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Summary 

Changes in the regulatory mechanisms of hepatic thyroxine (T4) 
5'-monodeiodination during maturational process were studied in 
rats aged 1,3, and 6 wk andin adults. ~ e s d i t e  low T4 5'-deiodinase 
activity in the neonates, a similar degree of activation in older rats 
was obtained with graded doses of dithiothreitol. Lineweaver-Burk 
plot analysis showed that Vmax increased 1-3 wk of age, decreas- 
ing with age thereafter, whereas a high Km value in young rats 
(7.0-7.8 x M) fell to a level of 4.8 x lo-* M by 6 wk of age. 
T4 5'-deiodiiase at 3 wk of age was relatively resistant to iodo- 
acetamide, a S H  blocking agent (11% inhibition at M versus 
47% in adult). Furthermore, it was markedly enhanced with 3 mM 
EDTA (125% versus 10-2Wo in older rats). Among various bivalent 
cations tested, Cu++ and Zn++ had a strong inhibitory effect on 
the reaction, whereas livers from 3-wk-old rats were less sensitive 
to Zn++ (7% inhibition at M versus 40% in adult). Responses 
to graded doses of reduced glutathione (GSH) or to its blocker, 
diamide, suggest that GSH exerts its promoting effect through 
preservation of protein S H  radicals in reduced form. In contrast, 
NADPH stimulates the reaction directly, and a marked increase 
in the sensitivity to NADPH was observed 1-3 wk of age. Dose- 
response relation to methylene blue (MB), inhibitor of NADPH, 
exhibited a biphasic effect on the reaction: stimulatory at smaller 
dose and inhibitory at larger dose. The critical dose of MB 
producing this reversal shifted to a lower level with advancing age, 
which appears to be due to the content of endogenous NADPH as 
well as to the reactivity of the enzyme to it. These results indicate 
that (1) protein S H  radicals appear to change from a relatively 
inactive to an active state with age, in which an interaction with 
Zn++ might be involved; (2) GSH is probably associated with the 
conversion of S H  groups; (3) NADPH enhances directly the 

- - 

enzyme activity, playing a pivotal role in the regulation of the 
reaction; and (4) maturation of T4 5'-deiodination includes changes 
in the protein SH groups and GSH-NADPH generating system. 

Abbreviations 

DTT, dithiothreitol 
GSH, reduced glutathione 
MB, methylene blue 
PTU, propylthiouracil 
SH, sulfhydryl 
T3, 3,5,3'-triiodothyronine 
T4, thyroxine 
rT3, 3,3',5'-triiodothyronine 

It has been well established that T4 is deiodinated at the outer 
or inner phenolic ring position by 5'- and 5-deiodinase in periph- 
eral tissues, yielding T3 and rT3 respectively (4, 6, 22). Both 
enzymes contain essential SH groups, and mercapto compounds 
such as DTT, 2-mercaptoethanol, and GSH enhance the deiodi- 
nation. In contrast SH blocking agents such as thiouracil, N- 
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ethylmaleinimide, iodoactamide andp-chloromercuribenzoate in- 
hibit the reaction (5, 10, 13, 14, 22-24). NADPH is also an 
important cofactor of T4 5'-deiodinase and changes in the enzyme 
activity are closely associated with the hexose-monophosphate 
pathway (2, 10, 18, 19). In the fetal and neonatal period, hepatic 
T4 5'-monodeiodination is extremely low, which rises promptly 
after birth (3, 5, 9-1 1, 21, 25). The reduced activity in this period 
is not due to deficiency of the enzyme protein per se, but to that 
of cofactors (5, 10, 19). Recent observation by us suggests that 
GSH-NADPH cycle plays a regulatory role in the developmental 
maturation of T4 deiodinating system (19). Little is known, how- 
ever, on details of the mechanism. In the present study, an attempt 
was made to elucidate the regulatory mechanism of hepatic T4 5'- 
deiodinating system during maturational process by modulating 
the reaction with various doses of (1) SH activating agents: DTT, 
GSH, and cofactor, NADPH; (2) SH blocking agents: iodoaceta- 
mide, propylthiouracil (PTU), and diamide; and (3) EDTA and 
bivalent cations. 

MATERIALS AND METHODS 

Liver specimens were obtained from Wistar rats aged 1, 3, and 
6 wk and adult in females. The time of examination was selected 
on the basis of our previous observation (19) that T4 5'-deiodinase 
activity was low in the neonates, rising gradually with age up to 
6 wk of age and decreasing again to adult level thereafter. At 3 wk 
of age, however, it was most prominently activated by the supple- 
mentation of NADPH and GSH; therefore, samples obtained at 
these four ages were used for the representative of maturational 
process. Liver was homogenized in 5 volumes of ice cold 0.1 M 
phosphate buffer (pH 7.0) containing 5 mM EDTA with Teflon 
homogenizer. For studying the effects of EDTA or bivalent cat- 
ions, EDTA was removed from the buffer. After centrifugation at 
2500 rpm for 10 min at 4"C, the supernatant was used immediately 
for the determination of T4 5'-deiodinase activity. When required, 
it was stored in refrigerator at -20°C for several wk. 

T4 5'-deiodinase activity was measured by the method of Cho- 
pra (4). One-half ml of assay mixture contained 200 pl of 20% 
liver homogenate, 50 p1 of T4 (10 pg/ml in the buffer) and 250 
p1 of phosphate-EDTA buffer. When an activator or an inhibitor 
was added, 50 p1 of the solution at various concentrations was 
substituted for the buffer. The mixture was usually incubated at 
37°C for 60 min. The reaction was stopped by the addition of 1.0 
ml of ethanol. Generated T3 was extracted into ethanol (extraction 
rate; 85 +- 5%). After centrifugation, 25-100 pl of the supernatant 
was used for T3 double-antibody radioimmunoassay with com- 
mercially available kit (Eiken T3 RIA kit). Endogenous T3 con- 
centration together with T4 cross reactivity in radioimmunoassay 
system was also measured in each sample and substracted from 
estimated T3 value. Protein concentration of the homogenates was 
determined by the method of Lowry et al. (15), using bovine 
serum albumin as the standard. Generated T3 was expressed as ng 
h-'.mg-' protein or as a % activity of control samples without 
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containing an activator nor an inhibitor. All assays were per- 
formed in duplicate. 

As the activating agent, 0.125-5 mM DTT and GSH, and 0.06- 
1.0 NADPH were chosen. As for the inhibitors, lo-' to lo-' M 
iodoacetamide (irreversible SH blocker) (14), lo-@ to M PTU 
(reversible inhibitor of SH radicals) (14), 0.125-5 mM diamide 
(GSH inhibitor) (l2), and 0.125-5 mM methylene blue (antagonist 
for NADPH) (1) were used. All these chemicals including L-T4 
were purchased from Sigma Chemical Co. In the study of the 
effects of bivalent cations on the reaction, 10-qo  M CaC12, 
MgC12, MnC12, FeC12, ZnClz, and CuS04 solutions were tested. 
Because of a limited amount of homogenate from 1 wk of age, all 
of these studies could not be thoroughly made in the neonates. In 
dose-response relation to DTT, apparent Vmax and Km values 
were obtained by Lineweaver-Burk plot analysis, the regression 
lines of which were calculated from the least square method. 

RESULTS 

( I )  Dose-response relation to DTT (Fig. I ) .  Basal T4 5'-deiodi- 
nase activity at 1 wk of age is lower than those at 3 wk and 6 wk 
of age (1.2 versus 2.6 and 3.7 ng. h-' mg-' protein respectively); 

however, a similar degree of activation was obtained by the 
addition of 0.125-5 mM DTT. Lineweaver-Burk plot analysis 
revealed that apparent Vmax increased from 16.6 to 20.2 ng. h-'a 
mg-' protein between 1-3 wk of age, but decreased gradually to 
adult level thereafter (12.4 ng.h-'.mg-' protein). Km value was 
also high at 1-3 wk of age (7.0 and 7.8 X M respectively), but 
fell to 4.8 x M by 6 wk of age. These data suggest that 
changes in the capacity as well as the affinity of SH radicals of the 
enzyme protein occur during maturation. 

(2) Dose-response relationships to iodoacetamide and PTU (Fig. 
2). Liver homogenate from 3 wk of age was relatively resistant to 
iodoacetamide inhibition, which bound irreversibly to protein SH 
groups. At lo-' M concentration, a % activity for control sample 
(without supplementation) was 89% at 3 wk of age, 73% at 6 wk 
of age, and 53% in adult rats. In contrast, this age-related change 
was not observed in the dose-response relation to PTU, which 
reacted reversibly with SH radicals (14). 

(3) Effects of EDTA and bivalent cations (Fig. 3 and 4). The 
addition of EDTA showed an enhancing effect on T4  5'-deiodi- 
nation, in which a remarkable difference was noted in relation to 
age (125% increase from control activity in 3 wk of age versus 10- 
20% in older rats at 3.2 mM). Accordingly, effects of bivalent 
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Fig. I .  Dose-response relation of T3 generation from T4 to graded doses of dithiothreitol ( A )  in rat liver from 1 wk (A), 3 wk (e), 6 wk (0) of age 
and adult female rat (0). Values are means of samples indicated in parenthesis. (B) Lineweaver-Burk plot of each curve shown in ( A ) .  Regression lines 
are obtained from the least square method and apparent Vmax and Km values and correlation coeficient of each age are listed in the table. 
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Fig. 2. Dose-dependent inhibition of T4 deiodinase activity by 10-50 M iodoacetamide and propylthiouracil in liver from 3 wk, 6 wk of age, 
and adult. Values are expressed as per cent activity for control samples without inhibitor. Liver from 3 wk of age is relatively resistant to iodoacetamide 
inhibition, but not propylthiouracil. See Figure I legend for explanation of symbols. 
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Fig. 3. (A) Comparison of EDTA-stimulated T4 5'-deiodinase activity in liver from 3 wk, 6 wk of age and adult rat. Specimen from 3 wk of age is 
enhanced markedly by 3.2 mM EDTA. (B) Effect of to M bivalent cations on T4 5'-deiodination in 6 wk liver, which is expressed as % for 
control samples without supplementation. Cu++ and Zn++ show similar strong inhibition. See Figure 1 legend for explanation of symbols. 
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Fig. 4. Dose-dependent inhibition of Cu++ and Zn+' on T4 5'-deiodi- 
nation in liver from 3 wk, 6 wk of age, and adult rat. Liver from 3 wk of 
age is less sensitive to Zn++ inhibition at to M concentrations. 
See Figure 1 legend for explanations of symbols. 

cations (Ca, Mg, Mn, Fe, Zn and Cu) were examined. Of these, 
Cu++ and Zn++ showed strong inhibitory effect (Fig. 3B). Adult 
liver was less sensitive to Cu++ inhibition, whereas liver from 3 
wk of age was more resistant to Zn++ inhibition (Fig. 4). Together 
with the result of dose-response relation to EDTA, action of Zn++ 
appears to be more physiologically significant than Cu++ in T4 5'- 
deiodinating system. 

(4) Dose-response relationships to NADPH and/or GSH (Fig. 5). 
NADPH exhibited a marked activation of T4 5'-deiodinase in all 
age samples, but the most prominent change was noted 1-3 wk of 
age. The maximally enhanced activity was 4-fold higher in 3 wk 
than 1 wk of age (Fig. 5A). Further supplementation of 1 mM 
GSH did not alter the dose-response curve to NADPH (Fig. 5B). 
In contrast, a small but significant increase in the activity was 
obtained with graded dosescbf GSH (Fig. 5C). With the adhition 
of 1 mM NADPH to the system, however, this effect was elimi- 
nated in 6 wk of age and in adult rats, whereas a linear increase 
was still observed in 1 and 3 wk of age (Fig. 5D). These indicate 

-that NADPH has a promoting effect throughout the develop- 
mental process, whereas GSH is only rate limiting during the early 
stage of development. 

(5) Dose-response relationship to diamide (Fig. 6). Diamide is 
known to be a blocker of GSH as well as protein SH group (12), 
to which adult liver was relatively resistant (38% control activity 
in 3 wk versus 84% in adult at 0.125 mM). The addition of 5 mM 
GSH to the system gave rise to only small increase in the activity 
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Fig. 5. Age-related changes in dose-response relation to NADPH (A), 
NADPH + 1 mM reduced glutatliione (GSH) (B), GSH (C) and GSH 
+ 1 mM NADPH (D). A marked increase in activation by NADPH is 
observed between 1-3 wk of age, and the additive effect of GSH is not 
apparent. In contrast, stimulating effect of GSH is abolished by the 
addition of 1 mM NADPH in 6 wk of age and in adult rat, whereas it still 
remains in young rats. See Figure 1 legend for explanation of symbols. 

at low concentration of diamide in young rats (Fig. 6B). The effect 
of GSH was clearly demonstrated in the stock livers, which were 
deficient in GSH content (Fig. 6C). These findings suggest that 
GSH is not involved directly in the deiodination, but rather 
participates indirectly, probably through the activation or protec- 
tion of SH radicals of the enzyme protein (8). 

(6) Dose-response relationship to methylene blue (Fig. 7). MB has 
a biphasic effect on T4 5'-deiodination: stimulating at lower dose 
and inhibiting at higher dose. The critical dose producing this 
phase reversal was decreased gradually with advancing age (Fig. 
7A). In stock livers that were depleted of NADPH, the effect of 
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Fig. 6. Dose-response relation to T4 5'-deiodinase activity to diamide, which is expressed as a % activity for control samples without supplementation. 
Adult liver is relatively resistant to inhibition by diamide ( A ) .  The addition of 5 mM GSH slightly reduced the inhibition at lower doses of diamide in 
young rats (B), whereas the definite activation is noted in stock liver (C) .  Dotted line indicates basal T4 5'-deiodinating activity of stock liver. See Figure 
I legend for explanation of symbols. 
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Fig. 7. Biphasic effect of methylene blue on T5 5'-deiodination. The critical dose of methylene blue causing phase reversal is decreasing with age 
(indicated by arrows). The effect of methylene blue is not apparent in stock livers depleted of NADPH (B), whereas the addition of 1 rnM NADPH 
restores their reactivity to methylene blue ( C ) .  See Figure 1 legend for explanation of symbols. 

MB was not apparent (Fig. 7B), but the supplementation of 1 mM 
NADPH restored partially the reactivity (Fig. 7C); therefore, MB 
exerts its effect via NADP-NADPH cycle on the reaction (I), and 
the age-related shift in reverse point is presumably associated with 
change in the endogenous NADPH content during maturation. 

DISCUSSION 

On the mechanism of action of iodothyronine 5'-deiodinase, 
Visser (23) proposed a ping-pong mechanism. In the first step of 
the reaction, iodothyronine (T-I,) reacts with protein SH (E-SH), 
forming a T-I,-enzyme complex, in which transiodination occurs, 
yielding an iodo-enzyme complex (E-SI) and T-I,.,. E-SI is sub- 
sequently reduced by coenzyme (2R-SH), producing a reduced 
form of enzyme (E-SH), oxidized cofactor (R-SS-R), and hy- 
droiodide. If this is the case, at least three regulatory factors are 
conceivable: the amount of enzyme, the state of protein SH 
radicals, and available cofactor(s). 

In the fetal and neonatal period, T4  5-monodeiodination is by 
far the prominent pathway and abrupt shift to T4 5'-monodeio- 
dination occurs after birth (3, 9, 10). In chick embryo, this matu- 
rational change in T4  metabolism coincides with initiation of air 
breathing (3); however, 5'-monodeiodination converting rT3 to 

3,3'-diiodothyronine (3,3'-T2) is working actively in the early stage 
of embryos (3). Furthermore, the exogenous addition of DTT 
enhances 5'-deiodinase activity to an adult level (3, 5); therefore, 
an adequate amount of 5'-deiodinase as well as protein SH groups 
are present in the early stage of the developmental process, and 
low activity of the enzyme is ascribed to the deficiency of cofac- 
tor(s) (5). The results of the present study, however, suggest that 
the state of functional SH groups of the enzyme is also altered in 
the neonatal period. This is indicated from the observations that 
(1) kinetic parameters of T4 5'-deiodinase to DTT are altered: low 
Vmax and high Km value; (2) protein SH radicals are less sensitive 
to iodoacetamide inhibition; and (3) they are also resistant to Zn++ 
inhibition, whereas EDTA enhances markedly the enzyme activ- 
ity. Accordingly, it is possible that SH groups in the enzyme are 
in a masked state, being in disulfide form or bound to Zn++. The 
different reactivity of the enzyme to iodoacetamide and PTU also 
supports the concept, because iodoacetamide reacts irreversibly to 
free SH groups (E-SH), whereas PTU inhibition results from an 
interaction with enzyme disulfide (E-S'), which can be reversed 
by thiols (13, 14). 

There have been few reports on the effect of bivalent cations on 
T4 5'-deiodination. Chopra (4) found that high concentration of 
CaClz and mercury are inhibitory to the reaction, whereas EDTA 



had no appreciable effect. In our experiences, however; the acti- 
vating effect of EDTA was repeatedly demonstrated in liver 
homogenates from young rats. This indicates that some bivalent 
cations act as a modulator of T4 5'-deiodination. Actually, Cu++ 
and Zn" were proved to be inhibitory at a concentration of 
to M. The hepatic content of zinc in the fetal and the neonatal 
rats was reported to be 2-3-fold greater than that of the adult and 
remained at this level for at least the first 2 wk of postnatal life 
(16). It is conceivable that the high level of zinc in the neonatal 
liver may exert an inhibitory effect on T4 5'-deiodinase activity. 
Although this assumption has not been confirmed, our findings 
suggests a close association of zinc with T4 5'-monodeiodination. 
It requires further purification of the enzyme to determine whether 
T4 5'-deiodinase contains zinc as the essential functional element 
or not. 

As for the cofactor of T4 5'-deiodination, GSH is regarded as 
essential to the reaction (2, 10). Recently, evidence against this 
concept have also been presented (7, 17). It is evident that GSH 
plays a significant role in the T4 deiodinating system, because (1) 
GSH enhances T3 generation dose-dependently in vitro; (2) stock 
liver homogenate restores the deiodinating activity with the ad- 
dition of GSH; and (3) age-related changes in T3 production 
parallel to the endogenous content of GSH in liver (19). But the 
enhancing effect of GSH is too small to be an essential cofactor of 
the reaction, and the stimulating effect of GSH is diminished in 
the course of maturation. Probably GSH exerts its promoting 
effect through preservation of SH radicals in the reduced form. In 
contrast, NADPH exhibited a marked stimulating effect through- 
out the developmental period. NADPH is known to be a cofactor 
of GSH generating system, and it has been a matter of controversy 
whether NADPH acts directly on T4 deiodination or indirectly 
via GSH formation. Balsam and Ingbar (2) proposed that NADPH 
promoted T4 deiodination within cytosol, by increasing the con- 
centration of GSH through the action of glutathione reductase, 
because NADPH did not show any effect on microsomal fraction. 
The results of the present study and of our previous observations 
(18, 19) conflict with those of Balsam and Ingbar. Dose-dependent 
activation of NADPH is always greater than that of GSH and the 
additive effect of GSH to NADPH is not apparent (Fig. 5B), 
whereas that of NADPH to GSH is prominent (Fig. 5D). The 
a d d i t i o n  o f  GSH t o  graded doses o f  MB, t h e  b lock ing  a g e n t  of 
NADPH, did not alter the dose-dependent inhibition of MB (18). 
These suggest that NADPH seems to accelerate directly T4 5'- 
deiodination and to be more rate-limiting as a cofactor of the 
reaction. The exact cause of discrepancy between our findings and 
that by Balsam and Ingbar is unknown, but recently it has been 
demonstrated that there are two different 5'-deiodinases: cytosolic 
and microsomal, each working under different kinetics (20). Al- 
though the enzyme preparation used in this study includes cyto- 
solic and microsomal fractions, the results indicate that NADPH 
plays a pivotal role in the reduction of T4-enzyme complex, 
whereas GSH participates in the conversion of disulfide bound to 
reduced SH form. Maturational changes in T4 5'-deiodination 
take place in both steps of the reaction as well as in T4 5'- 
deiodinase per se. 
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