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Abstract—The first step in the biogenesis of thyroid hormones is the oxidation of iodides taken up by
the thyroid gland. Oxidation of I" by the H,0,/peroxidase system leads to the formation of iodinium
ions I which bond to thyroglobulin by electrophilic substitution. However, it is not clear whether I~ is
transformed directly to I* or whether it passes through a molecular iodine intermediate. This latter
possibility is indicated by the oxidation potentials of the reactions. I, can be detected in vitro from the
formation of I, ions, although this has yet to be confirmed in vivo. The present study was designed to
determine, albeit indirectly, whether this reaction occurs in vivo. If I, is produced, it may form
charge transfer complexes with numerous drugs. We also investigated the action of various drugs on
lactoperoxidase and assessed their antithyroid activity in the rat by assay of plasma levels of T3, T,, and
TSH. We found a good correlation between the value of K, the formation constant of the complex of
the drug with molecular iodine, and the antithyroid activity in vivo. This correlation was observed in
four different classes of compound. The possibility that molecular iodine is produced in the thyroid
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gland has implications for antithyroid therapy.

The first step in the biogenesis of thyroid hormones
is the oxidation of iodides which are taken up by the
thyroid gland (trapping). Oxidation of iodide leads
to the formation of iodinium ions I* [1, 2] which by
electrophilic substitution [3] bind to tyrosine residues
in thyroglobulin. This oxidation reaction is carried
out by the H,0,/peroxidase system. It is generally
thought [4-9] that thyroid hormone synthesis can be
decreased by competition with thyroid peroxidase
(TPO%) or blocked by inactivating this enzyme,
which forms the basis of the pharmacological treat-
ment of hyperthyroidism. However, it is not clear
whether the transformation of I” into I* takes place
in a single step or whether there is intermediate
formation of molecular iodine. If, in fact, I, is pro-
duced in the thyroid gland, it could form charge
transfer complexes with compounds (electron
donors) with an available pair of electrons which can
be transferred to a suitable acceptor, in this case
iodine. A variety of drugs have this property.

The formation of molecular iodine has been
demonstrated in the absence and presence of
acceptor [10, 11] but ir vitro only. It has not yet been
possible to demonstrate the formation of I, in vivo.
We present here results which provide indirect evi-
dence for the formation of molecular iodine in vivo.
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+ Abbreviations: TPO, thyroid peroxidase; LPO, lac-
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synthethic antithyroid.
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MATERIALS AND METHODS

Spectrophotometry. Spectrophotometric methods
were performed as reported previously [12]. Briefly,
the spectra were recorded on a Perkin—Elmer 554
UV-Visible spectrophotometer equipped with a Pel-
tier effect thermostated sample holder (Oak Brook,
IL, U.S.A.). All drugs commercially available were
purified by preparative HPLC. Solvents, carbon
tetrachloride and chloroform were of spectroscopic
grade (Merck, Darmstadt, Germany). None of the
donors had significant absorbance in the visible
region. Mixing donor and iodine gave rise to a new
absorption peak at a shorter wavelength than the
iodine peak, the blue-shifted band.

At the concentrations used (1072-10"°M) all
donors absorbed in the UV region. The formation
of the donor—acceptor complex led to the appearance
of a new band, the charge transfer band. The for-
mation constants of the drug—iodine complexes were
evaluated from the blue-shifted band using the
method of Lang [13, 14].

ABTS assay. Activity towards peroxidase was
tested in vitro using LPO. This commercially avail-
able peroxidase was employed as it has standardized
activity and could, thus, be used to compare the
activities of the various compounds. TPO is not easy
to isolate and purify without loss of activity but it
has been shown that LPO has similar properties to
TPO [15, 16). Furthermore, it has been reported that
a monoclonal antibody prepared from patients with
Basedow’s disease recognizes both human TPO and
bovine LPO [17]). Incubation tubes contained
1.33 yg/mL LPO, 1.4mM ABTS, 0.067M phos-
phate buffer tampon pH 7 and 1.15 uM H,0,. The
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reaction was initiated with H,O, and was read at
411 nm after 20sec at 20°. Enzyme activity after
the addition of various drugs was expressed as the
percentage of that observed in the untreated LPO
solution.

(VO, — VO)/VO = percentage inhibition

where VO, = initial rate with drug and VO = initial
rate without drug.

Experiments in vivo. Male Wistar rats were
obtained from Janvier (St Berthevin, France).
Experimental conditions were as described pre-
viously [18]. Thryoid glands were removed, and
weighed. Blood samples were taken by cardiac punc-
ture for assay of T,;, T, (RIA Gnost Behring,
Marburg, Germany) and TSH. Reagents for radio-
immunoassay of rat TSH were provided by Amer-
sham International (Amersham, U.K.) (**I assay
system code RPA 554).

RESULTS

Formation of drug-1, complexes and determination
of formation constants K,

Four types of compound were tested: those with
a well-known antithyroid action (KSCN, meth-
imazole, 2-aminothiazole); some with possible anti-
thyroid activity (econazole, trimethoprim, aceti-
amine); molecules with an NCS group which were
devoid of activity (organic thiocyanates, thiazole, 4-
methylthiazole, clomethiazole); and molecules with
no activity towards LPO but with recognized anti-
thyroid activity (derivatives of phenothiazine and
imipramine). Propylthiouracil is not mentioned
since, although it complexes iodine, its insolubility
in the solvents used meant that we could not deter-
mine its K. The most commonly encountered com-
plexes formed between donor (drugs) and acceptor
(iodine) are of the charge transfer type [19]. Complex
formation was analysed in the visible and UV
regions. They were of n-6 nature and 1:1 stoi-
chiometry [20, 21]. Table 1 lists the different com-
pounds and the formation constants of the
complexes.

ABTS assay

We found that all compounds in the first group
(molecules with known antithyroid activity) inhibited
LPO (Table 1). Molecules in the third and fourth
groups had not activity towards LPO. Only the drugs
in the third group were devoid of activity toward
both iodine and LPO.

In vivo experiments

Plasma levels of T3, T, and TSH were assayed.
Thyroid weights were reported and showed goitri-
genic effect of drugs (Table 2). The results were
correlated with the values of K.. We found that some
drugs without action on LPO had antithyroid activity
in vivo.

Complex formation and antithyroid activity

For molecules with known antithyroid activity the
value of K, gave a quantitative estimate of the elec-
tron donor action. A scale of activity could thus be

Table 1. Comparison of formation constants (X.) of drug-
I, complexes and activities of drugs towards LPO

K. (L/mole) 1Csy LPO
KSCN 96 39x102M
Methimazole 23194 2.46 x 10°M
2-Aminothiazole I;- 1.2x10*M
Econazole 575 Insoluble
Acetiamine 216 1.7 x1072M
Trimethoprim 652 56 x107°M
RSCN 6-8 0
Thiazole 10 0
4-Methylthiazole 22 11.3x 107°M
Clomethiazole 25 0
Alimemazine 788 0
Etymemazine 731 0
Levomepromazine 738 0
Triflupromazine 2803 0
Trimipramine 1003 0
Desipramine 2087 0

K, formation constant for complexes determined using
Lang’s method in CCl, at 20°.

I,~, complex unstable, formation of I,” ions. 0, com-
pound without activity on LPO; insoluble, in the buffer
used. RSCN, organic thiocyanates.

established and could be related to the antithyroid
activity observed in vivo. The alkaline thiocyanates
had the lowest activity with a K; of around 100L/
mole. It has been suggested that compounds with
with a value of K, = 100 have potential antithyroid
activity. In contrast, methimazole, the strongest SAT
agent, had a high value of K, (23,194 L/mole). The
electron donor action could be exerted either on
peroxidase by covalent binding with the heme group
[22] or on molecular iodine. The reaction is generally
an irreversible inactivation [23].

Determination of K, indicated that compounds
with a value of K, above 100 (Group 2) had anti-
thyroid activity. These compounds do not possess a
NCS group. Other active drugs such as acetiamine
have a different structure. We suspected that com-
pounds with a sulfur or nitrogen heteroatom would
possess antithyroid activity due to their electron
donor properties. Their activity towards LPO was
measured and their activity in vivo in the rat was
tested in an attempt to establish a structure-activity
relationship. Interestingly, we found that certain
molecules with a NCS group (Group 3) were devoid
of antithyroid activity.

Some molecules had a high K, and no action on
LPO (Group 4). In this group, we also found a
correlation between the value of X, and antithyroid
activity in vivo (e.g. phenothiazines and
imipramines).

DISCUSSION

Formation of I, is readily detected in vitro,
although in vivo its presence has yet to be detected
in the thyroid gland. In vitro, I, is usually determined
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Table 2. Thyroid hormone levels and thyroid weights after drug treatments

Serum hormone level Thyroid weight
(mg/100g body
T, (ng/dL) T, (ug/dL) TSH (ng/mL) weight)
Control 149.0 £ 7.78 4.10 = 0.33 5.24 £0.16 6.20 = 0.09
KSCN 120.2 = 1.18* 3.48 = 0.21* 5.92 £ 0.20* 9.28+1.14
Methimazole 42.4 £ 421" 0.51 = 0.08t 12.16 + 0.28* 2475+ 1.63
2-Aminothiazole 64.2 £ 6.26* 2.84 £ 0.18* 9.14 £ 0.26* 16.18 = 1.04
Econazole 101.0 = 5.28* 3.80 = 0.21* 7.92 = 0.16* 11.24 +1.42
Acetiamine 96.8 + 9.42% 3.72 £ 0.28t 7.86 = 0.22* 11.72 £ 1.18
Trimethoprim 68.4 = 6.40* 2.72 £ 0.21* 8.56 £ 0.23t 12.08 = 0.92
RSCN 147.0 = 5.26* 4.00 = 0.28% 512 +0.14* 6.06 = 0.26
Thiazole 144.2 £ 5.62* 3.98 + 0.23+ 5.08 = 0.16* 6.02 +0.34
4-Methylthiazole 144.8 + 6.22* 4.02 *0.24t 5.16 £0.12* 5.98 +0.18
Clomethiazole 128.6 = 5.80% 3.88 + 0.261 5.44 = (.16* 7.44 = 1.82
Alimemazine 50.8 £5.17* 2.44 +0.20* 8.96 + 0.20* 15.04 + 1.26
Etymemazine 88.2 £ 6.471 3.36 £ 0.241 8.44 £ 0.21* 14.62 *+ 0.98
Levomepromazine 74.4 + 4.48* 3.32+0.18* 8.52 £0.23* 14.78 £ 1.02
Triflupromazine 56.4 £ 5.24% 1.62 = 0.14% 9.02 = 0.28+ 15.54 +1.22
Trimipramine 104.0 = 7.26* 3.64 = 0.20* 8.66 = 0.26* 1532 +1.44
Desipramine 117.6 = 8.7t 3.78 £ 0.18t 8.48 + 0.22* 11.36 = 0.86

The administrated doses were 50 mg/kg/day during 3 weeks. Levels of T3, T, and TSH were

determined by radioimmunoassay.

Control, untreated rats. Significance of difference was determined by Student’s t-test. * P < 0.001;

+ P <0.01.

by addition of a solution of KI producing I~ ions
which absorb strongly at 353 nm (25°). Addition of
50 mM KI leads to a 95% conversion into I~ [11].
In addition, TPO activity can be determined from
the rate of formation of I~ from I~ [24] according
to the following equations:

2T =0,
L+I"=I1;.
Thus, in vitro it is more convenient to measure the
concentration of I, in order to estimate I,. The
formation of I, in the absence of receptor (tyrosine)

has been reported by Pommier et al. [10]. Magnusson
et al. [11] have proposed the following reaction:

E + H,05,-25 EO + I-— [EOI]-

where E = enzyme. In the presence of tyrosine (or
tyrosine residues in thyroglobulin) EOI™ gives the
iodinium ion I* either directly or via I,. I* then binds
to thyroglobulin. In the absence of tyrosine I, must
form since I5~ is produced.

According to Magnusson et al. [11] there is little
production of I, in the presence of acceptor (around
5-10 uM) since I, is transformed rapidly into I*
which reacts immediately with tyrosine. In the
absence of tyrosine, levels rise to around 25 yM in a
small excess of I~ and to around 95 uM when iodide
is in charge excess. However, iodine levels are not
measured readily due to the low molar extinction
coefficient and instability of I, in aqueous solution
at pH 7. As reported previously [18], on the basis
of the oxidation potentials, the oxidation reaction
producing I, is energetically more favorable than
that giving I*, which explains why I, is observed in
the absence of receptor. The small amount of I*
formed will react rapidly with nucleophiles such as

I” to form I,. Then iodide is oxidized in vivo in the
absence of receptor (the receptor protein thy-
roglobulin) by H,0,/TPO. Using autoradiography
and electron microscopy, Ericson [25], Ofverholm
and Ericson [26], and Ekholm [27] have shown that
iodide and TPO are located in the apical membrane
while tyroglobulin is synthesized in the follicular cells
to be transferred, and accumulated in the follicular
lumen some distance from the other components
required for the synthesis of thyroid hormones. This
suggests that iodine is in fact oxidized in the absence
of receptor in vivo and could thus form significant
amounts of I,.

The agreement between the value of the formation
constant of the drug-iodine complex and the anti-
thyroid activity of the drug in vivo tends to indicate
an action of the drug on molecular iodine, especially
for drug without activity on peroxidase. We have
proposed a molecular mechanism of action of anti-
thyroid drugs involving I, {18]. Iodine as I, cannot
take part in iodination and must be further oxidized
to I* by a peroxidase with a sufficient level of oxi-
dation such as compound II [28].

The formation of I, means that strong electron
donors will tend to form complexes with it. We
have shown that SAT have a stronger affinity for
molecular iodine than for peroxidase (unpublished
results). This can help explain why iodide protects
TPO from inactivation by SAT.

The presence of molecular iodine can have impli-
cations for the treatment of thyroid pathology. Up
until now the activity of SAT agents has been judged
with respect to their action on TPO. In some instan-
ces, this action may be irreversible leading to severe
hypothyroidism. A drug with an action on molecular
iodine and preferably without an action on TPO will
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not completely block biosynthesis of vital hormones.
Complex formation is a reversible reaction liberating
iodide which will tend to protect TPO from inac-
tivation. Furthermore, if the drug only acts oniodine
and is devoid of activity towards TPO, it will be
unlikely to have an action on other peroxides in the
organism. We have shown that drugs with an action
on TPO also have activity towards the peroxidase in
the prostaglandin synthetase system (unpublished
results) and will thus influence arachidonic acid
metabolism.

The ability to react with molecular iodine to form
charge transfer complexes means that drugs with
strong electron donor properties will tend to have an
antithyroid action. Prolonged treatment with such
drugs is thus liable to lead to iatrogenic hypo-
thyroidism. This is in fact observed with pheno-
thiazines, imipramines and a number of other drugs.
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