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The deiodination of L-thyroxine to triiodothy-
ronine has been observed in vitro using surviving
rat kidney slices (1, 2). Surveys of other rat tis-
sues have not shown consistent deiodination of
tlhyroxine, but occasional appearances of trace
quantities of triiodothyronine in surviving heart
slices and diaphragm (3) have led to the belief
that other tissues in the rat convert thyroxine to
triiodothyronine at a slower rate than kidney.

Relevance of these observations to human physi-
ology might be questioned on the ground that con-
version of L-thyroxine to triiodothyronine by
extrathvroidal tissues is peculiar to the rat. In
this connection, a previous report (4) that de-
iodination of L-thyroxine occurred in an athyreotic
human has been retracted (5). It therefore
seemed pertinent to examine the L-thyroxine de-
iodinating enzyme system of extrathyroidal tis-
sues of the human. The purpose of this paper is
to report suclh experiments employing tissue slices
of human kidney, liver, skeletal muscle and heart.

METHODS

Mlaterials antd preparationt. Samples of human kidney,
liver, heart and skeletal muscle were obtained at opera-
tion. Adequate quantities of normal kidney tissue were
available from nephrectomy in patients with renal carci-
noma. WN'edge biopsies of liver were carried out during
laparotomy. Intercostal or rectus muscle samples were
obtained during thoracotomy or laparotomy, and limited
quantities of left auricular appendage were available dur-
ing mitral commissurotomy.

The isolated tissue was immediately placed in chilled
Krebs-Ringer phosphate solution. Slices (300 to 500 mg.
wet weight) were prepared using a Stadie-Riggs ap-
paratus.

Reaction procedure. The reaction mixture (final vol-
ume 3 ml.) consisted of Krebs-Ringer phosphate solu-
tion (pH 7.4) to which 0.01 ,ug. of IP'-labeled L-thyrox-

* This work was supported in part by the Research
Committee of the Graduate School from funds supplied
by the Wisconsin Alumni Research Foundation, and by
a grant from Smith, Kline & French Laboratories. Pre-
sented June 4, 1959 at the Annual Meeting of the Endo-
crine Society, Atlantic City, N. J.

ine 1 was added. Incubation wvas carried out at 37° C. for
six hours. Tissue slices boiled for 10 minutes were used
as a control.

Extractiont antd separationt of products. At the end of
the period of incubation the slices were removed, rinsed
and homogenized in 2 ml. of water. The homogenates
were extracted with 10 volumes of 3 per cent concen-
trated ammonium hydroxide in butanol. The extracts
were concentrated to a small volume, marker thyronine
compounds were added and the sample dried on What-
man No. 3 mm. paper for chromatography. Chromato-
grams were run in descent for 24 hours using a tertiary
amyl alcohol-2 N ammonium hydroxide solvent system.
The radioactive compounds were located on the strips
with a continuously recording automatic scanner. The
position of the marker compounds was determined by
color development with 4-amino-antipyrine reagent.2
With the solvent system used, the Rf values of the thyro-
nine compounds in simple solution are: thyroxine, 0.20;
tetraiodothyroacetic acid, 0.30; triiodothyronine, 0.40 and
triiodothyroacetic acid, 0.56. The presence of extraneous
material derived from butanol extraction of the tissues has
a tendency to proportionally lower the Rf values, as seen
in Figure 1. For this reason, marker compounds are
always added.

A portion of the thyronine compounds is lost during
the extraction procedure. Approximately 60 per cent of
the radioactivity added as thyroxine appears on the
chromatogram. For this reason, the quantity of triiodo-
thyronine derived from thyroxine can only be estimated
by comparing the relative quantities of thyroxine and
triiodothyronine on the chromatogram. This is done by
measuring the area under the radioactivity curves. Rec-
ognizing that thyroxine is randomly labeled in the 3' and
5' positions and that the incidence of double labeling is
negligible, it follows that the labeled triiodothyronine
represents only one-half of the labeled thyroxine present
on the chromatogram. This may be expressed as a per

1 Obtained from Abbott Laboratories.
2 The application of the 4-amino-antipyrine reagent (6)

to the detection of thyronine compounds and their acetic
acid analogues was suggested by Dr. Leon Saunders,
Smith, Kline and French Laboratories. The chromato-
gram is first sprayed with a 2 per cent solution of 4-amino-
antipyrine in 2 per cent sodium carbonate and then with
a 2 per cent solution of potassium ferricyanide. Tetra-
iodinated compounds give a lavender, triiodinated a red
and diiodinated an orange color. The method is some-
what more sensitive than the diazo method previously
used in this laboratory.
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F TAC T3 TET T4 0
FIG. 1. RADIOCHROMATOGRAMFROMHUMANKIDNEY SLICE EXPERIMENTSHOWINGDEIODINA-

TION OF I'-LABELED L-THYROXINE TO TRIIODOTHYRONINE

Note separation of triiodothyronine from tetrac. 0 = origin of chromatogram, F = solvent
front. Position of marker compounds: T4, thyroxine; TET, tetraiodothyroacetic acid: T,
triiodothyronine; TAC, triiodothyroacetic acid.

cent as follows:

per cent triiodothyronine derived from thyroxine
2 X triiodothyronine radioactivity to

2 X triiodothyronine radioactivity +
thyroxine radioactivity

RESULTS

With kidney slices radioactivity regularlI ap-
peared at the position of triiodothyronine. The
extent of conversion of thyroxine to triiodothyro-
nine ranged from 11 to 38 per cent (nmean 22 per
cent) (Table I) in 10 consecutive experinments.
Iodide liberated by the deiodinating system does
not appear on the chromatogram due to its partial
loss into the reaction miiixture during incubation
and to the unfavorable l)artition ratio (10: 1, water
to butanol) (ltrilig ammlioniacal butanol extraction

TrABLE I

The extent of conversion of I131-labeled L-thyroxine to
triiodothyronine by human kidney slices

Experiment
No. Per ceiit

1 16
2 11
3 29
4 15
5 18
6
7
8
9

10

16
38
34
26
20

of the residue. .A rel)resentative experiment is
shown in Figure 2, demnoinstrating the appearance
of triiodothyronine in the viable tissue and its
absence in the boiled cointrol. A separate experi-
ment is slhowni in Fig-tire 1 in wlhiclh, in addition
to triiodotlyronine, tetraiodothyroacetic acid and
triiodothyroacetic acid wvere added as malrker
compounds. Separation of tetraiodotlhyroacetic
acid from triiodothyronine is demonstrated. The
only labeled reaction product observed is triiodlo-
thvronine.3

Tissues other than ki(dniey showed little or no
(leiodinatioin as illustrated in Figure 3. In an
occasional experiment wvith heart slices, a small
peak appeared at the triiodothyronine position but
this finding was sufficient nieither in quantity nor

consistency to establish the reaction in this tissue.

DISC L'S10N

Two physiological origins of triiodotlhyronine
have been proposed: 1) the coupling of diiodo-
tyrosine and monoiodotyrosine in the thyroid and

3 The labeled reaction 1)roduct from thyroxine sub-
strate is considered not to be tetraiodothyroacetic acid
for several reasons: the separation of triiodothyronine
and tetraiodothyroacetic acid with the solvent system used
is very satisfactory (Figure 1), the color of the com-

pounds with 4-amino-antipyrine is distinguishable (Foot-
note 2), and with slice preparations tetraiodothyroacetic
acid has not been encountered, whereas it has been ob-
served using mitochondrial enizme systems.
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its secretioni as suclh fromi the gland, and 2) the
monodeiodination of thyroxine in extrathyroidal
tissues.

There is general agreemenit that triiodotlhyro-
nine is formed in the thyroid, and there is evi-
dlence that circulating triiodotlhyronine is derived
from this source rather than from deiodination of
thyroxine in peripheral tissues. The thyroidal
vein of animals was found to contain more tri-
iodothyronine than is preselnt in the general body
circulation (7), and patients with no functioning
thyroid tissue did nlot lhave significant plasma
levels of labeled triiodothyronine following the ad-
ministration of labeled thyroxine (5). Since cells
have a greater affinity for triiodothyroninie than
for thyroxine, it would be surprising if triiodothy-
ronine formed intracellularly were released into
the circulation. The low colncentration of tri-
iodothyronine in plasma relative to tlhyroxine does
not necessarily reflect the quantitative output from
the glandl. Labeled triiodothyronine injected in-
travenoussly rapidly leaves this compartment and

F

appears in tissues while thyroxine, preferentially
protein-bound, is maintained at higher levels in
the intravascular compartment.

Production of triiodothyronine by the gland
does not exclude its alternative origin from thy-
roxilne in target tissues. It is quite possible that
botlh meclhanisms are operative. The proposal of
Gross and Pitt-Rivers (8) that the conversion of
thyroxine to triiodothyronine is an essential pre-
liminary step inl the "activation" of thyroid hor-
mone is supported by several observations: 1) the
relatively longer latent period between administra-
tion of thyroxine and appearance of maximal meta-
bolic effects than is observed with triiodothyro-
nine; 2) recovery of a labeled compound subse-
quently identified as triiodothyronine from plasma
and tissues following injection of labeled thyroxine
in thyroidectomized mice (9) or propylthiouracil-
treated rats (10); 3) demonstration of deiodina-
tion of thyroxine to triiodothyronine in vitro by
surviving rat kidney slices (1); 4) the direct re-
lationship between the rate of the deiodination re-
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FIG. 2. RADIOCHROMATOGRAMFROMHUMANKIDNEY SLICE EXPERIMENT SHOWINGDEIODI-
NATION OF I`-LABELED L-THYROXINE TO TRIIODOTHYRONINEWITH SURVIVING TISSUE AND THE
ABSENCEOF LABELED TRIIODOTHYRONINEWITH TISSUE INACTIVATED BY BOILING

O= origin of chromatogram, F = solvent front. Position of marker compounds: T4, thy-
roxine; T3, triiodothyronine.
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FIG. 3. RADIOACTIX ITY RECORDS FRO-M CHROMATO-
GRAMSOF HUMANLIVER, SKELETAL MIUSCLE AND HEART
EXPERIMENTS WITH P -LABELED L-TIIYROXINE AS
SUBSTRATE

Note the absence of triiodothiyroniine peak with liver
anid muscle. 0 = origin of chromatogram. Solvent
front not shown. Positioni of marker compounds: T4,
thyroxinie; T.,. trilodothvroniine.

action an(l the level of thyroi(I activity (11); and
.5) the failuire of D-tllhroxile which hlas little or
no metabolic activity, to undergo deiodination in
these in vitro systemiis ( 12).

The results obtained in this study are essentially
the same as observed previously in rat tissues.
Kidney reguilarly and most actively deiodinates L-
thyroxine to form triiodothyronine wlhile other
tissues slhow little or no deiodination. Occasional
appearance of trace quantities of triiodothyronine
has been observed with rat heart and diaphragm,
and a similar finding has been noted in experi-
ments with human heart (Figure 3). This sug-
gests the possibility that tissues other than kidney
may convert thyroxinie to triiodothyronine at a
much slower rate. The reason for the greater
activity of this enzy me system in the kidney is
unknown. It is uinlikely that it represents a de-
gradative reaction related to the excretory func-
tion of this organ since triiodothyronine is more
active than thyroxine. More plausible is the pos-
sibility that it is related to the high metabolic rate
of this tisstue. The Oo.. of kidney is reported to

be three to four times as great as liver, htve to six
times as great as skeletal muscle and seven to
eiglht times as great as heart (13). In sitit activa-
tion of thyroxinie by conversion to triiodotlhvronine
at (lifferent rates would permit extrathyroidal tis-
sues to conitrol the level of hormone stitmulation
locally.

Technical conisi(lerationis offer difficulty in dem-
onstrating triio(lothyronine formation by tissues
lhaving a less active deiodinating enzyme system
than the kidney. Based on the daily consumption
of 200 ,ug. of thyroxine by a 70 Kg. man, and as-
sutming that all of it is converted to triiodothyro-
nilne by extrathyroidal tissues an(I that all tissues
carry out the transformation at the samie rate, ap-
proximately 0.001 ug. of thyroxine wvould be
deiodinated to triiodothyronine per G. of tissue
per six lhours by any tissue. In the present ex-
periments the weight of tissue used was in the
ranige of 300 to 500 mg. \V'e would expect, there-
fore, that with the above assumptions only 0.0003
to 0.0005 ,ug. of thyroxine would be converted to
triiodothyronine. Since 0.01 ,ug. of thyroxine was
added to each flask, the average yield would be 3
to 5 per cent of the substrate used, a quantity dif-
ficult to detect evsen by isotopic methods. It is
evident, therefore, that only in tissue in which
deiodination of tlhyroxine to triiodothyronine oc-
curs at a rate considerably higher than average
can triiodothyronine be observed under these ex-
perimental conditions.

SUMMARY

The enzymatic deiodination of I'31-labeled L-
thyroxine to triiodothyronine by humani extra-
thyroidal tissues has been examined using sur-
viving slices prepared from kidney, heart, liver
and skeletal muscle. With kidney, the appearance
of labeled triiodothyronine was regularly ob-
served. The extent of conversion of thyroxine to
triiodothyronine by this tissue ranged from 11 to
38 per cent in six hours. With heart, trace
amounts of triiodothyronine were noted occasion-
ally, but in quantity insufficient to definitely estab-
lish the reaction in this tissue. Triiodotlhyronine
formation was not observed in liver and muscle.
It is suggested that the greater activity of the
thyroxine-deiodinating enzyme in kidney is re-
lated to the high metabolic rate of this tissue.
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