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A B S T R A C T These studies were performed to test
the hypothesis that ether link cleavage (ELC) is an
important pathway for the metabolism of thyroxine
(T4) in the phagocytosing human leukocyte. When ty-
rosyl ring-labeled ['25I]T4([Tyr '25I]T4) was incubated
with phagocytosing leukocytes, 50% of the degraded
label was converted into ['251]3,5-diiodotyrosine
([I251]DIT). Of the remaining [Tyr 125I]T4 that was
degraded, two-thirds was recovered as [I25II-
nonextractable iodine (['251]NEI), and one-third as
['251]iodide. The production of ['251]DIT was not ob-
served when phenolic ring-labeled ['251I]T4 ([Phen
12 I]T4) was used, although [1251]NEI and [251I]iodide
were produced. None of these iodinated compounds
were formed in leukocytes that were not carrying out
phagocytosis.

The fraction of T4 degraded by ELC was decreased
by the addition of unlabeled T4 and by preheating the
leukocytes, findings which suggested that the process
was enzymic in nature. ELC was enhanced by the
catalase inhibitor aminotriazole, and was inhibited by
the peroxidase inhibitor propylthiouracil, suggesting
that the enzyme is a peroxidase and that hydrogen
peroxide (H202) is a necessary cofactor in the reaction.

These studies have been presented, in part at the 62nd
Annual Meeting of the Endocrine Society, Wash., DC, 18-
20 June 1980, and have appeared in abstract form (1977.
Clin. Res. 25: 291. (Abstr.)

Received for publication 3 September 1982 and in revised
form 3 December 1982.

To test this hypothesis, studies were performed in sev-
eral inherited leukocytic disorders. ELC was not ob-
served in the leukocytes of patients with chronic gran-
ulomatous disease, in which the respiratory burst that
accompanies phagocytosis is absent. ELC was normal
in the leukocytes of two subjects homozygous for Swiss-
type acatalasemia, and aminotriazole enhanced ELC
in these cells to an extent not significantly different
from that observed in normal cells. ELC was normal
in the leukocytes of a patient with myeloperoxidase
deficiency, but could be induced by the incubation of
[Tyr '251I]T4 with H202 and horseradish peroxidase in
the absence of leukocytes.

The in vivo occurrence of ELC in the rat was con-
firmed by demonstrating the appearance of ['25I]DIT
in serum from parenterally injected ['251]3,5-diiodo-
thyronine, but no [1251]DIT was produced when
['251]3',5'-diiodothyronine was administered.

From these findings we conclude the following: (a)
ELC is the major pathway for the degradation of T4
during leukocyte phagocytosis, and accounts for 50%
of the disposal of this iodothyronine; (b) the NEI and
iodide formed by phagocytosing cells are derived from
the degradation of the phenolic and tyrosyl rings of
T4, although ELC per se accounts for only a small
fraction of these iodinated products; (c) the process by
which ELC occurs is enzymic in nature, and its oc-
currence requires the presence of the respiratory burst
that accompanies phagocytosis; (d) the enzyme re-
sponsible for ELC is likely to be a peroxidase, although
a clear role for myeloperoxidase as the candidate en-
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zyme remains to be established; (e) iodothyronines are
also degraded by ELC in vivo, and the quantitative
importance of this pathway in various pathophysio-
logical states requires further investigation.

INTRODUCTION

It has been appreciated for more than a quarter of a
century that the metabolism of thyroxine (T4)' in man
is accelerated during acute and chronic systemic ill-
nesses (1, 2). This phenomenon, which has been most
noticeable in patients with bacterial pulmonary infec-
tions (3), is not an invariable accompaniment of illness
(4, 5), and is not well correlated with alterations in the
extracellular binding of the hormone (3, 6). The ac-
celeration of T4 turnover cannot be accounted for by
an increase in T4 disposal by monodeiodination. This
pathway is normally responsible for degrading >70%
of the T4 produced (7, 8), but in acute and chronic
nonthyroidal illnesses, T4 5'-monodeiodination leading
to the generation of triiodothyronine (T3) is reduced,
and T4 5-monodeiodination leading to the formation
of reverse T3, (rTa) is normal or only slightly increased
(9, 10). These observations therefore suggest that yet
another pathway of T4 degradation assumes increased
importance under these circumstances.

When T4, labeled with radioiodine in the tyrosyl
ring, is incubated in vitro with rat liver extracts, ra-
diolabeled 3,5-diiodotyrosine (DIT) is formed as a
product of the reaction (11-13). These findings dem-
onstrate that extrathyroidal tissues, such as the liver,
are capable of degrading T4 by disrupting the di-
phenylether bond linking the tyrosyl and phenolic
rings of the molecule, a process termed ether link
cleavage. Phagocytosing human leukocytes are also
capable of degrading thyroid hormones in vitro, but
the mechanism of this degradation has not been fully
elucidated, since all the previous studies have used T4
labeled with radioiodine in the phenolic ring (14-18).

In the studies reported below, we have investigated
the metabolism, by human leukocytes, of T4 labeled
with radioiodine in the tyrosyl ring. Wedemonstrate
that ether link cleavage is the major pathway for the
metabolism of T4 in the phagocytosing leukocyte. De-
tailed experiments have been performed in several in-

' Abbreviations used in this paper: 8-ANS, 8-anilinonaph-
thalene-l-sulfonic acid; DIHPPA, 3,5-diiodo-4-hydroxy-
phenylpyruvic acid; DIT, 3,5-diiodotyrosine; ELC, ether
link cleavage; H202, hydrogen peroxide; HRP, horseradish
peroxidase; KRP, Krebs Ringer phosphate buffer; KRPG,
KRP containing 5 mMglucose; MIT, 3-monoiodotyrosine;
MPO, myeloperoxidase; NEI, nonextractable iodine; °2, SU-
peroxide; PTU, propylthiouracil; rT3, reverse T3, 3,3'5'-triio-
dothyronine; 3,5-T2, 3,5-diiodothyronine; 3',5'-T2, 3',5'-diio-
dothyronine; T3, 3,5,3'-triiodothyronine; T4, thyroxine.

herited leukocytic disorders that suggest the involve-
ment of a peroxidase enzyme and hydrogen peroxide
(H202) in the process. In addition, data are presented
which demonstrate that ELC is an active pathway of
iodothyronine metabolism in the living rat. Some
of these findings have been presented in abstract
form (19).

METHODS

3-Amino-1,2,4-triazole, L-3,5-DIT, methimazole, and 6-pro-
pylthiouracil (PTU) were purchased from Fluka, Buchs,
Switzerland; chloramine-T was obtained from Merck, Darm-
stadt, West Germany and Na'251 and Na"'5I were obtained
from Wiirenlingen, Switzerland. 3,3',5'-Triiodothyronine
(rT3) and 3,5-diiodo-4-hydroxyphenylpyruvic acid (DIHPPA)
were generously provided by Dr. Hans Cahnmann, National
Institutes of Health, Bethesda, MD. L-T4, 3,5,3'-triiodothy-
ronine (T3) and zymosan were obtained from Sigma Chem-
ical Co., St. Louis, MO. Sephadex G-25 and LH-20 were
obtained from Pharmacia, Uppsala, Sweden and Aminex
50W-X4, sodium form, particle size 30-35 gmwas purchased
from Bio-Rad Laboratories, Richmond, CA.

Preparation of radioactive compounds. Chloramine-T
was used to label DIT and the phenolic ring of the iodothyro-
nines (20), and the specific activity of these labeled com-
pounds ranged between 100 and 200 pCi/pg.

To prepare T4 randomly labeled with '25I in the phenolic
and tyrosyl rings, 1 mCi of Na 1251 was injected subcuta-
neously into a male rat and the animal was killed by ether
anesthesia 24 h later. The thyroid was removed, digested
with pronase, and the randomly labeled [(25IJT4 was extracted
into acidified butanol.

3,5[lI]T4 was synthesized by the method of Sorimachi
and Cahnmann (21), and the following is a description of
the procedure as used in this laboratory. 6.4 mg of DIHPPA
was dissolved in 150 ,ul acetone and added to 6 mCi ['25I]DIT
in 0.5 ml 0.2 Mborate-propylene glycol buffer, pH 6.8 (7:1,
vol/vol). The mixture was kept at 00C and was bubbled with
oxygen for 3 h. During this time, tyrosyl ring-labeled ['25I]T4
was formed. The [Tyr 251I]T4 was then separated from
['25I]DIT and DIHPPA by cation exchange chromatography
on an Aminex 50W-X4 column. The column was prepared
in a 2-ml disposable syringe and equilibrated with 2 N acetic
acid. The radioactive products were applied to the column
and acidified with 2 N acetic acid. DIHPPA and its oxidation
products were eluted first with 5 ml acetone/2 N acetic acid
(1:1, vol/vol); [251I]DIT was then eluted with 5 ml H20 and
[Tyr '25I]T4 was eluted with 3 ml of ethanol/2 N NH3 (7:3,
vol/vol). The eluted [Tyr '25I]T, was dried under nitrogen
at 500C, and then chromatographed by methods described
by Sorimachi and Ui (22). The purity of the [Tyr 12511T4 was
determined by thin-layer chromatography (Merck No. 254
silica gel, and isopropanol, n-butyl acetate, H20, 25% am-
monia as the solvent system 50:30:15:5), and by immuno-
precipitation of the label with a T4 antiserum.

[1251]3,5-Diiodothyronine (['25I]3,5-T2) was synthesized ac-
cording to the method of Sorimachi and Cahnmann (21),
and was purified by cation exchange chromatography on an
Aminex 50W-X4 column, followed by descending paper
chromatography on Whatman 3MMpaper (Whatman, Inc.,
Clifton, NJ) using hexane/tertiary amyl alcohol/2 N am-
monia (1:5:6) as the solvent (23).

Preparation and incubation of leukocytes. Human leu-
kocytes were isolated by the method described by Pincus
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and Klebanoff (24). The preparation contained lymphocytes,
monocytes, and granulocytes, and their viability was deter-
mined by trypan blue exclusion. Incubations were performed
in 10-ml polypropylene centrifuge tubes at 370C. The ra-
dioactive labels used were generally [Tyr '25IIT4 and ['31I]DIT.
These were dissolved in 0.5 ml Krebs Ringer phosphate
buffer containing 5 mMglucose (KRPG) and 0.05% bovine
serum albumin. Tie zymosan was opsonized by incubating
5 mg with 1 ml of serum for 30 min at 370C. The mixture
was centrifuged (12,000 rpm) and washed twice with Krebs
Ringer phosphate buffer. 200 MlA opsonized zymosan was
added (5 mg/ml), and the reaction was started by adding
200 Ml KRPGcontaining 107 leukocytes. Two types of control
incubations were used. In the first, zymosan was omitted,
and 200 Ml KRPGwas merely added. In the second, the
leukocytes were boiled before their addition to the reaction
tubes. When the effects of H202, aminotriazole, methima-
zole, or horseradish peroxidase (HRP) were to be studied,
these agents were added in 20 Mul KRPGbefore the addition
of zymosan or the leukocytes. The reaction was stopped by
adding 3 vol of ice-cold ethanol containing 0.1% PTU and
shaking the tube gently. The incubation mixture was then
centrifuged (6,000 g, 15 min), and the supernatant fluids
were collected. The pellet was washed once with 1 ml of
ethanol and counted in a well-type gamma scintillation
counter.

Chromatography. Identification of the products of the
reaction was performed by gel filtration, cation exchange,
and paper chromatography as described below.

Gel adsorption chromatography was performed with Se-
phadex G-25. The columns (bed volume 13 ml, 8-mm diam)
were equilibrated with 0.05 N sodium acetate buffer, pH
4.8. The dried supernatant extracts were reconstituted in 0.2
N acetic acid, and an aliquot of 200 Mul was applied to the
column. On this column, iodide eluted according to its mo-
lecular weight. The tyrosines and thyronines were adsorbed
by the gel, and their elution profile was a function of their
relative strength of adsorption. Using the sodium acetate
buffer for elution, 60-drop fractions were collected. Iodide
was eluted in fractions 7 to 12, 3-monoiodotyrosine (MIT)
was eluted in fractions 13 to 16, and DIT was eluted in
fractions 16 to 24. The iodothyronines were eluted in an
alkaline pH by using ethanol/2 N NH3 (7:3, vol/vol) as the
eluting agent. This method of chromatography did not sep-
arate T3, rT3, and the diiodothyronines from T4.

Cation exchange chromatography was performed on col-
umns of Aminex 5OW-X4 as described by Sorimachi and Ui
(22), and descending paper chromatography was performed
as described above.

For most experiments, the products of leukocyte phago-
cytosis were analyzed by a simplified procedure. This con-
sisted of passing the reaction products through a mixture of
Sephadex LH-20 and Aminex in its acidic form (9:1). This
mixture was poured into 2-ml disposable syringes (bed vol-
ume 0.75 ml) and the columns were equilibrated with 0.2
N acetic acid. 0.5 ml of the ethanolic supernates were added
to these columns and acidified with 1 ml 0.2 N acetic acid.
Iodide was eluted with 5 ml 0.2 N acetic acid, ['251]DIT was
eluted with 12.5 ml 0.2 N ammonium acetate, pH 5, con-
taining 30% ethanol, while ['25I]T4 was retained on the col-
umn. The radioactivity on the columns was directly mea-
sured in a well-type gammascintillation counter.

Immunoprecipitation of [ 31I]T3 and ['25I]T3. This pro-
cedure was used to process the supernatant extracts from the
experiments in which the quantitative importance of leu-
kocyte 5'-monodeiodination was assessed. In these experi-
ments, ['311]T4 and ['251]T3 were incubated with leukocytes

as described above. The ['25I]T3 was added as an internal
standard to monitor the degradation and losses of T3 during
the experiment. The reaction was terminated by the addition
of 3 vol of ethanol containing 0.1% PTU. 1 ml of the su-
pernatant extract was then incubated with 4 ml 0.05 Mphos-
phate buffer pH 7.4 at 40C, and 1 M1 of a rabbit T3 antiserum
and 1 Ml of normal rabbit serum were then added. The tubes
were incubated for 24 h at 40C, after which 20 Ml of goat
anti-rabbit gamma globulin was added to precipitate the
antibody-bound hormone. After a further 12 h, the tubes
were centrifuged (5,000 g, 10 min), the supernates were as-
pirated, and the precipitates washed with 1 ml of ice-cold
0.9% NaCl. 84±3.7% (n = 6) of pure labeled T3 was precip-
itated by this procedure. Since a large quantity of T3 anti-
serum was used, the cross-reactivity with T4 was increased
and 9.9±0.9% (n = 6) of pure ['3'1]T4 was also precipitated.
Therefore a further purification step became necessary. The
precipitate was dissolved in 0.1 ml 0.05 N NaOH, and 600
Mg of unlabeled T4 and T3 were then added. The mixture
was incubated at 70'C for 10 min, and the solution was
subjected to descending paper chromatography as described
above. The T4 and T3 areas were identified with the nin-
hydrin reagent, and the areas were cut out and counted in
a gamma counter. From these results, the percentage of
['3'1]T4 converted to ['31I]T3 was obtained. The values of
['31I]T3 obtained during the incubation were corrected for
the losses incurred during the extraction procedures by cor-
recting the measured ['31I]T3 values with those based on the
behavior of [1251]T3. An estimate of the losses of ['31I]T3 due
solely to the extraction methods was provided by examining
the samples obtained at time zero, since it could be assumed
that the amount of ['251]T3 degraded in these tubes was neg-
ligible. Although this mode of correction only provided an
approximation of the losses of ['31I]T3 due to degradation,
the degradation of ['31I]T3 was not excessively rapid and was
similar to that of ['31I]T4 (Results). The application of this
correction factor changed the measured value of T4 5'-mono-
deiodination by 0.1-0.2%, and had it not been applied, the
estimated amount of T4 degraded by this route would have
been even lower.

In vivo studies. To demonstrate ELC in vivo, 25 male
ZVIC rats (250-300 g, Universitits Tierzuchtinstitut, Zurich)
were injected subcutaneously with 18 MCi ['251]3,5-T2 and 0.9
MCi [1311]DIT in 0.2 ml of 0.9% NaCl containing 5% rat serum.
To ensure an accurate assessment of the amount of radio-
activity given, the syringes containing the solution were
weighed before and after the injection. The thyroid uptake
of radioactivity was minimized by administering potassium
iodide (10 mg in 0.2 ml 0.9% NaCl i.p. and 0.5 mg/ml in
the drinking water) for 2 d before the experiment. The an-
imals were killed in groups of five at 5, 20, 60, 120, and 240
min. Twice the usual dose of radioactivity was used for the
60 and 240 min time points to ensure that adequate amounts
of radioactivity would be found in the serum.

In a control experiment, 16 rats were injected with 18
MuCi ['251]3',5'-T2 and 0.9 MCi ['3'1]DIT subcutaneously, and
were killed in groups of four at 30, 90, 165, and 240 min
after the injection.

Analysis of serum radioactivity obtained from the in vivo
experiments. The ['25I]3,5-T2, ['251]DIT, and ['3'1]DIT ra-
dioactivities were initially isolated by immunoprecipitation.

Immunoprecipitation of ['251]3,5-T2 was achieved by in-
cubating 200 Ml of rat serum with 1 mg sodium salicylate
and 3,5-T2 antiserum. The tubes were incubated for 4 h at
37°C and for 36 h at 4°C; the bound ['251]3,5-T2 was pre-
cipitated by adding 20 ,l of anti-rabbit gamma globulin,
and the incubation was continued for a further 12 h, after
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which the tubes were centrifuged (5,000 g, 10 min). The
precipitate was washed with 1 ml 0.9% NaCi and counted.
At each time point, the nonspecific binding was also eval-
uated by substituting 2 ,ul of normal rabbit serum for the
3,5-T2 antiserum. To provide an estimate of recovery, par-
allel incubations were performed in which pure ['251]3,5-T2
was added to rat serum and handled as above. The percent
['251]3,5-T2 precipitated in the recovery tubes ranged be-
tween 80 and 85%, and the values obtained in the experi-
mental samples were corrected for this recovery.

[12511]DIT and ['311]DIT were immunoprecipitated by in-
cubating 2 ml rat serum with 2.5 mg 8-aniliinonaphthalene-
1-sulfonic acid (ANS) in 100 Ml 0.9% NaCl and 10 tl of a
rabbit DIT antiserum (No. 134, 1979). At each point in time,
nonspecific binding was determined by substituting an
equivalent volume of normal rabbit serum for the antiserum.
The incubation conditions were identical to those described
above for the immunoprecipitation of ['251]3,5-T2. To pre-
cipitate the bound [1251I]DIT and ['311]DIT, 60 M1 of goat anti-
rabbit gamma globulin was required. This resulted in the
appearance of a large precipitate. To facilitate its chro-
matographic analysis, the precipitate was digested with pro-
nase (2.5 mg in 100 ,ul 0.05 M phosphate buffer, pH 7.0).
The samples were incubated for 12 h at 370C, and the en-
zyme was then inactivated by alkalinization (100 Ml 0.1 N
NaOHI) and acidification (20 Ml 1 N HCI). 900 tl of butanol
saturated with 2 N acetic acid was then added to the pre-
cipitate, and resulted in the appearance of two phases; the
radiolabeled DIT was extracted into the upper phase. The
upper phase was collected, the procedure was repeated
twice, and the butanol extract was dried under a vacuum.
This extract was then redissolved in 200 tl 0.05 M NaOH
containing 1 nmol unlabeled DIT, and was subjected to cat-
ion exchange chromatography on an Aminex 50W-X4 col-
umn. After the initial chromatography, the fractions con-
taining [251I]DIT and ['31I]DIT were pooled, evaporated to
dryness, and rechromatographed. This was done to eliminate
iodinated impurities remaining after the first chromatog-
raphy step. To provide an estimate of recovery, two non-
radioactive rat sera were enriched with the injection solution
(containing ['251]3,5-T2 and ['131]DIT) and treated as above.
From these samples, the recovery of ['311]DIT was calculated,
and the amount of [251I]DIT present as a contaminant in the
['251]3,5-T2 solution was measured.

Radicoimmunoassay of DIT. In initial experiments, the
antiserum used for this radioimmunoassay was kindly sup-
plied by Dr. J. Nelson. Subsequently, experiments were per-
formed with an antiserum generated in this laboratory. This
latter antiserum demonstrated a cross-reactivity of <0.2%
with T4, T.,3, rT3, and the diiodothyronines. The assay was
performed by the addition of the following reagents to the
reaction tubes: (a) standards containing 50 to 3,200 fmol
unlabeled DIT/tube were added in 200 Ml 0.05 Mphosphate
buffer, pH 7.0. The unknown samples measured in the ra-
dioimmunoassay were usually column fractions. The DIT in
these samples was initially dissolved in 0.05 N NaOiI and
subsequently diluted in 0.05 M phosphate buffer and added
as a 200 tl aliquot; (b) 0.4 tl DIT antiserum in 50 tl phos-
phate buffer; (c) ['25I1DIT (10,000 cpm) was added in 20
Al phosphate buffer. The tubes were incubated for 12 h at
40C, and the antibody-bound hormone was separated from
the free hormone by the addition of 1.7 ml 18% polyethylene
glycol (6,000-mol wt). After 1 h at 40C, the tubes were cen-
trifuged (3,000 rpm, 15 min), the supernates were aspirated,
and the precipitates were counted.

Statistics. Statistical analysis of the results has been per-
formed using Student's t test for unpaired data (25).

RESULTS

Chromatographic identification
of the products of T4 metabolism in
phagocytosing leukocytes

Three independent methods were used to verify the
production of DIT from T4 during leukocyte phago-
cytosis. These were gel filtration, cation exchange, and
paper chromatography.

Gel filtration chromatography. In the initial ex-
periments, incubations were performed with T4 ran-
domly labeled with '25I in both the phenolic and ty-
rosyl rings. Subsequently, [Tyr '25I]T4 was used in all
the experiments. When randomly labeled ['25I]T4 was
incubated with nonactivated leukocytes, it was not
degraded. This conclusion is based on the observation
that extracts of the incubation medium, when analyzed
by Sephadex G-25 column chromatography, contained
only ['251]T4 (Fig. 1). The small amount of 1251 seen
represents an impurity in the starting material.

To compare the products of metabolism of the phe-
nolic and tyrosyl rings of T4, randomly labeled ['251]T4
and [Phen '3I]T4 were incubated with zymosan-acti-
vated leukocytes (Fig. 1). The 1251 and "'I radioactivity
in the T4 area were identical, but were decreased com-
pared with the T4 radioactivity remaining in speci-
mens incubated without zymosan. This demonstrated
that both ['31I]T4 and [1251]T4 had been degraded. How-
ever, the products of degradation differed in that a
peak of radioactivity was generated by the metabolism
of the randomly labeled ['25I]T4 that was not generated
from [Phen ''I]T4. This peak, derived from the io-
dinated tyrosyl ring, coincided with the elution pattern
of ['25I]DIT, and demonstrated that cleavage of the
ether link of T4 had occurred.

Cation exchange chromatography. As T3 and rT3
are not separated from To by Sephadex gel filtration,
the products of the incubation were also analyzed by
cation exchange chromatography. This technique was
also used to provide an independent proof of the for-
mation of DIT from T4 by phagocytosing leukocytes.
Zymosan-activated leukocytes were incubated with
[Tyr 251I]T4 and ["'3I]DIT and the supernatant extracts
obtained at 5, 15, 30, and 60 min were applied to an
Aminex 50W-X4 column (Fig. 2). At each time point,
three major peaks were identified, which corresponded
to the elution pattern of iodide, DIT, and T4.

Paper chromatography. The [1251]DIT and ['251]T4
fractions obtained by cation exchange chromatogra-
phy were subjected to descending paper chromatog-
raphy. On this system, the migration of the labeled
compounds coincided with that of unlabeled DIT
and T4.
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MAl volume to an Aminex 50W-X4 column (10 X 0.8 cm). The column was eluted with a gradient
composed of an equal volume of ammonium acetate 0.04 M, pH 4.8/100% ethanol (7:3 vol/
vol), and ammonium hydroxide 0.75 N/100% ethanol (7:3, vol/vol). On this column, iodide
was eluted in fractions 4 to 8, DIT in fractions 19 to 24, and T4 in fractions 38 to 43.

Ether Link Cleavage of the Jodothyronines 939



TABLE I
Metabolism of T4 and of its Degradation Product, DIT, by Human Leukocytes

Incubation time (min)

Zymosan 0 5 15 30 60

Present [tyr'5I]T4 93.8±4.3 (6) 1 87.8±5.1 (18)§"1 70.7±11.8 (18)§¶ 62.5±11.8 (17)§¶ 60.1±13.9 (18)§¶
[(JSI]DIT 2.7±0.9 (6) 5.4±1.9 (10)§ 13.9±6.0 (10)§ 16.7±7.2 (10)§ 17.4±6.3 (10)§¶
['25I]NEI 5.0±0.8 (10) 5.5±1.5 (10)" 11.4±3.8 (10)§ 16.5±3.7 (10)§ 19.1±4.1 (10)§¶
1Z15I 2.3±1.7 (8) 2.2±0.8 (10) 4.0±1.1 (10)'- 8.7±2.4 (10)§ 9.2±2.0 (10)§"
['311]DIT 97.8±2.1 (6) 95.5±2.4 (10)" 89.0±4.5 (10)§ 85.8±3.9 (10)§1" 84.9±5.3 (10)§"
['3'1]NEI 3.7±1.0 (6) 3.3±0.3 (6) 6.2±1.3 (6)" 8.2±1.5 (6)tt 8.9±3.0 (6)#"
13' I 2.1±2.2 (6) 4.9±1.8 (6)§ 8.4±1.7 (6)§ 9.6±1.1 (6)§ 9.9±2.1 (6)§¶

Absent [tyr'2'IT4 89.0±6.0 (15) 92.8±1.5 (5) 93.6±2.1 (5) 92.8±1.3 (5) 93.5±2.3 (10)

Present, [tyr'mIIT4 92.9±1.8 - - - 92.0±2.7 (8)
boiled cells

Radioactivity expressed as percentage of total per flask (mean±SEM).
Numbers in parentheses represents the number of flasks.

§ P < 0.001 compared with time 0.
P < 0.01 compared with incubation without zymosan.

¶ P < 0.001 compared with incubation without zymosan.
P < 0.025 compared with time 0.

t P < 0.01 compared with time 0.

Combined gel filtration-cation exchange chroma-
tography. The procedures outlined above have dem-
onstrated the production of iodide and DIT from T4
during leukocyte phagocytosis. In the experiments de-
scribed below, the products of T4 metabolism were
analyzed by chromatography on columns containing
a mixture of LH-20 and Aminex 50W-X4. In 10 pre-
liminary experiments, the recovery of [251I]DIT was
99±1.5% and that of [l2I]T4 was 98±2%.

Quantitative assessment of the metabolism
of T4 and of its degradation product DIT
during phagocytosis (Table I)
In these experiments, [Tyr 251I]T4 was incubated with

zymosan-activated leukocytes, and the degradation of
DIT was assessed simultaneously by the addition of
['31I]DIT to the medium. [Tyr 251I]T4 was progressively
degraded with time, and the rate of degradation was
greatest during the first 15 min during which time 20-
25% of the label was destroyed. Of the total [Tyr 1251]T4
degraded, 40-50% was recovered as [251I]DIT at
60 min.2

2 The following calculations of the generation of DIT from
T4 have assumed that the production and degradation rates
of this compound were linear during the sampling periods.
The degradation of DIT was found to be 0-5 min, 2.4%; 5-
15 min, 6.6%; 15-30 min, 3.3%; 30-60 min, 0.9%. Therefore,
the degradation rates of DIT per minute between these time
periods were 0.48, 0.66, 0.22, and 0.33% respectively. Based
on these calculated rates of degradation, it was found that
during a 60-min incubation, ['251I]DIT accounted for 15.3%
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['25I]NEI was formed when either [Tyr '25I]T4 or
[Phen 251I]T4 was used in the incubation medium.
When [Tyr 125I]T4 was used, <2% of the ['25I]NEI
formed could be ascribed to the prior degradation of
[125I]DIT.

Similarly, it was estimated that 10-25% of the
['251]iodide formed after a 60-min incubation was due
to the degradation of [1251]DIT.

The relative contributions of ['25I]MIT, ['25I]DIT, and
[1251]T4 to the formation of NEI were determined by
pronase hydrolysis of the reaction products. The hy-
drolysate was initially chromatographed on Dowex to
retain the MIT, DIT, and T4 radioactivity. Approxi-
mately 50% of the radioactivity applied to the column
was retained, and further analysis of this radioactivity
on Sephadex G-25 revealed that the major constituents
were ['25I]MIT (27%) and material that migrated with
[251I]T4 (55%). A small amount of void volume material
(14%) and ['251]DIT (4%) were also found in the hy-
drolysates.

Effect of unlabeled T4 on the
degradation of [251I]T4

To assess whether the process responsible for ELC
was saturable, the effect of adding increasing amounts
of unlabeled T4 to the incubation medium was studied.

of the total radioactivity present. This figure is somewhat
higher than that of 14.7% (17.4-2.7%) given in Table I. Sim-
ilar calculations were made for the generation of NEI and
iodide from DIT.



The percentage of [Phen 125I]T4 degraded was pro-
gressively and significantly decreased by the presence

of unlabeled T4 in concentrations >20 pmol. When
2,000 pmol was added, 8.0±0.2% of the [125I]T4 was

degraded at 60 min compared with 32.4±6.3% in the
control tubes (P < 0.001, n = 6).

Effect of aminotriazole on ELC of T4
in normal leukocytes (Table II)
The experiments outlined above have demonstrated

that ELC was abolished by heating the leukocytes
(Table I), and that the process was saturable by an

excess of unlabeled T4. These findings suggested that
the process was enzymic in nature. To further test this
hypothesis, experiments were performed with the cat-
alase inhibitor aminotriazole (Table II).

When incubated for 30 min with nonactivated leu-
kocytes, aminotriazole (20 Atmol) had no effect upon

the degradation of [Tyr 1251]T4. A slight, but significant
effect on [Tyr 125I]T4 degradation occurred at 60 min.
In contrast, when added to zymosan-activated leuko-
cytes, 0.01 ,umol of aminotriazole caused a significant
enhancement of the degradation of [Tyr 125I]T4. This
effect was seen 5 min after the commencement of the
incubation. At lower concentrations of aminotriazole
(0.002 ,umol), no effect on [Tyr 1251I]T4 degradation was

observed, while at higher concentrations (0.1-2 ,umol),
the degradation of [Tyr 1251]T4 was extremely rapid.

Effect of PTU on ELC of T4
in normal leukocytes
The peroxidase inhibitor PTU was found to be a

potent inhibitor of the ELCof T4 in zymosan-activated

leukocytes. When concentrations of 0.4-2 ,umol were

added to the incubation mixture, [Tyr '251]T4 degra-
dation was completely inhibited when assessed at
60 min.

Metabolism of T4 in leukocytes from
patients with chronic granulomatous disease
The experiments with aminotriazole and PTU sug-

gested that the enzyme that mediates ELC is a per-
oxidase, and that H202 is a necessary cofactor in the
reaction. To test this hypothesis further, studies were
performed with leukocytes from three patients with
chronic granulomatous disease, as these cells are un-
able to generate H202 during phagocytosis.

When [Tyr 1251I]T4 was incubated with zymosan-ac-

tivated cells from patients with chronic granulomatous
disease, it was not degraded and [1251I]DIT, [1251I]NEI,
and [1251]iodide were not produced. These findings
demonstrated that ELCdoes not occur in chronic gran-
ulomatous disease, and that [1251I]NEI and [1251]iodide
are generated by processes directly related to those
that result in ELC.

ELC of T4 in Swiss-type acatalasemia
The importance of leukocyte H202 was further as-

sessed in the leukocytes of two subjects homozygous
for Swiss-type acatalasemia. The cells of these indi-
viduals contained markedly decreased amounts of cat-
alase, an enzyme partly responsible for the detoxifi-
cation of H202 generated during phagocytosis. These
cells metabolized [Tyr 1251]T4 at the same rate as did
the control leukocytes, and the products of metabolism
were identical with those produced by the control cells
(Fig. 3).

TABLE II
Enhancement of Ether Link Cleavage of T4 by Aminotriazole in Normal Leukocytes

lncblatioll time (min.)

Zvmosan Aminotriazole 0 5 15 30 60

A Present - 91.3±1.4 (4)1j 81.3±3.1 (4) 78.8±3.3 (4) 77.5±3.3 (4)
B 0.002 92.0±0.8 (5) 90.3±2.1 (4) 76.0±3.9 (5)§ 75.5±4.6 (5)11§ 72.8±4.0 (4)1P
C 0.01 91.2±1.1 (6) 71-79 (2)t 1 49-57 (2) 54.2±5.7 (6)t I§ 50.0±5.7 (6)11p
D 0.1, 0.2, 2 90.5±0.8 (4) 62.8±0.9 (4)e 36.0±3.4 (4)eo 28.0±1.2 (4)°° 22.8±1.3 (4)0°

E Absent - 93.0±0.5 (4) 93.3±0.6 (4) 94.0±0.8 (4) 93.3±0.5 (4) 92.8±0.5 (4)
F 20 92.8±0.5 (3) 93.0±0.4 (3) 93.4±0.4 (3) 92.8±0.5 (3) 89.4±0.6 (3)§
G Present, 20 92.5±0.6 (4) 93.1±0.5 (4) 92.0±0.4 (4) 91.2±0.8 (4) 91.6±0.8 (4)

boiled cells

° Percentage of total radioactivity (mean±SEM).
I Numbers in parentheses represent the number of flasks.

P <0.01 vs. E.
"P < 0.05 B vs. C.
T P < 0.025 B vs. C.

PP<0.001 vs. E.
4 P < 0.001 C vs. D.
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remaining enzymatic activity was inhibited by ami-
notriazole.

0.002 and 0.01 timol of aminotriazole were used in
these studies, as these concentrations were found to be
optimal for the enhancement of ELC in normal cells
(Table III). The leukocytes of subject 1 degraded [Tyr
1211]T4more actively than did cells from subject 2 or
the control cells. However, the enhancement of ELC
by aminotriazole was identical in the catalase-deficient
and the normal leukocytes.

)0 5 15 30 60
Incubation time (minutes)

FIGURE 3 Degradation of [Tyr '25I]T4 (E) by 107 zymosan-

activated leukocytes obtained from two subjects homozygous
for Swiss-type acatalasemia. These leukocytes degraded [Tyr
'251]T4 at the same rate as [Phen '31I]T4 (0) and produced
[1251]DIT (A).

Effect of aminotriazole on T4 degradation
in Swiss-type acatalasemia (Table III)

Since the leukocytes of subjects with Swiss-type
acatalasemia are not completely devoid of catalase,
further experiments were undertaken in which the

Products of T4 metabolism in
Swiss-type acatalasemia (Table IV)

The incubation of [Tyr '25I]T4 with zymosan-acti-
vated catalase-deficient leukocytes produced [125I]DIT
and [125I]NEI. Both the products formed in these cells
and their percent generation were identical to those
seen in normal cells.

Effect of exogenous H202
on the metabolism of T4

These experiments were conducted to assess whether
a large amount of H202 could activate ELC in normal

TABLE III
Effect of Aminotriazole on Ether Link Cleavage of T4 in Nornal

and Catalase-deficient Leukocytes

Incubation time (min)

Subjects Zymosan Aminotriazole 0 5 15 30 60

pAlO'

1 Absent - 92e 93 93 93 92
2 90 92 92 91 92
Ct 92 92 92 92 92

1 20 92 91 91 89
2 91 90 89 90
C 92 92 92 89

1 Present - 86 67 62 54
2 85 67 59 61
C 87 72 69 67

1 0.002 83 61 53 49
2 81 61 51 53
C 85 66 62 61

1 0.01 93 38 37/91§
2 94 39 40/92§
C 89 52 49/90§

Percentage of total radioactivity per flask.
Leukocytes from a control subject.

§ Leukocytes were boiled before incubation.
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TABLE IV
Products of Ether Link Cleavage of T4 in Normal and

Catalase-deficient Leukocytes

Incubation conditions Incubation time (min)

Subject Product Zymosan Aminotriazole 0 5 15 30 60

amoi

1 ['25IjDIT Present Absent 3.14 8 19 20 23
2 4.5 8.6 20 23 21
Ct 3.8 7.3 18 19 18

1 ['25I]NEI - 1.1 6.9 11 15
2 - 1.6 6.7 12 13
C - 1.0 5 7.3 10

1 [125I]DIT Present 0.01 - - - 26 27
2 - - - 31 31
C - - - 26 27

1 [125I]NEI - - - 19 20
2 - - - 15 17
C - - - 11 15

Percentage of total radioactivity per flask.
I Leukocytes from a control subject.

100 11251 1 T4

11251 DIT

20 1251

0 =~

20 [ 1251 INEI

0 15 30 60

leukocytes. 300 Atmol of H202 was added, as this
amount has been used as a substrate for the thyroid
peroxidase. H202 failed to induce ELC when added
to nonactivated leukocytes, and in two experiments
H202 did not increase the rate of degradation of [Tyr
1251]T4 in zymosan-activated leukocytes.

lo0or [1311 DIT

80

20- 1311
-

1 Q --

20 [1311 ]NEI

0 15 30 60

Metabolism of T4 by myeloperoxidase-
deficient leukocytes
[Tyr t25I]T4 was incubated with the cells obtained

from one patient with complete myeloperoxidase
(MPO) deficiency (Fig. 4). When compared with the
control leukocytes, there was no difference in the ex-

tent to which the MPO-deficient cells degraded [Tyr
125I]T4 In addition, the degradation of DIT, as assessed
by the metabolism of ['31I]DIT, was also similar to that
observed in the control cells.

Induction of ELC by H202 and HRP

Incubation time (minutes)

Fiwuiti 4 The metabolism of [Tyr '251]T4 and [3"11]DIT by
MPO-deficient (A) and normal (V) human leukocytes. The
metabolism of [Tyr '251]T4 produced ['251]DIT, ['251]N El, and
['251]iodide, whereas the metabolism of ['31I]DIT produced
['31I]NEI and ['311]iodide. No significant differences in the
metabolism of these compounds was observed between the
MPO-deficient and the control leukocytes.

In these studies [Tyr 25I]T4 was incubated with H202
and HRP in the absence of leukocytes. The experi-
ments were performed with KRPGbuffer containing
0.05% bovine serum albumin. Three experiments were

performed in which the concentration of H202 was

kept constant at 300 Amol, and the results of one of
these experiments is shown in Fig. 5. This experiment
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FIGURE 5 The effect of incubating [Tyr '251]T4 with H202
(300 Mmol) and HRP. The amounts of HRPadded were 0.01
(O), 0.1 (A), 1 (V), 10 (0), and 100 (0) sg.

demonstrated that [Tyr '25I]T4 was degraded with time,
and that the rate and extent of its degradation in-
creased as the concentration of HRP was increased.
When 1 Mg HRPwas used, the percentage of the ra-

dioactivity found as ['251]DIT was greater than that
found as 1251-albumin and ['251]iodide, and the use of
this concentration of HRPprovided the best demon-
stration of ELC. However, when higher concentrations
of HRPwere used, a greater percentage of the label
was found as 1251-albumin and ['25I]iodide than as

[125I]DIT. To explain these findings, the metabolism of
[131I]DIT by H202 and HRPwas examined. These stud-
ies demonstrated that 74% of the ['311]DIT was de-
graded in 2 min when 100 Mg HRPwas present in the
reaction mixture. These findings demonstrated there-
fore that DIT was also subject to degradation, and at
concentrations of HRP>1 Mg, its rate of degradation
exceeded its rate of formation.

Monodeiodination of T4 by
normal leukocytes (Table V)
These experiments were performed to assess the rel-

ative importance of 5'-deiodination in the metabolism
of T4 during leukocyte phagocytosis. [Phen '31I]T4 and
[Phen 251I]T3 were incubated with phagocytosing cells,

TABLE V
T4 5'-Monodeiodination in Normal Leukocytes

Incubation time (min)
Leukocyte

Zymosan number 30 60

Absent Nil - 0.4/0.25°
Present Nil 0.4/0.34

Absent 107 0.83/0.82 0.7/0.76
Present 107 0.92/0.67 0.78/0.50

Percent ["3'I]T3 formed from ['31ITrj.
Results obtained from two separate experiments.

the [251I]T3 serving as a recovery standard. In two sep-
arate experiments, the percentage of [131I]T4 converted
to ['31I]T3 was <0.5%.

Studies of the degradation of [Phen 1251]T3, [Phen
1251]rT3, and [125I]3,5-T2 during a 60-min incubation
revealed that the percent degradation of these iodothy-
ronines was similar to that of [Phen '31I]T4. (Percent
degradation of [251I]T3, 52+4%; ['25I]rT3, 50±5%;
[125I]3,5-T2, 54±10%; ['31I]T4, 55±10%.) These results
therefore demonstrated that an enhanced rate of deg-
radation of T3 could not account for the relatively little
T4 5'-deiodination observed. They also demonstrated
that iodothyronine degradation was independent of
the position of the label, further supporting the sug-
gestion that each compound was subject to oxidative
degradation.

Demonstration of ELC in vivo (Table VI)

To demonstrate the production of ['25I]DIT in vivo,
25 rats were given a single subcutaneous injection of
[1251]3,5-T2. The solution containing this iodothyronine
also contained 1.5% of ['"I]DIT as an impurity and
initial experiments were therefore performed to ex-
amine the disappearance of DIT from serum. This was
achieved by adding ['31I]DIT to the [125I]3,5-T2 solution.
After the injection, [131I]DIT disappeared more rapidly
from serum than did [125I]3,5-T2 (Fig. 6). When the
ratio of [1251]DIT/[1251]3,5-T2 was calculated, it was
found to be constant over 2 h (Table VI). This sug-
gested the de novo production of [1251]DIT from
['251]3,5-T2; had ['25I]DIT not been formed, one would
have expected a rapid decrease in serum [251I]DIT and
in the ['251]DIT/[2511]3,5-T2 ratio. This conclusion is
strengthened by the observation that the ['251]DIT/
['31I]DIT ratio was also significantly increased (Table
VI). 4 h after the injection, ['31I]DIT had disappeared
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FIGURE 6 The serum disappearance of ['251]3,5-T2, [13'I]DIT,
and ['251I]3,5-T2 in the rat. Each point represents the
mean±SEMof five animals.

from the serum, but chromatographic identification
of [251I]DIT was still possible (Fig. 7, panel A).

To exclude the possibility that the formation of
['251]DIT was due to the iodination of endogenous ty-
rosine, 16 rats were also injected with [251I]3',5'-T2 and
[1311]DIT. Although ['251]3',5'-T2 disappeared more rap-
idly than [125I]3,5-T2 (Fig. 6), [251I]DIT was not dem-
onstrated at any time (Fig. 7, panel B).

TABLE VI
Ether Link Cleavage in Vivo

Time after injection
of ["13,5-T3 and [131 DIT [25IPDIT/[("*13,5-T. ["*IUDIT/[lS31IDIT

5 min 0.003±0.0003 0.117±0.059
20 min 0.0026±0.0001 0.068±0.004t

1 h 0.0015±0.0001 0.130±0.0041
2 h 0.003±0.0002 0.669±0.148
4 h

e P = NS, 5 min vs. 20 min.
P < 0.0005, 20 min vs. 1 h.

§ P < 0.005, 1 h vs. 2 h.

ic

:1 30 min
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FIGURE 7 Cation exchange chromatography of serum ob-
tained at various intervals from rats injected with (A)
['25113,5-T2 or (B) [251I]3',5'-T2. The [251I]DIT in the sera was
initially isolated by immunoprecipitation (Methods), and the
['251I]DIT in the samples was pooled and applied to the col-
umn. The ['251I]DIT peak (@) coincided exactly with the
['31I]DIT peak (0), and with the elution profile of unlabeled
DIT as measured by radioimmunoassay (hatched area).

DISCUSSION

These studies have demonstrated that T4 is degraded
by human leukocytes by ELC during phagocytosis.
This conclusion is based on the demonstration of the
appearance of labeled DIT as a product of T4 labeled
with radioiodine in its tyrosyl ring. ELC is the major
pathway for the disposal of T4 in the phagocytosing
leukocyte, as 40-50% of all the T4 degraded was con-
verted into DIT. In addition to DIT, labeled iodide
and NEI were also produced, and these two com-
pounds were formed when either phenolic or tyrosyl
ring-labeled T4 was the substrate. The generation of
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NEI, or iodoprotein, from the degradation of both
rings of the T4 molecule confirms and extends the ob-
servations of previous workers (17, 18), and indicates
that the phagocytosing leukocyte is yet another source
of the iodoprotein that is generated by the metabolism
of the thyroid hormones in peripheral tissues (26-30).

The relationship of the NEI to the processes me-
diating ELC was further investigated by subjecting
this component to pronase hydrolysis and to chro-
matographic analysis. The major constituents of the
NEI were labeled MIT and material which migrated
in the area of T4. Labeled MIT was found in the digests
when either phenolic or tyrosyl ring-labeled ['25I]T4
was used suggesting that its formation results from the
iodination of leukocyte tyrosine residues, rather than
from the deiodination of DIT. Since labeled MIT,
rather than DIT, was found, these studies suggest that
a major causal relationship between the process me-
diating ELC and NEI formation is unlikely. The pres-
ence of labeled T4 in the hydrolysates suggests that
covalent protein binding of this iodothyronine occurs
once the hormone has been taken up by the leukocyte.
ELCof T4, occurring before or after the covalent bind-
ing of the molecule, would account for the small quan-
tities of labeled DIT present.

ELC was decreased in the presence of excess un-
labeled T4, and was abolished by preheating the leu-
kocytes. These observations suggested that the process
mediating ELC was enzymic in nature. Further, the
enhancement of ELC by the catalase inhibitor ami-
notriazole and its inhibition by the peroxidase inhibitor
PTU suggested that the enzyme involved is a peroxi-
dase and that H202 is necessary in the reaction.3 The
observation that ELC was dormant in the resting leu-
kocyte but was activated by the onset of phagocytosis
suggested that the process might be related to the
metabolic events that accompany phagocytosis.

The induction of phagocytosis is associated with a
series of enzymatic events that are responsible for all
of the oxygen-dependent killing by phagocytes. These
reactions are collectively referred to as the "respira-
tory burst". During this sequence, there results an in-
crease in oxygen uptake, superoxide (°2) production,
H202 generation, and hexose monophosphate shunt
activity (31-35). All the oxygen taken up during the
respiratory burst is converted to 0°, and 80% of this

s PTU only inhibits MPOwhereas aminotriazole may in-
hibit both catalase and MPO. Since ELC was abolished by
PTU but was enhanced by aminotriazole, it is unlikely that
a significant inhibition of MPOactivity by aminotriazole
occurred during the reaction. Furthermore, in separate ex-
periments, the degradation of labeled T4 by HRPand H202
was unaltered by the addition of aminotriazole in concen-
trations of up to 0.1 ,umol.

O2 is then converted to H202 by dismutation. This
dismutation reaction is the only important source of
the H202 generated during the respiratory burst (33).
The hexose monophosphate shunt is in turn activated
by the NADP+generated by the conversion of 02 to
0° and by the glutathione peroxidase-glutathione re-
ductase system. This cytosolic enzyme system is re-
sponsible for the detoxification of the H202 that leaks
into the cytoplasm from the phagocytic vacuole during
the respiratory burst (36).

With these considerations in mind, studies were un-
dertaken to test the involvement of H202 in the process
of ELC. Initial experiments were performed with the
leukocytes of patients with chronic granulomatous dis-
ease. This inherited disorder is characterized by a
greatly enhanced susceptibility to infection by certain
strains of bacteria (37, 38). The leukocytes of affected
individuals are able to ingest bacteria normally, but
are unable to carry out the reactions of the respiratory
burst (39-41). As a consequence, H202 is not generated
and the activity of the hexose monophosphate shunt
is not increased. In this regard, the inability of chronic
granulomatous cells to degrade T4 by ELC strongly
suggests that this process is related to the reactions of
the respiratory burst. These observations also provide
an explanation for the defective iodinating capacity
of these leukocytes (42).

To further evaluate the role of H202, the degra-
dation of T4 was examined in the leukocytes of subjects
homozygous for Swiss-type acatalasemia. The neutro-
phils of these individuals have a catalase activity <30%
of that found in normal leukocytes (43). This enzyme,
together with the glutathione redox system, is respon-
sible for converting the H202 formed during the re-
spiratory burst into water and oxygen. Catalase-defi-
cient neutrophils are protected from oxidative damage
by a normally functioning redox system, and secrete
normal amounts of H202 into the extracellular medium
during phagocytosis (44). ELC proceeded at a normal
rate in these cells and was enhanced by aminotriazole
to the same extent as were the control leukocytes.
These observations provide further support for the sug-
gestion that H202 concentrations are normal in cata-
lase-deficient leukocytes, and add weight to the hy-
pothesis that the glutathione redox system is the most
important means of disposal of the H202 generated
during the respiratory burst (45, 46).

The incubation of tyrosyl ring-labeled T4 with HRP
and H202 resulted in the appearance of labeled DIT,
NEI, and iodide, demonstrating that H202 and a per-
oxidase enzyme are involved in mediating the process
of ELC. These findings confirm the work of previous
authors that have demonstrated the degradation of the
thyroid hormones by H202 and either HRP (47, 48)
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or MPO(48) with the production of iodide and origin
material (17). However, ELC was also found to occur
in MPO-deficient leukocytes, suggesting that ELCmay
be mediated by cellular mechanisms involving more
than the simple combination of MPOand H202. It is
possible that there exists an MPO-independent system
capable of degrading T4, but the nature of such a sys-
tem can only remain hypothetical at present.

The existence of ELC as an alternative in vivo path-
way for the metabolism of the iodothyronines has also
been demonstrated in these studies. This conclusion
is based on the appearance in serum of labeled DIT
after the subcutaneous injection of ['251]3,5-T2 in the
rat. [1251]3,5-T2 was chosen to facilitate the demonstra-
tion of ELC, because this compound is metabolized
more rapidly than is ['251]T4. Previous studies that have
sought to demonstrate ELC in vivo have yielded con-
flicting results. The studies of Pittman and Chambers
(49) did not provide evidence in support of its exis-
tence, but these investigators injected rats with radio-
thyroxines rather than the more rapidly metabolized
iodothyronines, and it is possible that a small per-
centage of T4 being degraded by this route may have
escaped detection. In contrast, the studies of Dratman
et al. (50) have demonstrated the appearance of la-
beled DIT in the developing neuraxis of the tadpole
after the injection of randomly labeled T4. More re-
cently, Balsam et al. (51) have also confirmed the in
vivo occurrence of ELC of T4. These authors dem-
onstrated the appearance of labeled ketoacids of
DIT in the urine of rats given tyrosyl ring-labeled T4
and mononitrotyrosine, an inhibitor of the degrada-
tion of DIT.

It is possible that ELC of the iodothyronines may
contribute to the overall bactericidal capacity of the
leukocyte. The MPO-halide-H202 system is an impor-
tant oxygen-dependent mechanism by which phago-
cytes kill ingested bacteria (52), and the chloride ion
is likely to be the most important halide in this reaction
because of its abundant intracellular concentration.
However, the enhanced uptake of T4 during leukocyte
phagocytosis, and its subsequent destruction by ELC
would result in a series of compounds, the degradation
of which would increase the intraleukocytic concen-
tration of iodide. The iodide would then be available
to combine with the MPOand H202 in the phagocytic
vacuole and would be expected to increase the micro-
bicidal activity of the leukocyte caused by iodination
of the ingested bacteria (53). In addition, the dem-
onstration of covalent binding of T4 to intraleukocytic
proteins suggests that ingested proteinaceous material,
such as bacteria, could also be iodinated directly by
the T4 molecule.

In summary, these studies have shown that the hu-

man leukocyte is capable of degrading the iodothy-
ronines by ELC. The pathway appears to be dormant
in the nonactivated leukocyte, but becomes the major
method of disposal of these compounds when phago-
cytosis is induced. Its in vivo occurrence in the rat
demonstrates that this pathway is available for io-
dothyronine degradation in the basal, nonstressed
state. Its activation during leukocyte phagocytosis sug-
gests that its quantitative importance as a method of
iodothyronine degradation may be increased during
infectious illnesses, and that it could contribute in part
to the acceleration of T4 turnover that has been ob-
served in these states (1-3). Its contribution to overall
thyroid hormone economy in man and in the rat in
various pathophysiological states requires further in-
vestigation.
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