosphate (10) and fructose-6-phosphate/fructose-1,6-diphos-
phate cycles in liver (11). Newsholme and Underwood (1)
were the first to propose a role of substrate cycling in providing
flexibility of metabolic regulation and thermogenesis. They
also proposed that substrate cycling may be under hormonal
control enabling hormones to alter the magnitude of tissue
responses to a metabolic signal without changing the biochem-
istry of the basic control mechanisms (2).

To approximate the SCRs, we employed a labeled substrate
that undergoes a site specific transformation that persists after
recycling. This technique has already been used successfully
in vitro (3, 4) and in vivo (12-26). Since deuterium at position
2 of glucose is cleaved at the level of the phosphoglucose
isomerase step, most D2 will be removed before glucose-6-
phosphate leaves to become either glycogen or plasma glucose
(27). The deuterium at position 3 of glucose appears on the
Cl of dihydroxyacetone phosphate and is cleaved during the
isomerization to glyceraldehyde-3-phosphate (28). A glucose
molecule that cycles through the glucose/glucose-6-phosphate
cycle, but not through the fructose-6-phosphate/fructose-1,6-
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diphosphate cycle, will lose the deuterium at position 2 but
not the deuterium from position 3. Thus, the difference
between Ra2 and Ra3 serves as an index of substrate cycling
between glucose and glucose-6-phosphate. Similarly, the deu-
terium from position 6 at glucose is replaced during carboxy-
lation of pyruvate into oxoloacetate, and equilibration with
dicarboxylic acids (3). The Ra measured by means of 6,6-2-
glucose will include molecules that have cycled through glucose/
glucose-6-phosphate or fructose-6-phosphate/fructose- 1 ,6-di-
phosphate. Therefore, the difference between Ra3 and Ra6 can
be used to assess the SCRbetween fructose-6-phosphate and
fructose-1,6-diphosphate. The difference between Ra2 and Ra6
reflects the combined SCR between glucose and glucose-6-
phosphate, and between fructose-6-phosphate and fructose-
1,6-diphosphate.

Both of these calculations rely on the following assumptions:
(a) nonenzymatic exchange of the deuterated label does not
occur; that (b) the hexose isomerase and triose isomerase steps
operate at a rate much faster than the net flux; and that (c)
the pentose pathway in the liver operates at a negligible rate
compared to the total flux of glucose down the glycolytic
pathway. With regard to the first of these assumptions, in vivo
studies have demonstrated that the difference between the
slopes of the specific activities of plasma glucose after intra-
venous injection of either [2-3H]glucose or [1-14C]glucose is
abolished by evisceration and nephrectomy (29). This suggests
that the difference observed in normal rats is due to the
reincorporation of "'C atoms into newly released glucose and
not to a nonmetabolic tritium-proton exchange of plasma
glucose. In regard to the second assumption, while it is unlikely
that the rate of phosphohexose isomerase is rapid enough to
cause complete loss of the 2-d label at the glucose-6-phosphate
level, it is probable that this reaction is fast enough to cause
almost complete exchange (4). That the rate of the isomerase
steps greatly exceeds net flux is supported by the observations
of Katz and Rognstad (6), who injected rats with 2-tritiated-
glucose and found that the label was promptly lost and
virtually completely recovered in body water. To the extent
that the 2 d is not lost and there is recycling of 2-D-glucose,
then, the calculation of glucose/glucose-6-phosphate recycling
by Ra2 - Ra3 would underestimate the rate at this step. In
analogous fashion, the calculation of the SCRbetween fructose-
6-phosphate and fructose-1 ,6-diphosphate relies on the as-
sumption that triose phosphate isomerase operates much more
rapidly than the net flux, and that the aldolase reaction is
rapid and readily reversible. In support of these assumptions,
it has been shown that the exchange of hydrogens from
positions 3, 4, and 5 of glucose is more extensive than the one
occurring during the reaction catalyzed by the phosphoglucose
isomerase, and that the retention of tritium in fructose di-
phosphate is small (30).

Finally, the calculation of the SCRbetween glucose/glucose-
6-phosphate assumes that there is only minimal activity of the
pentose cycle pathway and that this is not significantly altered
by thyroid hormone treatment. Any activity of this cycle will
cause additional loss of deuterium from the 2-position of
glucose and lead to an overestimation of the SCR between
glucose and glucose-6-phosphate. It has been calculated that
-8% of glucose is metabolized by the hexose monophosphate

pathway in man (31) and that this activity was not altered in
hepatocytes taken from T3-treated rats (32).

In summary, these data support the reliability of our
observations of hepatic substrate cycling based upon this
technique and its inherent assumptions.

Ra2 and Rak were less in the hypothyroid patients and
greater in the hyperthyroid patients compared to the normal
subjects (Table II). These observations are in accord with those
of Saunders et al. (33) and McCulloch et al. (34) who found
that glucose turnover rates as determined by [3-3H]glucose
infusions were significantly increased in hyperthyroid subjects
and decreased in hypothyroid subjects compared to normal.
Our observations are also in agreement with the rat studies of
Ui and Okajima (17), in which the turnover rates of [2-3H]-
and [6-3H]glucose were found to be increased in rats made
hyperthyroid by daily injections of L-thyroxine and decreased
in rats made hypothyroid by treatment with methylthiouracil.

The combined SCRwas significantly lower in our hypo-
thyroid subjects. In two of the hypothyroid subjects the indi-
vidual cycles were shown to be equally suppressed and essen-
tially nondetectable during hypothyroidism (Table II). These
results are also in agreement with those of Ui and Okajima
( 17) who found that substrate cycling as assessed by differences
in replacement rates of [2-3H]glucose and [6-3H]glucose was
significantly decreased in hypothyroid rats. These workers also
found a significant increase in these substrate cycles in their
hyperthyroid-induced rats, whereas our hyperthyroid patients
had a slight but not significant increase in their combined
SCR. This difference might reflect a species difference, a
difference between response in spontaneous and experimental
hyperthyroidism, or a more severely hyperthyroid state. In
man, McCulloch et al. (34) also found an increase in glucose
recycling in thyrotoxicosis and a decrease in recycling in
primary thyroid failure as assessed by measuring the difference
in turnover rates of [3-3H]glucose and [l-'4C]glucose. However,
this technique does not distinguish between intrahepatic sub-
strate cycling and cycling that occurs between the liver and
the periphery (i.e., glucose-alanine, glucose-lactate). Further-
more, since the tritium in the third position is lost at the level
of the triose isomerase step, this technique does not include
recycling between glucose and glucose-6-phosphate.

Our value for the combined SCR in normal subjects as
defined by Ra2 - Ra is comparable to the value found by
Altszuler et al. (12) in normal dogs, assuming Ra [6-'4C]glucose
(corrected for recycling) is approximately equal to Ra, 6,6-D2-
glucose. However, our values for the differences between Ra2
- Ra3 and Ra3 - Ra6 may be higher than those previously
found. Several studies (12, 15, 17, 35) in animals have found
significant differences in turnover rates between Ra2 and Ra3,
whereas another study in man could find only a very small
difference (36). Similarly, some studies done in animals have
been able to detect differences in turnover rates between Ra3
and Ra6 (17), whereas others could detect little or none (12,
15, 35). The differences between our results and some of those
in the literature may reflect species variation although this
would not explain the discrepancy between our results and
those of Efendic et al. (36). It is also possible that methodological
discrepancies are responsible for some of these reported differ-
ences, since both the radioactive technique and the stable
isotope technique have potential limitations. The tritium label
technique relies on chemical separation, or in doing the
different isotope infusions in the same subject on different
days. In contrast to the radioisotope technique, the stable
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isotope technique distinguishes the label on the various species
without ambiguity, but the amount of radioactive glucose
present can be more accurately determined than the isotopic
enrichment of stable isotopes, particularly when all three stable
isotopes are present simultaneously. For these reasons, and the
small number of subjects infused with 3-D-glucose, we have
based all of our conclusions on the Ra2- Ra6 data, and have
not made any conclusions about the separate rates of the two
substrate cycles included in that value. Nonetheless, it is worth
noting that in the two hypothyroid subjects in whom 3-D-
glucose was infused there was no difference between Ra3 and
Ra4, whereas in the two controls the difference was 0.56 mg/
kg min (Table I).

The mechanism(s) underlying changes in the SCRs in
hypo- and hyperthyroidism remain to be established. These
changes could not be accounted for by variations in the major
glucoregulatory hormones insulin and glucagon. It has been
shown that the activity of glucose-6-phosphate is decreased in
hypothyroid rats (37) and that the activities of both glucokinase
(38) and glucose-6-phosphatase (37) are increased in the hy-
perthyroid state (although the activity of the latter enzyme has
also been reported to be decreased in the hyperthyroid state)
(38). It is, therefore, plausible that similar changes might occur
for phosphofructokinase and fructose-1,6-diphosphatase.

Since heat production owing to ATP dissipation occurs
during operation of substrate cycling, it has been hypothesized
that substrate cycling may account for a significant fraction of
the basal metabolic rate (BMR). Alterations in substrate cycling
in hypo- and hyperthyroid patients might be partially respon-
sible for some of the calorigenic effects of thyroid hormone.
The rate of heat production from substrate cycling can be
estimated from the equation dhJdt = htnc, where ht is the heat
released by the hydrolysis of 1 mol of ATP and rephosphory-
lation of I mol of ADP, n is the number of ATP molecules
hydrolyzed to ADP per revolution of the cycle, and c is the
rate of cycling in moles/unit time (2). It has been shown that
for each mole of ATP synthesized and hydrolyzed, 17.4 kcal
of heat are released when the substrate is carbohydrate (2). It
can be approximated that the decrease in SCRobserved in the
hypothyroid patients can account for -20 kcal/d (17.4 kcal/
mol ATP X 2 X 0.556 mol ATP/d).

Whereas this accounts for <2%of the total basal metabolic
rate, this quantity of heat represents the amount of energy
generated from only two hepatic substrate cycles in the basal
state. Since there are several possible substrate cycles, not only
in the liver but in muscle and other tissues, it is conceivable
that substrate cycling may account for a significant fraction of
the BMR. After 1 wk of acute T3 therapy, Ra2, Ra3, and Ra6
were unchanged in the hypothyroid subjects despite significantly
elevated T3 levels (Tables III and IV). In contrast, their V02
and VC02 both normalized with this treatment. This suggests
that these two cycles by themselves do not contribute signifi-
cantly to the total BMR, and is in agreement with our
calculations as stated above. However, it does not rule out the
possibility that other substrate cycles exist that do normalize
acutely and contribute to normalization of the overall BMR.
Indeed, the phosphoenolpyruvate substrate cycle, measured by
13C nuclear magnetic resonance techniques, in isolated rat
hepatocytes has been shown to be regulated by thyroid hormone
such that after I wk of T3 treatment there was a 35% increase
in the SCR(39). After 6 moof T4 treatment and establishment

of the euthyroid state in the hypothyroid group, Ra2, Ra3, and
Ra6, the calculated rates of substrate cycling were all normalized.

We conclude that substrate cycling between glucose and
glucose-6-phosphate and between fructose-6-phosphate and
fructose-1,6-diphosphate occurs in man and is affected in part
by thyroid hormone. This effect is independent of the other
major glucoregulatory hormones-insulin and glucagon. Sub-
strate cycles may represent a mechanism by which thyroid
hormone alters the sensitivity of certain reactions to metabolic
signals. The mechanism behind these changes in substrate
cycling remains to be elucidated.
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