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ABSTRACT. Iodide oxidation and binding to proteins require
a thyroperoxidase and an ill defined H,0,;-generating system.
The NADP* supply and, thus, NADPH oxidation are the lim-
iting steps of the pentose phosphate pathway. The purpose of
this work was to test the hypothesis that H,O, generation is a
limiting step of iodination and NADPH oxidation and, therefore,
of the pentose phosphate pathway. H,0, produced by dog thyroid
slices was measured with the homovanillic fluorescence assay.
Our data show that H;O, generation is stimulated by both the
cAMP cascade [as activated by TSH, forskolin and (Bu).cAMP]
and the Ca®*-phosphatidylinositol cascade (as activated by car-
bamylcholine, ionomycin, and 12-O-tetradecanoylphorbol-13-
acetate). We used several physiological and pharmacological
agents that modulate iodide organification. In all cases there
was a strict parallelism between effects on H,0, generation,

iodide binding to proteins, and pentose phosphate pathway
activity. Moreover, in TSH- or carbamylcholine-stimulated
slices, glucose or Ca®* depletion, which greatly depressed H,0,
generation, also greatly decreased iodide organification and the
activity of the pentose phosphate pathway. The glutathione
peroxidase-catalyzed H,0O. reduction in the cytosol, which in-
volves NADPH oxidation and, therefore, increases the NADP
supply, also enhances the activity of the pentose phosphate
pathway.

All of these data strongly support the hypothesis that H,O,
generation in dog thyroid controls iodination of proteins;
through the NADPH oxidation resulting from H;0; production
and reduction, hydrogen peroxide also regulates the activity of
the pentose phosphate pathway. (Endocrinology 128: 779-785,
1991)

HE IODINATING system of the thyroid consists

of a thyroperoxidase which oxidizes iodide in the
presence of H,0, and an ill defined H,0,-generating
system using NADPH, as coenzyme (1, 2). lodination
can be much increased by exogenous H,0, in thyroid
slices and acellular systems (3, 4). On the other hand,
TSH stimulates both iodination and H,0, generation (5,
6). On this basis, it had been proposed that H,O, gener-
ation is the limiting step in iodination in the thyroid cell
(7). TSH also activates the pentose phosphate pathway
in the thyroid. NADP* supply and, thus, NADPH oxi-
dation limit the activity of this pathway (8). As the
generation of H,0, requires NADPH oxidation, it was
also hypothesized that the stimulation of the pentose
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phosphate pathway might result from activation of the
H,0,-generating system (7). The purpose of this work
was to clarify the relationships among H,0, generation,
protein iodination, and glucose oxidation in dog thyroid
slices.

Materials and Methods
Products

Horseradish peroxidase type II, homovanillic acid, 12-O-
tetradecanoylphorbol 13-acetate (TPA), and TRH were pur-
chased from Sigma Chemical Co. (St. Louis, MO), carbamyl-
choline (Cchol) from K and K (Plain View, NY), ionomycin
(Iono) from Calbiochem-Behring (La Jolla, CA), forskolin
(FSK) from Hoechst Pharmaceuticals (Bombay, India), bovine
TSH (Thytropar) from Armour Pharmaceutical Co (Phoe-
nix, AZ), catalase and (Bu),cAMP from Boehringer Pharma
(Mannheim, Germany), prostaglandin F, (PGF,) from Upjohn
Co. (Kalamazoo, MI), sodium fluoride from Merck (Darmstadt,
Germany), and D-[1-"*C]glucose and D-[6-C]glucose from
Amersham (Amersham, England). All other reagents were of
the purest grade commercially available.

On the day of the experiment, dogs were anesthetized with
pentobarbital, and the thyroid lobes were resected and sliced
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at room temperature with a Stadie-Riggs microtome (Arthur
Thomas, Philadelphia, PA). Thyroid slices (30-50 mg) were
weighed and then incubated at 37 C in 2 ml Krebs-HEPES
buffer (KRH) or Krebs-Ringer bicarbonate (KRB), pH 7.4,
supplemented with glucose 8 X 107 M and 0.5 g/L BSA. For
KRB medium the gas phase was 95% 0,-5% CO,; for KRH it
was air.

H,0, was estimated according to the method of Benard and
Brault (6) based on the conversion of the nonfluorescent sub-
strate homovanillic acid to a fluorescent derivative in the
presence of H,0, and horseradish peroxidase.

Except when indicated, thyroid slices were always preincu-
bated for 1 h in KRH medium and then transferred to fresh
medium containing horseradish peroxidase (type II; 0.1 mg/
ml), homovanillic acid (0.44 mM), and various agonists. Slices
were incubated for 90 min, and at the end of the incubation
the medium was collected on ice. The fluorescence of the
incubation medium was measured in a Perkin-Elmer LS3 fluor-
imeter (A-excitation, 315 nM; A-emission 425 nM). Fluorescence
is stable for several hours at 4 C. The H,O, concentrations
measured represent the accumulation of H,0O, generated, which
has diffused from the cells and reacted with homovanillic acid.
They do not allow calculation of the real concentration of H;0,
at the iodination site.

Iodide organification was measured as described by Rodesch
et al. (9). Briefly, slices were incubated for 45 min in KRB or
KRH medium supplemented with KI (4 X 10~ M) and **!I (0.5
©Ci/ml) and homogenized in a methimazole solution (2 X 107°
M). The proteins were precipitated with 10% trichloroacetic
acid and counted in a well-type Packard autogamma counter
(Downers Grove, IL). Data were expressed as picomoles of
iodide organified per 100 mg wet wt tissue/45 min. Glucose
oxidation was determined by the method of Dumont (8). After
preincubation, the slices were transferred to fresh medium
containing 0.5 uCi/ml [1-**C]glucose or [6-'*C]glucose and var-
ious agonists.

Inositol triphosphate (IP;) was measured as described pre-
viously (10), and cAMP was determined as described by Van
Sande and Dumont (11). The activity of the glutathione per-
oxidase was determined by the method of Ganther et al. (12).

Results are expressed as the mean + SEM of at least three
pooled experiments, and in each experiment incubation was
performed in triplicate with three pooled thyroids. For statis-
tical analysis the results of individual experiments were pooled
and analyzed by analysis of variance, followed by Dunnet’s or
Newman-Keuls multiple comparison test (13). Two-sample
comparisons were performed by Student’s paired ¢ test. To
permit comparison where there was a large variation between
experiments, the effects of the agonists were expressed as a
percentage of the control values.

Results

Control dog thyroid slices generated H;O; in the in-
cubation medium. Figure 1 shows that this basal H,0,
production was linear for incubation times varying from
30 min to 3 h. Addition of catalase (32,500 U/ml) to the
incubation medium reduced H,0O, by more than 80%
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Fic. 2. Concentration-response curve of H,0, production in TSH-,
TPA-, and ionomycin (IONOQ)-stimulated slices (incubation time, 90
min). *, P < 0.05; **, P < 0.01 (compared to the control).

(from 0.37 + 0.04 ug H,0,/100 mg wet wt-90 min to
0.055 = 0.015 with catalase; P < 0.002, by Student’s
paired ¢ test).

TSH stimulated H,0, generation in the slices. This
effect was linear with time up to 3 h (Fig. 1). It was also
greatly reduced by the addition of catalase (32,500 U/
ml) to the medium (from 6.05 £ 0.05 ug/100 mg wet wt
90 min to 1.17 * 0.1 with catalase; P < 0.0005, by
Student’s paired ¢ test). The effect of TSH was concen-
tration dependent (Fig. 2); a significant effect was ob-
served with 0.3 mU/ml, while the maximum was reached
with 10 mU/ml TSH. Table 1 shows that this effect
could be reproduced by FSK (10™° M; an adenylate cy-
clase activator) and (Bu).cAMP (5 X 107" M; a stable
analog of cAMP).

Cchol, the stable analog of acetylcholine, stimulates
the Ca®* phosphatidylinositol cascade in dog thyroid
slices (14). This agent also greatly enhanced H,0O, pro-
duction (Table 1). This effect was linear for up to 3 h
(Fig. 1) and was concentration dependent (Fig. 3). A
significant effect was observed at 10™® M. The effect of
Cchol on iodide organification was strictly parallel with
its effect on H,0, generation. As with other effects of
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TABLE 1. Comparison of the effects of various agonists on H,0, pro-
duction, iodide organification, and [1-"*C]glucose oxidation in dog

thyroid slices

Iodide organ-

[1-**C]Glucose

Addition % o]f:Iczt());trol) ification oxidation
(% of control) (% of control)
None 100 100 100
TSH, 497 + 123 (4) 480 £ 75 (10) 335 % 46 (5)
TSH,, 763 £ 79 (13) 859 £ 107 (7) 517 + 33 (6)
(Bu).,cAMP 605 = 70 (6) 358 + 62 (5) 483 x 44 (3)
FSK 748 =137 (5) 429 £ 102 (7) ND
Cchol 954 + 98 (8) 686 + 188 (7) 811 + 111 (4)
Ionomycin 828 = 147 (7) 641 = 141 (5) 553 = 64 (5)
TPA 562 + 64 (8) 453 = 106 (5) 629 £ 37 (3)

Values are the mean * SEM; the number of experiments for each
condition is given in parentheses. ND, Not done. Agonists were used
at the following doses: TSH,, TSH 1 mU/ml; TSH,,, TSH 10 mU/ml;
(Bu),cAMP, 5 x 10~* M; FSK, 10~® M; Cchol, 10~ M; ionomycin, 107®
M; and TPA, 5 X 107% M. The stimulatory effect of all the agonists used
in Table 1 was significant (P < 0.05).
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Fic. 8. Concentratioh-response curve of H,0, generation and iodide
organification in Cchol-stimulated slices incubated for 45 min in KRB
medium. **, P < 0.01 compared to the control.

the drug, this could be mimicked by ionomycin (1076 M),
a divalent cation ionophore. It was also mimicked by
TPA (5 X 10~® M), a pharmacological probe for diacyl-
glycerol-regulated protein kinase-C. Figure 2 shows that
the effects of ionomycin and TPA are concentration
dependent.

If NADPH supply is necesssary for H,O, generation,
a decrease in H,0, generation would be expected under
conditions of reduced activity of the main NADPH-
generating pathway, the pentose phosphate pathway.
Increasingly severe glucose depletion conditions were
obtained either by glucose omission in KRH or KRB
incubation medium or by glucose omission in KRH or
KRB preincubation and incubation media. Figure 4
shows that H,O, production stimulated by either TSH
(10 mU/ml) or the cAMP enhancers [107° M FSK and 5
X 107" M (Bu),cAMP] decreased with glucose depletion.
Similar results were obtained when H,0, generation was
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FiG. 4. Effect of glucose omission on H,0; generation in control slices
and slices stimulated by TSH (10 mU/ml), FSK (107° M), (Bu),cAMP
(5 X 10™* M), Cchol (107° M), TPA (5 x 10~° M), and ionomycin (107°
M). After 60-min preincubation, the slices were incubated for 90 min
in KRH medium. KRH + GLU, 8 X 107 M glucose in the medium;
KRH-GLU, no glucose in the medium. *, P < 0.05; **, P < 0.01
[compared to the respective controls (C; 8 X 107> M glucose in the
preincubation and incubation media)].
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Fic. 5. Effect of increasing medium glucose concentration on H,0,
generation and [1-"*C]glucose oxidation in control (O and ¢) and TSH
(® and #; 10 mU/ml)-stimulated slices incubated for 60 min in KRH
medium after 60-min preincubation. *, P < 0.05; **, P < 0.01 (compared
to the respective 100% value at 1 mM glucose with 10 mU/ml TSH).

stimulated by Cchol (107 M) or probes of the Ca**
phosphatidylinositol cascade [107® M ionomycin or 5 X
107% M TPA]. As, under our conditions of incubation, [1-
14C)glucose oxidation is more than 10 times higher than
[6-**C]glucose oxidation (not shown), the 1-"“CO, re-
leased from [1-'*C]glucose may be considered a good
estimation of the activity of the pentose phosphate path-
way (15). The half-maximum effect of glucose on TSH
(10 mU/ml)-induced H,0, generation was reached at a
concentration of 5 X 10™* M. H,O, generation plateaued
above 1 X 107® M (Fig. 5), while increasing the glucose
concentration from 1 X 107 to 1.6 X 1072 M still doubled
the activity of the pentose phosphate pathway (Fig. 5).
Glucose deprivation in the preincubation and incubation
media decreased in parallel H,O, generation and iodide
organification stimulated by TSH (10 mU/ml) or Cchol
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(10~° M) (Fig. 6). The absence of glucose had no signifi-
cant effect on iodide transport (calculated as the ratio of
311 in 100 mg methimazole-treated slices to that in 100
ul medium; not shown) and on the intracellular signals
generated in response to TSH (10 mU/ml) and Cchol
(107°M). TSH (10 mU/ml)-induced cAMP accumulation
was 1,780 + 80 pmol cAMP/100 mg wet wt in the
presence and 1,480 + 125 in the absence of glucose [P >
0.1 (NS), by Student’s paired ¢ test], and Cchol-induced
IP; generation was 43,000 £ 17,100 cpm IP3/100 mg wet
wt in the presence and 57,600 £+ 19,200 in the absence of
glucose in the medium [P > 0.1 (NS), by Student’s paired
t test).

Increasing Ca®* depletion conditions were obtained
either by simple Ca** omission in KRH preincubation
and incubation media or by addition of EGTA (107 M)
in the Ca?*-free preincubation medium, followed by in-
cubation in the absence of Ca®*. Figure 7 shows that
H,0, (basal or stimulated by 10 mU/ml TSH) decreased
with progressive Ca®* depletion. Mn?*, a competitor of
Ca%* (16), stimulated H,0, production, especially in
Ca?*-depleted slices. Similar results were obtained for
iodide organification.

H,0, and iodide binding to proteins was measured at
varying pH. Figure 8 shows that for extracellular pH
varying between 6.8-8.0, H,O, production and iodide
organification increased in parallel with alkalinization of
the medium.

Iodide inhibits H,0, generation stimulated by 10 mU/
ml TSH (17). We show here that this effect was maximal
at 10~ M (Fig. 9). This effect was prevented by adding
methimazole (107* M) to the incubation medium.

NaF, PGF,, and TRH stimulate protein iodination and
oxidation of [1-**C]glucose (18-20). In a typical experi-
ment these agents also stimulated H,O, generation from

1200 1 600
1100 L 3 (+) glucose 3 (+) glucose
2 1000 | Em (-) glucose Ml (-) glucose ls00 _
[+ —_
S 900 + g
< 800 {400 €
® 700} -
o
5 600 4 300 @
T 500 r &
§ 400 | {200 @
5 300 ¢t L L .
N 200 100
N 100
T
NEEE B 0
Control TSH 10 Cchol Control TSH 10 Cchol
1075M 1075M

Fic. 6. Effect of glucose omission on H,0, generation and iodide
organification in control slices and slices stimulated by 10 mU/ml TSH
or 107 M Cchol. After 60-min preincubation, slices were incubated for
45 min in KRH medium. (+) glucose, 8 X 10™° M glucose in the
preincubation and incubation media; (-) glucose, no glucose in the
preincubation and incubation media. **, P < 0.01 compared to the
respective control with glucose.
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FiG. 7. Effect of Ca®* depletion on H,0, generation and iodide organ-
ification in control slices, slices stimulated by 10 mU/ml TSH, and
slices incubated in the presence of 1.45 X 103 M Mn?*. Slices were
preincubated for 60 min in KRH medium with 1.45 x 10~° M Ca®* (O),
without Ca®* (H), or without Ca®" in the presence of 107* M EGTA (N).
Slices were incubated for 45 min in KRH medium with (O) or without
(M and N) Ca?*. *, P < 0.05; **, P < 0.01 [compared to the respective
control (C) with Ca?*].
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Fic. 8. Effect of extracellular pH on H,0, generation and iodide

organification. For H,0, measurement, slices were incubated for 90

min in KRH medium. For PBI measurement, slices were incubated for

45 min in KRH medium supplemented with NaHCO; (1072 M). *, P <

0.05; **, P < 0.01 (compared to the respective control at pH 7.4).

0.27 = 0.02 xg/100 mg wet wt-90 min for control slices
to 2.08 = 0.37 in the presence of NaF (10™° m), 0.61 +
0.05 in the presence of PGF, (10 ug/ml), and 0.56 £ 0.06
in the presence of TRH (5 X 107® m).

As in other tissues, H;0, is reduced by glutathione
(GSH) peroxidase in the thyroid. For each H;0, reduced,
one NADPH is oxidized to NADP™* (21). H,0, addition
to thyroid slices should increases NADP™* generation and,
thus, the activity of the pentose phosphate pathway.
Indeed, H,0, addition stimulates [1-'“C]glucose oxida-
tion (Table 2). In dog thyroid homogenate the mean
GSH peroxidase activity in three pooled experiments
was 4.2 pmol NADPH oxidized/h-100 mg wet wt. The
quantitative estimates of the various metabolic fluxes
derived from the experimental data are summarized in
Table 3.
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FiG. 9. Effect of increasing concentration of iodide in the medium on
H,0; generation in control slices and TSH (10 mU/ml)-stimulated
slices. After 60-min preincubation, the slices were incubated for 90 min
in the presence of increasing concentrations of iodide with or without
methimazole (10~ M). *, P < 0.05; **, P < 0.01 [compared to the
respective control (C) without iodide].

TaBLE 2. Effect of increasing H,O, concentration on oxidation of
[1-"C]glucose

[1-"C)Glucose oxidation
(% of control)

None 100

Addition

TSH (10 mU/ml) 462 + 13°
H.0, (0.02 mM) 114 £ 10
H202 (02 mM) 224 + 19°
H,0, (2 mM) 364 + 28°

Values are the mean = SEM. After 60-min preincubation, slices were
incubated for 45 min in KRH medium. Hydrogen peroxide (0.02, 0.2,
or 2 mM) was added during the 45-min incubation period once imme-
diately before transferring the slices and after 15 and 30 min of
incubation.

@ P < 0.01 compared to the control.

Discussion

The purpose of this work was to investigate whether
the H,0;-generating system is a limiting step in the
control of protein iodination and the pentose phosphate
pathway in the thyroid (Fig. 10). Iodide oxidation, pro-
tein iodination, and thyroid hormone synthesis in the
thyroid are catalyzed by a peroxidase coupled to an H,0,-
generating system which provides it with its substrate
(2, 22). The H;0,-generating system uses NADPH as a
coenzyme (1, 23). In acellular systems H,0, is limiting
for iodination (2). The following facts suggest that this
also applies to intact follicles. 1) Exogenous supply of
H,0, greatly enhances iodination in thyroid slices (3,
24). 2) TSH, which enhances iodination in dog thyroid,
also activates H;0, generation in this system (5).

The present results establish by pharmacological
means that iodination of proteins in dog thyroid slices is
controlled by H,0, generation. Qualitatively, all condi-
tions or agents that enhanced protein iodination also

TABLE 3. Comparison between H,0, produced, iodide organified, and
[1-*C)glucose oxidation in dog thyroid slices

Units Control (10 TnsU}iml)
nmol H,0, produced/100 mg wet 27 189
wt-h
nmol NADPH oxidized by the 27 189
H,0;-generating system/100
mg wet wt-h
nmol iodide organified/100 mg 0.3 2.3
wet wt-h
nmol glucose oxidized through 48 240
the pentose phosphate path-
way/100 mg wet wt-h
nmol NADP™* reduced by the pen- 288 1440
tose phosphate pathway/100
mg wet wt-h

Maximal activity of GSH peroxidase: 4200 nmol NADPH, oxidized/
100 mg wet wt-h or 4200 nmol H,0, reduced/100 mg wet wt-h. The
results for H,O, generation, iodide organification, and pentose phos-
phate pathway activity were expressed as the mean of three typical
experiments. To allow the various estimations, the following assertions
were made: 1 nmol H,O, = 34 ng H;0,, the stoechiometry between
H,0, generation and NADPH oxidation is 1 (31), and 6 nmol NADP*
are reduced for each 1 nmol glucose oxidized through the pentose
phosphate pathway (7). The quantitative activity of the pentose phos-
phate pathway was estimated as described previously (29).

activated H,O, generation in this unique experimental
model [alkalinization of the medium or TSH,
(Bu),cAMP, FSK, Cchol, ionomycin, TPA, and PGF,,
NaF, TRH]. Conversely, several conditions or agents
that depressed H,O, generation, i.e. iodide excess (Wolf-
Chaikoff effect) (17), glucose depletion, Ca** depletion,
and acidification of the incubation medium, were also
associated with a large decrease in protein iodination.
The inhibitory effect of excess iodide on H,0, generation
was relieved by methimazole, which suggests that the
effect of iodide on this metabolism, as in other regulatory
pathways, is due to an organified derivative (11, 25).
Quantitatively, the concentration-effect curves for all of
the agents studied on iodide organification and H,O0,
generation were parallel. Similar results for some of these
conditions had been obtained previously (26-28). Thus,
in thyroid cells, protein iodination is enhanced by exog-
enous H,0,. H,0, generation and protein iodination are
controlled qualitatively and quantitatively in parallel.
These facts strongly support the hypothesis that H,0,
generation is the controlling step in iodination (Fig. 10).

The pentose phosphate pathway is limited by NADP*
supply, i.e. by NADPH oxidation in the thyroid, as in
other tissues (7, 8). Any factor increasing NADPH oxi-
dation enhances the activity of this pathway (7). More-
over, all factors, including TSH, that increase the
NADP*/NADPH ratio in dog thyroid cells (7) also en-
hance the activity of the pentose phosphate pathway. As
NADPH is the coenzyme used by the H,0,-generating
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system, activation of this system should induce NADPH
oxidation and activation of the pentose phosphate path-
way. In this work we show that, indeed, a variety of
physiological and pharmacological agents that activate
H,0, generation and, thus, protein iodination also stim-
ulate the activity of the pentose phosphate pathway (see
Table 1).

Obviously other processes are involved in NADPH
oxidation and activation of the pentose phosphate path-
way, such as the reduction in the cell of H,0, spilling in
the cytosol by GSH peroxidase (Fig. 10). H,O, indeed
stimulated the activity of the pentose phosphate pathway
(Table 2). The maximal activity of the GSH peroxidase
was sufficient to account for the reduction of great
amounts of H,0, (see Table 3). Thus, both H,0, gener-
ation and the reduction of H,0, spilling over into the
cell drive the activity of the pentose phosphate pathway
(Fig. 10).

The requirement of pentose phosphate pathway activ-
ity for H,O, generation and protein iodination is dem-
onstrated by the fact that in the absence of glucose in
the medium, i.e. under conditions where the activity of
the pentose phosphate is minimal (29), these two meta-
bolic functions were almost abolished whatever the stim-
ulus used. Indeed, whether stimulated by the cAMP
pathway [by TSH, (Bu);,cAMP, or FSK] or the Ca**
phosphatidylinositol cascade (by Cchol, ionomycin, or
TPA), H,O, generation and protein iodination were
greatly decreased in the absence of glucose. A similar
requirement for glucose in protein iodination induced by
TSH had been shown in dog thyroid slices (30). More-

over, there is a semiquantitative parallelism between the
intensity of glucose depletion (length of incubation in
the absence of glucose) and the depression of H,0,
generation.

Thus, glucose supply may become limiting for both
protein iodination and H,0, generation. Nevertheless, in
physiological concentrations of glucose, NADPH gener-
ation, i.e. the activity of the pentose phosphate pathway,
exceeds the requirement of H,0, generation. Above 1 X
107 M glucose, TSH-induced H,0, generation plateaus,
while the activity of the pentose phosphate pathway and,
thus, NADPH generation can still be multiplied by a
factor of 2.5. Pushing further the activity of the pathway
and NADPH, generation does not increase H,0, gener-
ation and iodination. The intracellular level of NADPH
estimated at 9 X 10™° M (7) is indeed greater than the
apparent K., of the H,O,-generating system for NADPH
(3 X 107° M) (31). Quantitative comparison between the
data is also consistent with the model, in that NADPH
generation is largely sufficient to provide and reduce the
H,0, generated, and H,0, generation is in excess with
regard to iodination (Table 3).

NADPH generation exceeds the requirement for H,0,
formation and is, therefore, not limiting. However, the
consumption of NADPH by the H,0,-generating system
represents a significant part of the NADP* needed for
the pentose phosphate pathway activity. This part is still
underestimated, as the fraction of the H,0, degraded in
the peroxidase reaction or by H,O, detoxifying systems
(catalase, GSH peroxidase) in the cell is not measured.
Moreover, reduction of H;0, by GSH peroxidase also
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contributes to NADPH oxidation (Fig. 10). In this regard
it should be noted that maximal activity of GSH perox-
idase would be largely sufficient to reduce all of the H;0,
produced. As for any enzymatic reaction, the substrate
(here H;0,) is produced in large excess for protein iodi-
nation (Table 3), but as the apparent K, of thyroperox-
idase for Hy0, is high (~3 X 107* M) (32), H,0, does not
saturate the enzyme and is, therefore, limiting. As dem-
onstrated in this work in tissue preparations or homog-
enates (33), when iodide and thyroglobulin concentra-
tions are kept constant, H,O, regulates the activity of
thyroperoxidase, i.e. iodination.

Acknowledgments

Special thanks are addressed to Mr. C. Massart and Mr. W. Wasteels
for their excellent technical help, to Mrs. D. Leemans for the prepara-
tion of the manuscript, and to E. Raspe for helpful discussion.

References

1. DeGroot LJ 1965 Current views on formation of thyroid hormones.
N Engl J Med 272:243-250
2. Nunez J, Pommier J 1982 Formation of thyroid hormones. Vitam
Horm 39:175-229
3. Ahn CS, Rosenberg IN 1970 Iodine metabolism in thyroid slices:
effects of TSH, dibutyryl cyclic 3,5'-AMP, NaF and prostaglandin
E,. Endocrinology 86:396-405
4. Nagasaka A, DeGroot LJ, Hati R, Liu C 1971 Studies on the
biosynthesis of thyroid hormone: reconstruction of a defined in
vitro iodinating system. Endocrinology 88:486-490
5. Ahn CS, Rosenberg IN 1971 Oxidation of *C formate in thyroid
tissues: effects of TSH, dibutyryl cyclic 3’, 5'-AMP (dbcAMP) and
prostaglandin E1 (PGEL). In: Fellinger K, Héfer R (eds) Further
Advances in Thyroid Research. Verlag der Wiener Medizinische
Akademie, Wien, vol 2:825-837
6. Benard B, Brault J 1971 Production de peroxyde dans la thyroide.
Union Med Can 100:701-705
7. Dumont J 1971 The action of thyrotropin on thyroid metabolism.
Vitam Horm 29:287-412
8. Dumont JE 1961 Stimulation in vitro of hexose monophosphate
pathway in thyroid by iodotyrosines and synkavit. Biochim Bio-
phys Acta 50:506-512
9. Rodesch F, Neve P, Willems C, Dumont JE 1969 Stimulation of
thyroid metabolism by thyrotropin, cyclic 3’:5'-AMP, dibutyryl
cyclic 3':5’-cAMP and prostaglandin E1. Eur J Biochem 8:26-32
10. Laurent E, Mockel J, Van Sande J, Graff I, Dumont JE 1987 Dual
activation by thyrotropin of the phospholipase C and cyclic AMP
cascades in human thyroid. Mol Cell Endocrinol 52:273-278
11."Van Sande J, Grenier G, Willems C, Dumont JE 1975 Inhibition
by iodide of the activation of the thyroid cyclic 3’,5'-AMP system.
Endocrinology 96:781-786
12. Ganther HE, Gafeman DG, Lawrence RA, Serfass RE, Hoekstra
WG 1976 Selenium and glutathione peroxidase in health and
disease. A review. In: Prasad AS (ed) Trace Element in Human
Health and Disease. Academic Press, New York. pp 165-234
13. Dunnet C 1955 A multiple comparison procedure for comparing

14.

15.

16.

17.

18.

19.

20,

21.

22.

23.

24,

25.
26.

217.

28.

29.

30.

3L

32.

33.

several treatments with a control. J Am Stat Assoc 50:1096-1121
Graff I, Mockel J, Laurent E, Erneux C, Dumont JE 1987 Car-
bachol and sodium fluoride, but not TSH stimulate the generation
of inositol phosphates in the dog thyroid. FEBS Lett 210:204-210
Dumont JE, Eloy J 1966 Action de I’hormone thyréotrope sur le
métabolisme énergétique du tissu thyroidien. IV. Mécanisme de
stimulation de la voie des pentoses phosphates. Bull Soc Chim Biol
48:155-177

Decoster C, Mockel J, Van Sande J, Unger J 1980 The role of
calcium and guanosine 3’,5’-monophosphate in the action of ace-
tylcholine on thyroid metabolism. Eur J Biochem 104:199-208
Corvilain B, Van Sande J, Dumont JE 1988 Inhibition by iodide
of iodide binding to proteins: the “Wolff-Chaikoff” effect is caused
by inhibition of H,0, generation. Biochem Biophys Res Commun
154:1287-1292

Van Sande J, Decoster C, Dumont JE 1975 Control and role of
cyclic 3’,5’-guanosine monophosphate in the thyroid. Biochem
Biophys Res Commun 62:168-175

Van Sande J, Cochaux P, Boeynaems JM, Dumont JE 1981 Effects
of prostaglandins F on dog thyroid cyclic AMP level and function.
Biochim Biophys Acta 716:53-60

Delbeke D, Van Sande J, Cochaux P, Decoster C, Dumont JE 1983
Effect of thyrotropin-releasing hormone on dog thyroid cell.
Biochim Biophys Acta 761:262-268

Benard B, DeGroot LJ 1969 The role of hydrogen peroxide and
glutathione in glucose oxidation by the thyroid. Biochim Biophys
Acta 111:258-267

Taurog A 1986 Hormone synthesis: thyroid iodine metabolism. In:
Werner S (ed) The Thyroid, ed 5. Lippincott, Philadelphia, pp 53-
97

Virion A, Michot JL, Deme D, Kanieuwski J, Pommier J 1984
NADPH-dependent H,0; generation and peroxidase activity in a
thyroid particulate fraction. Mol Cell Endocrinol 36:95-105
Demeester-Mirkine N, Van Sande J, Dor P, Heimann R, Cochaux
P, Dumont JE 1984 Iodide organification defect in a cold thyroid
nodule: absence of iodide effect on cyclic AMP accumulation. Clin
Endocrinol (Oxf) 20:473-479

Pisarev MA 1985 Thyroid autoregulation. J Endocrinol Invest
8:475-484

Bjorkman U, Ekholm R 1984 Generation of H,0, in isolated
porcine thyroid follicles. Endocrinology 115:392-398

Bjorkman U, Ekholm R 1988 Accelerated exocytosis and H,0,
generation in isolated thyroid follicles enhance protein iodination.
Endocrinology 122:488-494

Lippes H, Spaulding SW 1986 Peroxide formation and glucose
oxidation in calf thyroid slices: regulation by protein kinase-C and
cytosolic free calcium. Endocrinology 118:1306-1311

Dumont JE, Tondeur Montenez T 1965 Action de I’hormone thy-
réotrope sur le métabolisme énergétique du tissu thyroidien.
Biochim Biophys Acta 111:258-272

Ahn CS, Rosenberg IN 1980 Glucose dependence of thyrotropin-
stimulated thyroid hormone formation. Endocrinology 107:1861-
1866

Nakamura Y, Ogihara S, Ohtaki S 1987 Activation by ATP of
calcium-dependent NADPH-oxidase generating hydrogen peroxide
in thyroid plasma membranes. J Biochem 102:1121-1132
Niepomniszcze H, Targovnik HM, Gluzman BE, Curutchet P 1987
Abnormal H,0, supply in the thyroid of a patient with goiter and
iodine organification defect. J Clin Endocrinol Metab 65:344-348
Virion A, Pommier J, Deme D, Nunez J 1981 Kinetics of thyro-
globulin iodination and thyroid hormone synthesis catalysed by
peroxidases: the role of H;O,. Eur J Biochem 117:103-109

20z Iudy 61 Uo 1senb AQ $8EYESZ/6.1L/2/ST ) /B10IME/OPUS W00 dNO"IWBPEo.)/:SARY WO} POPEO|UMOQ





