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THYROID ECONOMY

Is the Kidney a Major Storage Site for Thyroxine
as Thyroxine Glucuronide?

Maarten Buitendijk and Valerie Anne Galton

Background: Previous studies have shown that thyroxine (T4) is stored as T4 glucuronide (T4G) in the kidney,
and that 24 hours after administration of ['*’I]T4 to mice, 17% of the radioactivity was present in the kidneys,
whereas only 4% was found in the liver. The present study was carried out to determine the relative amounts of
conjugated and unconjugated T4 and 3,5,3'-triiodothyronine (T3) in the kidney and liver, and whether the
conjugated hormones are extracted from tissues using our established extraction protocols, and detected in our
radioimmunoassays (RIAs) for T4 and T3.

Methods: Mice were injected with 10 uCi ['*1]T4 or [**°I]T3 and 24 hours later, the labeled compounds present in
serum, kidney, liver, and urine were extracted and analyzed by paper chromatography before and after treat-
ment with f-glucuronidase. In addition, the amounts of endogenous T4 and T3 in extracts of mouse kidney and
liver were measured by RIA before and after treatment with f-glucuronidase.

Results: After ['*I]T4, more than 95% of the total kidney and liver radioactivity was extracted, and in the
kidney, almost all of it was present in a conjugated form, mostly as T4G. The liver also contained T4G, but none
was present in serum or urine. T3 glucuronide (T3G) was also found in the kidney and liver after the admin-
istration of ['*I]T3. Analysis by RIA of the endogenous T4 content in extracts of kidney before and after
hydrolysis by f-glucuronidase revealed that a substantial fraction of the T4 in both tissues was present as T4G,
and the T4G was not detected in the RIA. Furthermore, the combined T4+ T4G content in the kidney expressed
per gram of tissue was significantly higher than that in the liver or serum. In contrast, the kidney content of
T3+T3G was very low compared with that of T4+ T4G.

Conclusions: In summary, we have shown that the kidney stores a significant amount of T4 as T4G. Since T4G
deconjugation can occur rapidly in the kidney, it is possible that this tissue participates in maintaining extra-
thyroidal serum T4 homeostasis.

Introduction

HE ABILITY OF TISSUES, especially the liver, to catalyze the

conjugation of thyroxine (T4) and 3,5,3"-triiodothyronine
(T3) with glucuronic acid has been recognized since 1952,
when Taurog et al. reported that the administration of [*®'1]T4
to rats was followed by the appearance in bile of a compound
that they identified as T4 glucuronide (T4G) (1). They subse-
quently showed that the T4G in bile underwent deconjugation
in the intestine, and only unconjugated T4 was excreted in the
feces (2).

Evidence that the kidney also forms significant amounts of
T4G was provided in 1959 by Galton and Pitt-Rivers, who
showed that 72 hours after the injection of 10 uCi [P T]iodide
to mice, the major labeled radioactive compound in the
kidney was T4G (3). At that time, although it was not tech-

nically possible to determine what proportion of the total
extrathyroidal T4 was present in the kidney as T4G, on the
basis of a comparison of the level of radioactivity present in
kidney with that in other tissues, including serum, it appeared
to be substantial. The authors, therefore, suggested that the
conjugating system is part of a mechanism whereby the kidney
participates in the regulation of the serum T4 concentration.
As part of our ongoing studies of thyroid hormone (TH)
economy under different conditions, we recently examined
the distribution of radioactivity in the entire body and excreta
of mice 24 hours after the injection of [1%1]T4 or [**°I]T3. In the
case of T4, it was noted that more than 17% of the injected
radioactivity was located in the kidneys, whereas only 4%
was found in the liver. In contrast, after the administration of
[**11T3, only 1% and 2% of the radioactivity was found in the
kidney and liver, respectively (Galton, unpublished data).
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These findings have raised several important questions.
First: Is a substantial fraction of the radioactivity found in the
kidney after the administration of [**°1]T4 present in the form
of TAG? Second: What are the relative amounts of T4 and T4G
in the mouse kidney? Third: Is T4G extracted along with the
TH from tissues using our established TH extraction protocols
(4)? Fourth: Does T4G bind to the T4 antibody in our T4 ra-
dioimmunoassay (RIA) (4)?

In the present study, we have investigated these issues. We
show that not only is most of the T4 in the mouse kidney
present as T4G, but also that the kidneys contain considerably
more T4 (T4+T4G) per unit weight than is found in either
serum or liver. Furthermore, although T4G is extracted from
tissue homogenates using our standard extraction protocols, it
is not detected in our RIA. Thus, it is likely that in previous
studies in which the kidney T4 content had been determined by
RIA, the fraction of T4 present as T4G was not included (5-8).

Methods
Animal and treatments

Experiments were performed on 10-12 week old wild-
type (WT) mice and mice deficient in the types 1 and 2 5'-
deiodinases (D1/D2KO mice). Both genotypes were in the
C57Bl1/6 background. The mice were bred and housed in the
barrier section of the Dartmouth Medical School animal
research facility, under conditions of controlled temperature
and lighting (12 hours of light and 12 hours of darkness).
Animal protocols were approved by the Institutional animal
care and use committee.

Two types of experiments were performed. In the first, WT
and D1/D2KO mice were injected ip with either ['*T]T4 or
[**1]T3, ~10uCi in 0.1 mL phosphate-buffered saline con-
taining 0.01% bovine serum albumin (BSA). They were then
placed in individual cages designed to allow the separate
collection of urine and feces, and offered food and water ad
libitum. After 24 hours, the mice were euthanized with CO,,
and exsanguinated via the inferior vena cava. The serum,
kidneys, and liver were harvested and stored at —80°C for
subsequent extraction of TH. An aliquot of urine was also
stored frozen.

In the second experiment, untreated WT mice were eu-
thanized, and the serum, kidneys, and liver were harvested
and stored as just indicated.

Extraction of TH from tissues

Pieces of kidney and liver were weighed and homogenized
1:10 wt/volume in ice-cold 95% methanol containing 10~* M
propylthiouracil (MeOH/PTU). Two 0.5 mL aliquots of each
homogenate were transferred to 2.0mL microfuge tubes,
0.5 mL MeOH/PTU was added, and the mixture was agitated
for 10 minutes. After centrifuging at 12,000 g for 10 minutes,
the supernatants were transferred to a fresh tube, and the
residue was re-extracted with 0.5mL MeOH/PTU. The
pooled supernatants were evaporated to dryness in a rotovac
apparatus.

Hydrolysis with f-glucuronidase

The kidney and liver extracts were resuspended in 1 mL of
75mM sodium phosphate buffer, pH 6.5. For each pair of
extracts, fi-glucuronidase (Sigma, type 1X-A from Escherichia
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coli, sulfatase free) was added to one extract (100 units in 10 uL.
of phosphate buffer), while the second extract received 10 uL
buffer. After incubation at 37°C for 1 hour, the mixture was
evaporated to dryness in the rotovac. The residue was ex-
tracted twice with 0.5mL aliquots of MeOH/PTU, and the
pooled supernatants evaporated to dryness.

Chromatographic analysis of TH

Extracts of tissues prepared from mice treated with ['*I]T4
or ['PI]T3 were resuspended in ~50 uL methanol/ammonia
3:1, and the labeled compounds present were separated by
paper chromatography using tertiary amyl alcohol/2N
NH4OH as the solvent system (3). The locations of the com-
pounds on the strips were determined by exposing the strips
to X-ray film. Urine and serum samples were chromato-
graphed without extraction.

RIA of TH

The contents of T4 and T3 in the liver and kidney extracts
prepared from untreated WT mice were determined using our
highly sensitive nonequilibrium RIA procedures previously
described (9). The T4 and T3 antibodies were obtained from a
commercial source (Fitzgerald Industries International, Inc.;
T3, catalog no. 20-TR45, cross-reactivity with T4, 0.38%; T4,
catalog no. 20-TR40, cross-reactivity with T3, 7.5%). Briefly,
the RIA buffer consisted of 0.2M glycine, 0.13 M sodium ac-
etate (pH 8.6), containing 0.02% BSA. The dried tissue extracts
were dissolved in 2mL of RIA buffer, and incubation was
carried out for 5 days at 4°C. Preliminary tests indicated that
up to 20 uL of sample could be assayed before linearity with
the standard curve was lost. Ten microliters of the samples
were used in the assay. A combined polyethylene glycol/
second antibody separation step was employed. Assay sen-
sitivity was ~2 pg/tube for T3 and 4 pg/tube for T4. Total T4
and T3 concentrations in serum were determined using the
Coat-A-Count® RIA total T4 and total T3 kits (Diagnostic
Systems Laboratories, Inc.).

Statistical analysis

Data are expressed as mean*SE, and values between two
groups of mice were compared using Student’s t-test. Statis-
tical significance was defined as p <0.05.

Results
Identification of ["?°I]T4G in kidney

When pieces of kidney and liver obtained from WT and
D1/D2KO mice 24 hours after the injection of [*%°T]T4 were
subjected to the TH extraction procedure, it was found that at
least 95% of the total radioactivity in both tissues was present
in the dried extracts. The labeled compounds present in the
extract before and after hydrolysis by f-glucuronidase as
determined by paper chromatography are shown in Figure 1.
In both genotypes, almost all the radioactivity in the unhy-
drolyzed extract was located in a single band with a rela-
tively low mobility in the solvent system employed. This is
where T4G would be expected (3). After hydrolysis with f-
glucuronidase, the level of radioactivity in this band was
greatly reduced, and the majority of it now migrated in par-
allel with the T4 marker, indicating that the vast majority of



T4 STORAGE IN THE KIDNEY

sample [25]T4 —— WT —— —D1/D2KO— urine serum
B-glucuronidase - + - + - -
FIG. 1. Identification of thyroxine glucuronide (T4G) in

kidney extracts prepared from wild type and D1/D2KO
mice. Extracts prepared from mice treated for 24 hours with
['*1]T4 were incubated with and without p-glucuronidase,
and the radioactive compounds present were separated by
paper chromatography using tertiary amyl alcohol/2N
NH4OH as the solvent system. The X-ray film of these strips
and also two additional strips prepared with urine and
serum from these mice is shown, and the locations for T4 and
iodide are indicated.

the T4 in the kidney was in fact in the form of T4G. The kidney
is known to contain a high level of D1 activity (10). However,
the similarity between the results obtained in the WT and D1/
D2KO kidney suggests that the presence of this enzyme has
little, if any, influence on the extent of T4G formation.

No T4G could be detected in either urine or serum of WT
mice; iodide was the only detectable radioactive compound in
urine, and essentially all of the radioactivity in serum was T4
(Fig. 1).

Since the liver extracts contained relatively low levels of
radioactivity, satisfactory analysis of the radioactive com-
pounds present was limited. However, after several weeks of
exposure to X-ray film, very faint bands were just visible in the
locations of both T4G and T4 in the liver preparation.

Similar studies with ["*’I|T3 indicated that at least 95% of
the total radioactivity in the liver and kidney was extracted by
our protocol. However, chromatographic analysis was not
carried out, because the levels of radioactivity present in the
extracts were too low for accurate determination of the la-
beled components present.

Identification of endogenous T4G in kidney and liver

The TH in kidney and liver of WT mice was extracted, and
the T4 and T3 present in the extracts before and after hydro-
lysis by f-glucuronidase were determined by RIA. As shown
in Figure 2, a substantial fraction of the T4 in both the kidney
and liver was present in the form of T4G, most, if not all, of
which was not detected in the RIA. It is also notable that the
total T4 content in the kidney (T4 +T4G) was almost 200ng/g
wet wt. This was approximately fivefold the content in the
liver. These two findings have been confirmed in several
subsequent experiments.

Similar studies were performed to determine the level of
T3G present in kidney and liver. In both tissues, some T3G
was detected, but whereas in the liver, the T3 and T3G con-
tents were comparable to the T4 and T4G contents; it is no-
table that in the kidney the content of T3 +T3G was very low
compared with that of T4+ T4G (Fig. 2).

Serum T4 and T3 levels in the mice used in this study were
27+2.0 and 1.12+0.044 ng/mL respectively.
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FIG. 2. The T4 and triiodothyronine (T3) contents in liver
and kidney from adult WT mice before and after exposure to
p-glucuronidase. Bars indicate the mean=*SE of 9-12 mice/
group. **p<0.001.

Discussion

The results of this study indicate that the majority of the T4
in the mouse kidney is present in the conjugated form, pri-
marily as T4G. However, in addition to conjugation with
glucuronic acid, iodothyronines can also be conjugated with
sulfate in several tissues, including kidney and liver. The
sulfate conjugates of T4 and T3 are excellent substrates for the
inner-ring deiodinase activity of the type 1 deiodinase, and,
thus, sulfation of the TH is thought to be an important step in
their inactivation (11,12). However, for several reasons, it is
unlikely that a significant fraction of the T4 conjugate identi-
fied herein as T4G is T4 sulfate. First, the f-glucuronidase
employed in this study is claimed to be essentially free of
sulfatases. Second, T4 sulfate appears to be a very poor sub-
strate for hydrolysis by known sulfatases (13,14). Third, T4
sulfate is readily hydrolyzed by heating in 1N HCl at 80°C for
1 hour (13), and we have previously shown that heating the
extracted kidney T4 conjugate in 2N HCI at 100°C for 18
hours did not release the T4 (3).

The liver is widely believed to be the primary site of TH
conjugation, although the process is known to occur also in
other tissues, including the kidney (3,12). Thus, the present
finding that the concentration of T4G in the kidney is very
much higher than that in the liver was unexpected. The dif-
ference in T4G content in the kidney and liver may be due at
least in part to the fact that the T4G formed in the liver is
secreted into the bile and then into the intestine (1). Indeed,
after the injection of ['*1]T4, the most abundant labeled
compound in bile was T4G (15,16). In contrast, the available
data suggest that little if any of the T4G produced in the
kidney is released into either the serum or the urine in this
form. Thus, in the earlier study in which endogenous TH was
labeled with [**'Tliodide, no ["*'1]T4G was detected in either
the urine or serum (3). Similarly, in the present study, no
['%51]T4G was detected in the urine or serum of mice after the
administration of ['*I]T4.

The fact that the content of T4G in the kidney in much
higher than in the liver does not necessarily mean that the rate
of T4G formation is higher in the kidney than in the liver. To
determine this, a detailed study of the dynamics of T4 con-
jugation and deconjugation in the two tissues would be
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required. However, the finding suggests that the purpose of
T4 conjugation in the two tissues is somewhat different. In the
liver, T4 conjugation is believed to be a process that precedes
and perhaps facilitates the elimination of the T4 in the bile and
feces (12). In the kidney, however, although the conjugation
process per se is possibly an inactivating process, the T4G is
not eliminated in this form, and enough of it is stored in the
kidney such that the total amount of T4 (T4 +T4G) is several-
fold higher than that in the liver, and presumably in other
tissues too. Furthermore, since the mean serum T4 concen-
tration in the WT mice was only 27 ng/mL, it appears that the
kidney T4+T4G concentration, expressed per gram of wet
tissue weight, is actually considerably higher than that in the
serum.

What is the role of the T4G stored in the kidney? In the 1959
report, it was suggested that the conjugating system in the
kidney is a part of a mechanism whereby the kidney assists in
the regulation of the serum T4 level (3). At that time, aside
from the knowledge that T4G could be deconjugated in the
intestinal lumen, the way in which T4G is metabolized was
unknown. However, Hayes has recently reported that within
15 minutes of an intravenous injection of synthetic ['*T]T4G,
significant deconjugation is evident in the kidney and to a
much lesser extent in the liver; in the kidneys, almost 80% of
the total ['*1]T4 ([*®1]T4 + [**1]T4G) present was in the form
of T4, whereas in the liver, all but 10% remained in the form of
T4G (17). These findings strongly suggest that the kidney is
also a major site of deconjugation of T4G, and lend credence to
the original suggestion that the T4G sequestered in the kidney
provides a readily available source of T4 that can assist in
maintaining the serum T4 level.

Hayes also reported that little if any T4G was formed in the
short 15 minutes interval after the injection of [**1]T4 (17), a
finding which suggests that the rate of deconjugation is
greater than that of conjugation. This conclusion is incom-
patible with our finding that most of the endogenous T4 in the
kidney is in the form of T4G, or that 24 hours after the injection
of [\PI]T4, the major labeled compound in the kidney is T4G.
However, it should be noted that the deconjugation data were
obtained after the injection of ['*’I]TAG, and the kidney glu-
curonidase may be more readily accessible to T4G obtained
directly from the serum, than to the T4G formed locally from
T4 in the kidney. In the latter case, it may be stored such that it
cannot be inappropriately deconjugated, perhaps in a cell that
either does not contain or has a relatively low level of the
deconjugating enzyme.

In summary, we have shown that the majority of the T4 in
the mouse kidney is present as T4G, a form that escapes
measurement in an RIA. Furthermore, the T4+T4G content
per unit weight in the kidney is much higher than in other
tissues including the serum and constitutes a significant
fraction of the total extrathyroidal T4. These factors have not
been noted in previous studies of kidney T4 content as
determined by RIA, with the result that the substantial
amount of T4G present in the kidney appears to have re-
mained undetected (5-8). This high kidney T4+ T4G content,
together with the knowledge that T4G deconjugation can
occur rapidly in the kidney, raises the possibility that the
kidney participates in maintaining extrathyroidal serum T4
homeostasis.
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