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Iodine (/2)has been proposed to be used as a water disinfectant on the manned space
station. Previous work has shown that subchronic administration of '2 to Sprague-

Dawley rats in drinking water significantly increases plasma thyroxine/triiodothy-
ronine (T4fTy levels. This is not observed with iodide (/-) treatment. The present study
addresses the possibility that '2 reacts with deiodinated T4metabolites in the gastroin-
testinal tract to resynthesize T4' Incubation of diiodothyronine (T2)' Ty or reverse TJ
with '2 in phosphate-buffered saline resulted in the formation of T4 as measured by
radioimmunoassay. Washes from the initial segments of the small intestine of the rat
show that substrates are present that react with '2 to produce T4' Single oral doses of
'2 to rats produced significant dose-related increases in serum T4 and decreases in TJ
concentrations after 2 h. Administration of an equivalent dose of ,- did not alter

significantly plasma T4 concentrations. Higher concentrations of a radioactive sub-
stance that bound a T4-speciFicantibody are present in plasma of animals treated with
12512compared to 125,-. These data support the hypothesis that '2 reacts with metabo-
lites of thyroid hormone in the gastrointestinal tract to resynthesize T4and elevate its
levels in blood.

Sincere appreciation is expressed to Todd T. Sherer for the preliminary studies comparing
human thyroid hormone standards supplied with the RIA kits and rat standards prepared in the
laboratory. This work has been supported by NASA grant NAG 9-226.

Requests for reprints should be sent to Karla D. Thrall, at the current address, Health Physics
Department, K3-54, Battelle PNl, P.O. Box 999, Richard, WA 99352.

535

Journal of Toxicology and Environmental Health, 37:535-548, 1992

Copyright @ 1992 by Hemisphere Publishing Corporation



536
K. D. THRAll ET AL. T4 FORMAT/!

INTRODUCTION

On short-term space missions, NASA has used an iodine (12)concen-
tration of about 15.8 J.tmol 1/1to maintain the microbiological quality of
water for drinking purposes (Janik and Thorstenson, 1986). However,
the safety of long-term consumption of elevated 12has received little
study, and the safety of this practice for more extended missions has
been questioned.

Much of the concern about 12in drinking water has focused on the
well-established involvement of ,- in thyroid function. The two forms of
iodine generally are considered equivalent toxicologically (Haynes and
Murad, 1985), ignoring the fact that '2 is in a much higher oxidation
state than 1-. The reactive nature is important as it will govern whether
iodine will produce by-products in drinking water or in the gastrointes-
tinal. tract (Dunford and Adeniran, 1988; Dunford and Ralston, 1983;
Marks and Strandskov, 1950). Such reactions are well established for
other oxidants used in the disinfection of drinking water, such as chlo-
rine (Bull and Kopfler, 1991). However, the complex nature of iodine
complicates the potential mechanisms of iodination of organic com-
pounds, which could occur following consumption of iodine-
disinfected drinking water.

Previous studies conducted in our laboratory indicate clear differ-
ences in the pharmacokinetic behavior of 1- and '2 in the Sprague-
Dawley rat (Thrall and Bull, 1990). Experiments in fasted animals involv-
ing oral exposure to radiolabeled 1- indicate rapid distribution of
radioactivity into the thyroid gland. Although there is no difference in
uptake of radioactivity into blood when equivalent doses of iodine or
iodide were administered, thyroid- uptake of radioactivity is significantly
lower for 12\ than for 125,-.Since thyroid uptake is specific for 1- (In-
gbar, 1985), this finding suggests that iodine exists in different chemical
forms in the blood when administered as '2 versus '-.

. A subchronic study in rats compared the effects of 12 to equivalent
doses of 1- in drinking water for 100 d (Sherer et aI., 1991). Although
neither form of iodine produced any overt toxic effects, '2 consistently
induced an increase in the plasma thyroxine/triiodothyronine (TiT3) ra-
tio, whereas 1- did not. .

The work presented here was designed to test the hypothesis that 12
reacts with T4metabolites in the gastrointestinal tract to resynthesize T4
and elevate its levels in blood.
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The 1251as Na125,in 0.1 N NaOH (10 mCilml, specific activity 17.4
Cilmg) was purchased from Dupont-NEN Research Products (Boston).
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Neutral pH was achieved by the addition of HC!. Oxidation of 1251- to
12\ was accomplished by reacting Na125(with H202 and HCI according to
the method described by McAlpine (1945). The yield of 12\ (specific
activity 17.4 Cilmg) was found to be 100% as measured using an iso-
cratic high-performance liquid chromatography (HPLC) system capable
of simultaneous ultraviolet (UV) and radioisotope detection (C18,4.6 x
250 mm column, 70 : 30 : 0.1% MeOH : H20: H3P04, Beckman Instru-
ments, Inc., San Ramon, Calif.).

Animals

Male,Sprague-Dawley rats were purchased from Laboratory Animal
Resource Center (Washington State University, Pullman, Wash.) or from
Simonsen Laboratories, Inc. (Gilroy, Calif.). Animals were fed Purina Ro-
dent Chow and water ad libitum.
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Radioimmunoassay

Thyroid hormones were measured using Amerlex radioimmunoas-
say (RIA) kits (Amersham, Corp., Arlington, 111.).The antibody in the
Amerlex T4 RIA kit was found to cross-react with T3 by approximately
8%. The antibody in the Amerlex T3 RIA kit was found to cross-react
with T4 by 0.3% by weight. Negligible « 0.03%) cross-reactivity was
found with the thyroid hormone analogs T2 or rT3with either kit. The
human standards supplied with these kits were used to construct the
standard curves, as previous studies conducted in our laboratory de-
tected no differences between these standards and rat standards pre-
pared in our laboratory according to the method of Stringer and
Wynford-Thomas (1982).

Iodination of Thyroxine Metabolites

The T4 (15.4 nmol/l) and T4 precursors T3 (4.0 nmol/l), 3,3',5'-
triiodothyronine (rT3) (18.5 nmol/l), 3,5-diiodothyronine (T2)(1.9 nmol/l),
and 3-iodotyrosine (MIT) (17.9 nmol/l) were added to phosphate-
buffered saline (PBS) (50 Ill) and 12or 1- (1581 nmol III) and allowed to
react for 60 min. Pretreatments with hypochlorous acid (HOCI) were
conducted under the same conditions. In this case 12or 1- additions
were made immediately following addition of HOCI. The T4 levels were
then measured in the solution by RIA. A standard curve was con-
structed using known concentrations of T4dissolved in 0.8% saline. The
T4assay had measured sensitivityto a concentration of 0.26nmol/l, cal-
culated as the concentration that is two standard deviations above a
series of blank determinations.

Detection of Thyroxine Precursors in the Small Intestine

Animals weighed approximately 180-220 g and had food removed
from the cage 18 h prior to initiation of an experiment. Thirty naive
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animals were sacrificed by a lethal ip injection of Ketaset (ketamine
HCI, Fort Dodge, Iowa), followed by excision of the heart. A 5-cm sec-
tion of the small intestine, beginning at the pyloric sphincter, was dis-
sected out and flushed with 2 ml 0.8% saline into an ice-cold test tube.
Aliquots of this intestinal wash (50 Ill) were added to 12or 1- (15.8, 158,
or 1581 nmollll, final concentrations) and allowed to react for up to 2 Ii.
The T4 levels were measured in the wash at each time period using the
RIA kit as described previously. A standard curve was constructed using
known concentrations of T4dissolved in 0.8% saline. To determine if the
conditions were appropriate for reaction with TJ' rTJ, and T2f these me-
tabolites were added to 50 III of isolated intestinal wash with H20, 12,or
,- (1581 nmollll) and allowed to react for 60 min, and T4was production
assayed by RIA.

Effects of Iodine and Iodide Treatment on Plasma Thyroxine
and Triiodothyronine levels

Animals weighed approximately 100-120 g and had food removed
from their cage 18 h prior to beginning the experiment. Thirty-five rats
were randomly assigned to 5 treatment groups (7 animals/dose) and 10
to 2 treatment groups (5 animals/dose). Animals received a single dose
of 12or ,- by gavage using distilled water as the vehicle. The total doses
of iodine were 0, 5.9, 15.8, and 47.4 Ilmol I/kg body weight. Blood (500
Ill) was collected from the tail vein immediately prior to treatment and
at 2 h following treatment. Total plasma TJ and T4 levels were deter-
mined in duplicate using Amerlex RIA kits.

In a second experiment, the ability of 12in drinking water to in-
crease plasma TiTJ ratios was studied. In this experiment animals
weighed approximately 80-100 g prior to treatment, and were provided
Purina Rodent Chow ad libitum. Sixty rats were randomly assigned to
10 treatment groups (6 animals/dose). Rats were maintained on distilled
water containing 12or ,- at dose levels of 0,23.7,79.1,237, and 791 Ilmol
III of drinking water for 7 d. Blood (500 Ill) was collected from the tail
vein on d 0 and 7 of treatment, and total plasma TJ and T4 levels were
determined as previously described.

Demonstration of Iodine Incorporation .into Thyroxine

Rats were purchased from Simonsen Laboratories, Inc., and
weighed approximately 120-150 g prior to use. Animals had food re-
moved from their cage 18 h prior to administration of 15.8 Ilmol IIkg
body weight of either 12or ,- (4 animals per treatment) containing tracer
amounts (50 IlCi) or 125(by gavage. Two hours after dosing, blood (5 ml)
was drawn from the caudal vena cava under ketamine anesthesia, and
plasma was separated. Duplicate radioactive plasma samples (50 Ill)
were incubated with TJ-or T4-specific antibodies (500 Ill) available in the
Amerlex RIA kit for 1 h at 37°C. Radioactivity associated with the anti-
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body was measured in an LKBgamma counter. To test for nonspecific
binding, increasing amounts of nonradioactive T4 or T3 were used to
displace radioactivity specifically bound to the antibodies. The differ-
ence in the binding in the presence and absence of excess T4 or T3was
taken to represent specific binding.

Statistical Analyses

A one-way analysis of variance (ANOVA)was used to test for statisti-
cal differences among treatment groups. Groups with p values :$ .05
(ANOVA)were subjected to two-sample (-test or Tukey's multiple range
test, as noted. .

RESULTS

ine The addition of iodine to solutions of T3, rT3, or T2 in phosphate-
buffered saline (pH 7.4) resulted in increases of T4as measured by RIA
(Table 1). On a molar basis, 12converted 73, 69, and 51% of T3, rT3,or T2,
respectively, to T4' Iodide 0-) in equivalent concentrations did not
result in increased concentrations of T4 under identical conditions.
These data confirm that the nonenzymatic iodination of T3, rT3, or T2
with 12is chemically possible at a respectable yield, as similarly reported
by Dunford and Adeniran (1988). MIT does not produce T4 in this sys-
tem, ruling out interference of monocyclic compounds with T4determi-
nations.

Addition of iodine to isolated intestinal washes also resulted in mea-
surable increases in T4(Fig. 1a). The rate of T4 production was propor-
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TABLE 1. Levels in PBS Solution Following Treatment with 1- or 12and Metabo-
lite Supplementation

Treatment

Additiona None

!s, Inc., and
had food re-

5.8 j.tmol I/kg
.taining tracer
, blood (5 ml)
lesthesia, and
mples (50 j.tl)
,ailable in the
with the anti-

16.91 :I: 1.16b 15.93 :I: 1.42

1.92 :I: 0.51c

0.88 :I: 0.19C

0.90 :I: O.13c
0:1: 0.06

14.34 :I: 1.08
0:1: 0.08

0.12 :I: 0.04
0:1: 0.03
0:1: 0.04

Note. T4levels were measured in phosphate-buffered saline (PBS)solution
using Amerlex RIA kit 60 min following addition of 1581 nmollli.

aAt 15.4 nmol/I T4' 4.0 nmol/l T3' 1.5 nmol/l rT311.9 nmolll T2' and 17.9 nmol/l
MIT.

bValues expressed as average total concentration in PBS solution in
nmol/l :I: SEM of n - 4 samples in duplicate.

cValue differs significantly from equivalent treatment with 1- by two-sample
t-test (p < .05).
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FIGURE 1. Change in (a) T4 and (b) TJ levels in intestinal wash with time following iodine treat-
ment. Naive animals were sacrificed and the upper intestine was dissected out and flushed with
0.8% saline. Wash (501'1)was added to 12or 1- (in excess) and allowed to react for various times
before the initiation of the T4RIA assayas described in the Materials and Methods section. Values
expressed as concentration of T4 or TJ, in pmol, corrected to the total concentration in isolated
wash (2 mI). Each point represents four samples in duplicate.
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. 120

tional to 12concentration. A maximum T4yield resulted from '2 addition
at a concentration of 158 nmol 1/1.The 12reacts to produce a total of
approximately 14.2 pmol T4from precursors available in a 5-cm section
of the small intestine. Equivalent concentrations of 1- did not increase
T4levels.

The total amount of T3decreased in isolated intestinal wash follow-
ing the addition of 12at various concentrations (Fig. 1b). The 1- did not
produce reproducible changes in T3 in intestinal wash at equivalent
concentrations. The rate and extent of T3 loss were dependent on in-
creasing concentrations of 12,However, the decrease in T3was too small
to account for the increase in T4(0.92 pmolloss of T3versus 14.2 pmol
increase in T4).

Inclusion of T3' rT3'or T2in the intestinal wash indicated recoveries
as T4comparable to those obtained in PBS (Table 2). The addition of 15.4
pmol T4 to 12produces an apparent 18.5 pmol increase in T4 levels, a
greater than 100% recovery of added T4' although within the range of
analytical variability. The 12increased T4concentrations when added to
T3-,rT3-,or T2-spiked intestinal washes by values ranging from 52 to 67%
on a molar basis. As with other conditions, ,- addition does not change
T4 levels.

To demonstrate that increases in T4 were due to iodination of T4

TABLE2. Production of T4 from T4 Metabolites in Intestinal Wash Following
Treatment with Iodine

Treatment

Net increase
above control

with treatment"

120

iodine treat-
flushed with

various times
~ction. Values
In in isolated

Note. Wash (50 1'1)was collected from the duodenum was added to the
indicatedsubstrate'alongwithH20,12,or 1- (1581nmolll, final concentration)
and allowed to react for 60 min prior to determination of T4 levels by an
Amerlex RIA kit.

"Difference between solutions containing iodine (columns 2 and 3) and
control solutions (column 1).

bValues expressed as average amount of T4 in isolated intestinal wash (in
vitro'system) in pmol :t SEM of n - 6 samples in duplicate.

crhe difference between treated washes and their corresponding control
(column 1) was statistically significant by paired t-test at p < .05.

Addition Control 1- 12

Control 11.1 :t 2.8b 1.0 :t 0.6 11.6 :t 1.0c

T4 (15.4 pmol) 25.5 :t 6.7 7.6 :t 2.3 18.5 :t 2.4c

T3 (15.4 pmol) 11.5 :t 2.7 2.6 :t 1.0 21.1 :t 1.2c

rT3 (15.4 pmol) 12.5 :t 3.2 0.1 :t 0.0 24.8 :t 2.4c

T2 (19.1 pmol) 12.0 :t 2.6 -1.3:t 1.5 20.0 :t 2.1c
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metabolites rather than releasing a complexed form of T4,the intestinal
washes were pretreated with hypochlorous acid (HOCl). HOCI acts as
both an oxidant and a halogenating agent. Treatment of intestinal
washes with 1906 nmol HOCIII did not produce a compound that inter-
acted with the T4antibody. When this treatment preceded the addition
of 12,the formation of T4was completely blocked (Table 3). The inhibi~
tion of iodination by HOCI occurred with an apparent Kj of 324 nmol
HOCIII, a concentration that is more than twice the molar concentra-
tion of 12(158 nmoll/l) required to yield maximal amounts of T4in intes-
tinal washes (Fig. 1a). Measurement of T4 in solutions containing 1906
nmol HOCI/I spiked with T4 indicates that the T4antibody was nut al-
tered by the HOCI treatment.

Single doses of iodine administered by gavage produced a dose-
related increase in plasma T4levels (Fig. 2a) to a maximum at 15.8 p,mol
I/kg. Plasma T3 levels (Fig. 2b) reached a minimum at the same dose
level. No further increase in T4nor decrease in T3is observed at higher
dose levels. In contrast, no significant effect in plasma T4and T3 levels
was observed in animals receiving equivalent doses of '-.

Figure 3 depicts the effect on plasma TiT3 levels in rats following
administration of 12or 1- in drinking water for 7 d. Iodine (12)treatment
results in a dose-related increase in the plasma TiT3 ratio, which is
significant at the 791 p,mol III dose level. This change results from a
significant decrease in T3 levels as well as an increase in T4levels, rela-
tive to controls (inset, Fig. 3). In contrast, a dose-related decrease in the
plasma TiT3 ratio, significant at the 791 p,mol III dose level, was ob-
served in animals treated with equivalent doses of 1-.

The amount of radioactivity in plasma that binds to antibodies spe-
cific for T4and T3following 15.8 p,mol Ilkg oral doses of 12\ or 125,- is
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TABLE 3. Production of T4 in Intestinal Wash Following Treatment with Iodine
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Each point repnNote. Values expressed as average total concentration in isolated intestinal
wash (in vitro system) in pmol :f: SEM of n ~ 6 samples in duplicate.

aFor 1906 nmol HOCI/l and 12.9 pmol T4 added simultaneously.
bT4concentration in intestinal wash treated with '2 differs significantly from

control (column 1),p < .05 by two-sample t-test.
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Treatment

Additiona None 12 i-

None 11.1 :t 2.8 22.7 :t 2.6b 12.1 :t 4.0
HOCI (38.1 nmol/I) 10.2 :t 3.'J 19.1 :t 3.0b 10.6 :t 2.4
HOCI (190 nmol/l) 11.1 :t 2.7 18.0 :t 3.1b 11.6 :t 2.8
HOCI (1906 nmol/l) 8.1 :t 4.2 12.2 :t 2.8 10.3 :t 2.8

HOCI + T/ 24.0 :t 5.5 23.0 :t 6.7 24.2 :t 4.0
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shown in Table 4. Twice as much radioactivity associates with both the
T4and T3antibodies in animals treated with 12\ compared to animals
treated with 1251-(1563 vs. 703 and 783 vs. 433 cpm, respectively). In
addition, three times the radioactivity derived from 12\-treated ani-
mals is displaceable (and therefore considered to represent specific
binding) from either the T4or T3antibody by excess nonradioactive T4
or T3, respectively. If it is assumed that only one 1251molecule was
incorporated into each T3molecule to form a molecule of T4, then the
1209 cpm bound to the T4antibody represents 23.5 nmol Til plasma
formed following 12\ administration (specific activity 3.84 x 10-11
pCi/molecule I). Incubating the antibody complex with increasing con-
centrations of cold T4to displace 1251_T4 indicated that approximately
32.2 nmol/I of T4 had been formed and adsorbed. This indicates that
somewhat more than one 1251 was bound per molecule of T4,suggest-
ing some binding might occur to T2as well as T3and rT3' Nonspecific
binding, the radioactivity not displaceable from the antibody by the
addition of excess nonradioactive T4 or T3, was found to be similar
regardless of treatment.

DISCUSSION

The experimental results of this study strongly support the hypothe-
sis that iodine reacts with T4metabolites in the gastrointestinal tract to
resynthesize T4and elevate its levels in blood. This is supported by the
following evidence: (1) 12produces T4 as measured by RIA when it is
added to solutions of T3,T2,or rT3in vitro. (2) Substances that react with
12to form T4are present in the small intestine of the rat. (3) A single oral
dose of 12significantly increases plasma T4 levels in vivo within a 2-h

TABLE 4. Amount of 1251in Plasma That Binds to Antibodies Specific for T4 and
T3 Following Oral Treatment with 15.8 J'moll/kg as Iodine or Iodide .

"Average :!: SEM of four animals in duplicate. All values expressed as
CPM/ml plasma.

bNonspecific binding represents the amount of radioactivity associated
with the T4 or T3 antibody that is not displaceable with the addition of excess
nonradioactive T4 or T3. respectively.

Oral Associated Displaced Nonspecific
treatment with antibody" from antibody bindingb

T4

12512 1563 :!: 42 1209 :!: 31 351 :!: 23
1251- 703 :!: 51 397 :!: 47 310 :!: 26

T3

12512 783 :!: 39 491 :!: 21 296 :!: 14
125)- 433 :t 17 153 :!: 5 283 :!: 4
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period. (4) A radioactive product was detected in the plasma of animals
treated orally with 12\ that bound antibodies specific for T4and T3' This
was substantially in excess of labeling seen with 1251-,providing evi-
dence that a direct reaction of iodine is responsible for increased T4
levels.

Reactions with metabolites present in the gastrointestinal tract ap-
pear sufficient to account for a large fraction of the increase in plasma
T4 levels. In vivo, a single oral dose of 12produced a 14.2 nmol/I increase
in plasma T4 levels (average of 49.3 pmol increase in total plasma vol-
ume). In a preliminary study, a 106.8 pmol oral dose of T4produced a 9.0
nmol/I, or 74.8 pmol, increase in total plasma T4' Based on this we calcu-
late that 7004pmol T4was likely formed in the gastrointestinal tract. In
vitro experiments using intestinal wash from the first 5 cm of the small
intestine indicate that enough T4 metabolites are available to produce
14.2 pmol T4' Therefore, 20% of the increase in plasma T4 levels follow-
ing 12administration may be accounted for by the iodination of T4 me-
tabolites in the small segments of the intestine that were utilized for
these experiments. Presumably, examination of the entire small intes-
tine may account for the remaining increase.

It is not surprising to find measurable amounts of thyroid hormones
in the gastrointestinal tract, where substantial amounts of endogenous
thyroid hormones reach the intestine via the bile and are apparently
largely reabsorbed (DiStefano et aI., 1988). It has been proposed that
the gastrointestinal tract may serve as a storage reservoir for T3' where
the concentration of T3 may be 25 times higher than plasma levels
(Galton, 1975). It does not seem likely that these increases in T4 could
have resulted from 12-induced hydrolysis of glucuro- or sulfo-
conjugated metabolites of T4' because there was no induction of such
an increase with HOC! treatments. In addition, it was shown that the
majority of the thyroid hormones entering the gut in the rat are uncon-
jugated (DiStefano et aI., 1988).

Although the rat is a useful model for study of thyroid function in
humans, some species differences do exist. In humans T4 is carried
primarily by thyroxine-binding globulin (TBG) (Berson and Yalow, 1954),
rather than by albumin as in the rat. The binding affinity of TBG is
approximately 1000 times higher than the binding affinity of albumin
(Rail, 1976). Because hormone binding generally is accompanied by
slower metabolic degradation of the hormone, the turnover of T4 in the
rat occurs at a faster rate than in humans. The biological half-time of T4
in human plasma (5-9 d) (Sterling and Lazarus, 1977) is longer than in
rat plasma (12-24 h) (Harland and Orr, 1969; Larsen and Frumess, 1977).

Based on the lower turnover of T4 in humans, we would predict that
repeated doses of 12 would be more effective in increasing plasma T4
concentrations than single doses. This is because the concentration of
metabolites in the intestine at any given moment in time should be
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1 of animals
and T3' This
Jviding evi-
ncreased T4

lower than in the rat, and thus limit T4production. On the other hand,
the slower turnover of T4in humans should allow greater increases in T4
concentrations with repeated doses.

These data have some bearing on the use of 12as a drinking water
disinfectant. With 7-d drinking water exposure, the steady-state levels
of thyroid hormones are not increased until animals are exposed to 12at
a concentration of approximately 79 Ikmol IIkg/d. On the other hand,
the increase in TiT3 ratios seen with an acute bolus dose of 12 occurs
with doses of 15.8 Ikmol IIkg. Thus, a higher daily dose is required to
produce an effect when the concentration of 12in the gastrointestinal
tract is introduced throughout the day, reflecting the relatively rapid
turnover of T4in the rat.

Astronauts returning from Apollo and Skylab space missions were
found to have elevated T4 levels (leach et al., 1975; leach, 1977; leach
and Rambaut, 1977). It has been assumed previously that this is a result
of the physiological adaptation to microgravity. However, poor control
over iodine concentrations in drinking water occurred on some space
flights, with levels reaching an estimated 79-119 Ikmol/I (Compton and
Benson, 1983)/ rather than the intended concentration of 16 Ikmol/I. The
data presented here suggest that the elevated T4 levels in these astro-
nauts may have resulted from direct iodination of T4 metabolites. It is
not presently clear whether these changes have any adverse impact on
normal physiological function.
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