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THYROID FUNCTION AND DYSFUNCTION

Metal Coordinated Poly-Zinc-Liothyronine Provides Stable
Circulating Triiodothyronine Levels in Hypothyroid Rats
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AU1 c

Background: Liothyronine (LT3) has limited short-term clinical applications, all of which aim at suppressing
thyrotropin (TSH) secretion. A more controversial application is chronic administration along with levothyroxine
in the treatment of hypothyroidism. Long-term treatment with LT3 is complicated by its unique pharmacokinetics
that result in a substantial triiodothyronine (T3) peak in the blood three to four hours after oral dosing. This is a
significant problem, given that T3 levels in the blood are normally stable, varying by <10% throughout the day.
Methods: A metal coordinated form of LT3 (Zn[T3][H2O])n, known as poly-zinc-liothyronine (PZL), was
synthesized and loaded into coated gelatin capsules for delivery to the duodenum where sustained release of T3
from PZL occurs. Male Wistar rats were made hypothyroid by feeding on a low iodine diet and water containing
0.05% methimazole for five to six weeks. Rats were given a capsule containing 24 lg/kg PZL or equimolar
amounts of LT3. Blood samples were obtained multiple times from the tail vein during the first 16 hours, and
processed for T3 and TSH serum levels. Some animals were treated daily for eight days, and blood samples were
collected daily.
Results: Rats given LT3 exhibited the expected serum T3 peak (about fivefold baseline) at 3.5 hours, followed by
a rapid decline, with serum levels almost returning to baseline values by 16 hours. In contrast, serum T3 in PZLtreated rats exhibited about a 30% lower T3 peak at nine hours. Furthermore, the plateau time, that is, the timespan during which the serum T3 concentration is at least half of T3 peak, increased from 4.9 to 7.7 hours in LT3versus PZL-treated rats, respectively. Serum TSH dropped in both groups, but PZL-treated rats exhibited a more
gradual decrease, which was delayed by about four hours compared to LT3-treated rats. Chronic treatment with
either LT3 or PZL restored growth, lowered serum cholesterol, and stimulated hepatic expression of the Dio1
mRNA and other T3-dependent markers in the central nervous system.
Conclusion: Capsules of PZL given orally restore T3-dependent biological effects while exhibiting a reduced and
delayed serum T3 peak after dosing, thus providing a longer period of relatively stable serum T3 levels compared
to capsules of LT3.
AU3 c Keywords: hypothyroidism, liothyronine, thyroid hormone, serum T3, serum TSH, slow-release

multiple tissues outside the thyroid gland, T4 is activated to
triiodothyronine (T3) after one atom of iodine is removed
from the molecule (3). On a daily basis, about 25 lg T3 exits
the cells and enters the circulation, mixing with the approximately 5 lg T3 that is secreted directly from the thyroid
gland. Serum T3 levels are maintained at fairly stable levels
throughout the day via feedback mechanisms at the hypothalamus and pituitary gland, the HPT axis. These mechanisms react to changes in circulating levels of T4 and T3 by
adjusting thyrotropin (TSH) secretion, accelerating or slowing down thyroidal activity. Maintaining fairly stable serum

Introduction

T

reatment with levothyroxine (LT4) is the standard
of care for hypothyroidism, a condition that affects >10
million Americans and hundreds of millions worldwide (1).
Hypothyroidism occurs when the thyroid gland fails to produce normal amounts of thyroid hormones (2). Thyroxine
(T4) is the main secretory product of the thyroid gland, and
LT4 is the most widely used pharmaceutical form of T4.
Thus, the rationale for replacing hypothyroid patients with
LT4 is sound. However, T4 is only minimally active. In

AU2 c

1

Division of Endocrinology and Metabolism, Rush University Medical Center, Chicago Illinois.
Division of Endocrinology, University of Chicago, Chicago Illinois.
*These authors contributed equally to this work.

2

1

THY-2018-0205-ver9-Conceicao_1P.3d

10/12/18

1:13pm

Page 2

DA CONCEICxÃO ET AL.
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T3 levels is a priority for the HPT axis, given that T3 levels
are kept quite stable within the normal reference range, even
in animals that are genetically modified not to convert T4 to
T3 (4–6).
In the years following the introduction of LT4, it was well
accepted that LT4-treated hypothyroid patients maintained
normal serum levels of T3 via the deiodination process.
However, studies of thousands of LT4-treated patients in
Europe and the United States revealed that such patients
exhibit about 10% lower serum levels of T3 (6,7). This is due
to uneven ubiquitination of the type 2 deiodinase (D2) in the
hypothalamus versus peripheral tissues, as shown in a thyroidectomized rat model (8). It is unclear whether the minimally reduced serum T3 levels are responsible for any
residual symptoms in LT4-treated hypothyroid patients. In
rats, however, preclinical data indicate that normalization of
serum cholesterol and tissue markers of hypothyroidism in
the brain, skeletal muscle, and liver can only be achieved by
combining levothyroxine and liothyronine (LT3), the pharmaceutical form of T3 (8).
Indeed, between 10% and 15% of patients on LT4 exhibit
residual symptoms, mostly related to weight management,
fatigue/energy levels, mood, and memory, despite adherence
to treatment and normalization of serum TSH (9,10). For
example, hypothyroid patients who are adequately treated
with LT4 exhibit a lower metabolic rate (11,12). Furthermore, unbiased analyses utilizing data from the National
Health and Nutrition Examination Survey revealed that LT4treated individuals weigh about 10 pounds more, despite reporting lower calorie intake corrected by body weight (13).
They also report 35% lower physical activity levels and are
45–60% more likely to be taking statins, beta-blockers, or
antidepressants. Additionally, LT4-treated subjects reported
an increased frequency of episodes of memory problems/
confusion and were less likely to report being in excellent/
good health (13).
To address these residual symptoms, more and more
physicians are treating hypothyroid patients with combination therapy (i.e., LT4 plus LT3). It is estimated that about 5%
of hypothyroid patients in America use some form of combination therapy (9). However, it is unclear whether combination therapy is superior to monotherapy in managing
hypothyroidism. A series of double-blind placebo-controlled
trials provided conflicting results, and most indicated that
both therapies are effective (1). A recent survey of approximately 12,000 hypothyroid individuals revealed that patients
on combination therapy report superior quality of life and are
happier with their physicians than patients on LT4 (14).
A complicating factor in treating patients with LT3 is its
unique pharmacokinetic (PK) properties (i.e., rapid absorption and clearance rates). Patients taking LT3 exhibit a substantial serum T3 peak (about 40% above baseline) three to
four hours after dosing (15). This is significant, given that
serum T3 levels are normally stable, not varying by more
than 5–10% throughout the day (16). Long-term studies indicate that having even minimally elevated thyroid hormone
levels places patients at a significantly greater risk for cardiovascular events (17,18) and hip fractures (19). Indeed,
some patients on combination therapy with LT4 and LT3
might complain of palpitations, chest tightness, and/or
sweating, but not all double-blinded studies reveal cardiovascular symptoms in such patients (20). Accordingly, sub-

stitution of the full replacement dose of LT4 with LT3
typically results in increased ‘‘thyrotoxic-like’’ symptoms
(21), and these safety concerns, especially in older adult
patients, have reduced the enthusiasm for combination therapy (1). Many have looked for alternatives, and because the
peak of T3 is short-lived, some recommend splitting the LT3
tablets in two or three doses daily. However, even smaller,
more frequent peaks and valleys of T3 are typically not well
tolerated. Thus, despite patient preference and positive results in some clinical trials, due to the lack of safety data and
the uncertainty around possible long-term side effects,
combination therapy for hypothyroidism has not yet been
universally embraced. Notably, in the last revision of the
American Thyroid Association guidelines for the treatment
of hypothyroidism, the Task Force issued a number of recommendations for future directions, including ‘‘development
of a sustained release T3 preparation that can then be prospectively tested in clinical trials’’ (1).
A study utilizing in-house slow-release preparation of LT3
(SR-T3) demonstrated that by extending the absorption time,
one could reduce serum T3 peaks (22). SR-T3 used in combination with LT4 improved serum T4 and T3 values, the
T4:T3 ratio, and serum TSH compared to treatment with LT4only (22). Along the same lines, a number of compounding
pharmacies offer capsules of LT3 marketed as ‘‘slow-release’’
formulations, but performance and utility in vivo have not been
rigorously tested (23). This article describes the preclinical
application of poly-zinc-liothyronine (PZL), a metal coordinated LT3 (Fig. 1). Metal coordination involves attaching a b F1
pharmaceutically acceptable metal (e.g., zinc, bismuth, or
magnesium) to an active pharmaceutical agent in order to
modify its PK properties (24). When administered orally to
rats, PZL-derived T3 exhibits delayed intestinal absorption
and provides relatively stable levels of circulating T3 over
time.
Methods
Reagents

LT3 or PZL ([Zn(T3)(H2O)]n) was loaded into size #9
gelatin capsules (Torpac, Inc., Fairfield, NJ) coated with
Eudragit L100-55 (Evonik Industries, Parsippany, NJ),
which provides protective and sustained-release performance

FIG. 1. Schematic representation of (A) sodium liothyronine (LT3) and (B) poly-zinc-liothyronine (PZL).
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of drugs targeted to the duodenum (Fig. 1). Capsules were
prepared by Synthonics, Inc. (Blacksburg VA) and delivered
to Rush University Medical Center for testing.
Animals

All experiments were approved by the Rush University
Medical Center Institutional Animal Care and Use Committee (IACUC). Male, adult, Wistar rats (10 weeks old)
weighing about 320 g were purchased from Envigo (Huntingdon, United Kingdom) and kept two animals per cage
under controlled light (12 h/12 h light/dark cycle) and temperature (22C). Control animals were kept on a standard diet
(TD 97350; Envigo) and had access to drinking water ad
libitum. Hypothyroidism was induced by feeding animals a
low-iodine diet (TD 95007; Envigo) and water containing
0.05% methimazole for five to six weeks. Capsules containing 25 lg/kg PZL or equimolar amounts of LT3 were
administered individually through gavage using a stainless
steel dosing syringe (Torpac, Inc.). In some experiments,
gavage was repeated daily for eight days as indicated. At the
indicated times, approximately 250 lL blood was collected
from the lateral tail vein of conscious animals in a Microtainer (BD, Franklin Lakes, NJ; no additive) tubes, incubated at 4C overnight, centrifuged at 1000 g for 10 min at
4C, and serum collected. Serum was separated by centrifugation and stored at -20C.
Experimental design

On the morning of the experiments (9–10am) a baseline
blood sample was collected followed by administration of
capsules containing the active ingredient (LT3 or PZL).
Blood samples were obtained at multiple time points after
gavage as indicated. In the eight-day experiment, a baseline
blood sample was collected daily between 9am and 10am,
before administration of the capsules. Capsules were administered and blood samples collected as indicated. In all
experiments, animals were killed by CO2 inhalation immediately after the last blood sample was obtained. Their livers
were dissected, snap frozen, and stored at -80C.

3

Biosciences, Inc., Beverly, MA). Standard curves consisting
of four or five points of serially diluted mixed experimental
and control group cDNA were included. The coefficient of
correlation was consistently >0.98, with an amplification
efficiency of 80–110%. Primers were used to measure target
genes mRNA levels, and cyclophilin A served as an internal b AU4
control (Table 1). Amplicon specificity was assessed by the b T1
melting curve. For serum cholesterol, blood was collected
into BD Microtainer (no additive) tubes, incubated at 4C
overnight, centrifuged at 1000 g for 10 min at 4C, and serum
collected. Serum cholesterol was measured with a enzymatic
colorimetric assay Cholesterol/Cholesteryl Ester Assay
Kit—Quantitation (ab65359; Abcam, Cambridge, United
Kingdom).
PK parameters

Simple non-compartmental methods were applied to serum profile data after a single oral dose to estimate basic PK
parameters of PZL-derived T3 and to contrast them with
those of LT3. The following parameters were calculated for
each animal: (i) area under the curve (AUC; based on the
trapezoidal method); (ii) time of the maximum serum concentration (tmax); (iii) maximum serum concentration (Cmax);
(iv) the plateau time (t1/2), the time-span of one dosing cycle
during which the serum concentration is at least half of Cmax
(‡1/2 Cmax), as determined by measuring the distance along
the time axis at 1/2 Cmax on individual serum profile curves
for each rat. Cmax, tmax, AUC, and t1/2 were obtained from
averaging the calculated parameters of each individual rat
serum T3 profile, as opposed to calculating from a serum
profile generated from averaged T3 values. Parameters were
calculated using raw data or after baseline correction. The
latter was performed by subtracting baseline serum T3 values
from all subsequent T3 serum levels.

Table 1. List of Primers Used
in the qRT-PCR Experiments
Name

Sequence

Analytical procedures

Cyclophilin A (CycloA) F

Serum TSH (Millipore, Burlington, MA) and T3 (CUSABIO, Wuhan, China) were measured by immunoassays
utilizing standard curves prepared with stripped rodent serum, as described previously (25,26). TSH was detected in
4 lL of serum using a multiplex platform where a-TSH is
attached to magnetic beads. Immunofluorescence data were
obtained in a MAGPIX reader, plotted, and calculated using
a five-parameter logistic (5-PL) curve fit. T3 was detected
in 35 lL of serum by enzyme-linked immunosorbent assay.
Optical density data were obtained in a plate reader, plotted,
and calculated using a 4-PL curve fit.
RNA was extracted using the RNeasy Kit (Qiagen, Hilden,
Germany) and quantified with a NanoDrop spectrophotometer. cDNA synthesis was performed with the First-Strand
cDNA Synthesis Kit for RT-PCR (Roche, Basel, Switzerland) using 100 ng total RNA. Genes of interest were measured by reverse transcription polymerase chain reaction
(StepOnePlus real-time PCR system; Applied Biosciences,
Beverly Hills, CA) using SYBR Green Supermix (Quanta

Cyclophilin A (CycloA) R
Iodothyronine
(Dio1) F
Iodothyronine
(Dio1) R
Iodothyronine
(Dio2) F
Iodothyronine
(Dio2) R
Hairless F

deiodinase 1
deiodinase 1
deiodinase 2
deiodinase 2

Hairless R
Myosin heavy chain 7
(Myh7)
Myosin heavy chain 7
(Myh7)

TTA GGC AGC AAG GGC
TTT T
CCA TCC CTC TGG TGA
AGC G
GCA AGA CAG GCT TTC
CAG A
CTG CCT CCT AAA TCC
GAC A
GCC ATT CCC CTG CTG
TAA CT
CCG TCA GTC CAA AGC
CAT CT
GCC TAC AAA CAG GTT
AAA TTG G
CCG TCT TCT CTG AGG
CAC AAT
TTT GCT GAA GGA CAC
TCA AAT C
TTC TGG TTG ATG AGG
CTG GT

qRT-PCR, quantitative reverse transcription polymerase chain
reaction.
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Statistical analysis

Results are presented as mean – standard deviation or
mean – standard error of the mean when indicated. As indicated, some graphs are presented utilizing the box and
whiskers format. Differences between groups were considered statistically significant when p-values were <0.05. Two
groups were compared using Student’s t-test, whereas analysis of variance followed by the Newman–Keuls test was
used for comparisons between more than two groups.
Results
Single-dose administration of LT3 or PZL
to hypothyroid rats: 16 h PK and serum TSH

Reference values for serum T3 (0.5 – 0.1 ng/mL) and TSH
(1.5 – 0.2 ng/mL) levels were obtained from eight intact rats.
In the single-dose experiment, the baseline serum T3 concentration was 0.23 – 0.02 ng/mL, within the expected range
F2 c for a hypothyroid rat (Fig. 2A). Serum T3 increased rapidly
after administration of the 24 lg LT3/kg capsule, reaching
a peak by four hours, followed by a progressive decline
(Fig. 2A). In the animals that received capsules containing
equimolar amounts of PZL, serum T3 concentration rose
slowly from baseline, reaching a peak between 10 and
12 hours, subsequently declining at a similar rate as seen in
the LT3-treated rats. After 16 h of gavage, serum T3 levels

DA CONCEICxÃO ET AL.

were down to around 0.45 ng/mL in both groups of animals
(Fig. 2A). Analyses of the curves confirmed distinct PK parameters for LT3- and PZL-treated rats, whether using raw
data or baseline corrected data (Table 2). In the PZL-derived b T2
T3 curve, Cmax was 26–29% lower, tmax was 5.5–6.6 hours
later, and t1/2 was 2.8–3.3 hours longer. The AUC for serum
T3 was around 31% smaller in PZL-treated rats compared to
LT3-treated rats, but it is likely that the addition of later time
points would have minimized these differences (Table 2).
Serum TSH levels at baseline were about 10 ng/mL,
compatible with primary hypothyroidism (Fig. 2B). Administration of LT3 resulted in rapid decline of serum TSH levels
that by four hours were about 3.0 ng/mL (70% of baseline)
and by 16 hours were about 1.0 ng/mL. In contrast, the serum
TSH versus time curve shifted to the right in the animals
given PZL between the two- and eight-hour time points. In
the animals given PZL, the calculated time for serum TSH to
reach 3 ng/mL was around eight hours. By 10 hours, serum
TSH levels were similar in LT3- and PZL-treated rats
(Fig. 2B).
To test whether the unique PK exhibited by PZL was affected by the dose administered, groups of rats similarly
prepared as above were given two doses of PZL, 24 or 48 lg/
kg, or equimolar doses of LT3, and killed three hours later.
Remarkably, serum T3 levels in the PZL-treated rats remained unaffected, despite doubling of the PZL dose
(Fig. 2C). In contrast, LT3-treated rats exhibited further

FIG. 2. Serum (A) triiodothyronine (T3) and (B) thyrotropin (TSH) levels in hypothyroid rats given 24 lg/kg body weight
LT3 (body weight: 300 – 9.6 g) or equimolar amounts of PZL (body weight: 309 – 9.3 g) through gavage. (C) Dose–response
curve of T3 at three hours in the serum of hypothyroid rats given 24 lg/kg and 48 lg/kg LT3 or PZL. Blood samples were
obtained through caudal vein sampling and processed for hormone quantification. Values are the mean – standard deviation
(SD) of four independent samples. An unpaired Student’s t-test was used for all comparisons. **p < 0.01; ***p < 0.001.
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Table 2. Pharmacokinetic Parameters Calculated Based on Serum T3 Data Points
Obtained from LT3- or PZL-Treated Rats
Drug
Raw data
LT3
PZL
Baseline corrected data
LT3
PZL

Cmax (ng/mL)

tmax (h)

AUC (ng-h/mL)

t1/2 (h)

1.5 – 0.30
1.1 – 0.25#

3.4 – 0.94
9.0 – 3.6**

11.5 – 2.0
9.2 – 2.1##

4.9 – 0.70
7.7 – 0.85***

1.22 – 0.30
0.87 – 0.24#

3.5 – 0.69
9.0 – 3.6*

8.4 – 2.0
6.0 – 1.9#

4.9 – 0.70
7.7 – 0.85**

Entries are the mean – SD of four animals. Parameters were calculated by averaging values obtained for each individual animal.
*p £ 0.05 vs. LT3; **p £ 0.01 vs. LT3; ***p £ 0.001 vs. LT3; #p = 0.06 vs. LT3; ##p < 0.08.
LT3, liothyronine; PZL, poly-zinc-liothyronine; Cmax, maximum serum concentration; tmax, time of maximum serum concentration;
AUC, area under the curve; t1/2, plateau time; SD, standard deviation.

elevation in serum T3 levels, already above the reference
range by three hours (Fig. 2C).
Multidose administration of LT3 or PZL
to hypothyroid rats: eight-day PK, serum TSH,
and biological effects in the liver

At baseline day 1, serum T3 levels were about 0.25 ng/mL
and, during the first six hours after gavage, evolved with
different profiles, depending on whether animals were given
capsules containing 24 lg LT3/kg or equimolar amounts of
F3 c PZL (Fig. 3A). In the animals given LT3, serum T3 levels
increased sharply by about fourfold and decreased during the
next 24 hours to near baseline. This profile was reproduced on

days 2, 3, 5, and 8, so that by the end of the experiment, the
morning of day 8, baseline T3 levels were indistinguishable
from those on day 1 (Fig. 3A).
A very different serum T3 profile was observed in PZLtreated rats. On day 1, baseline T3 levels were around
0.28 ng/mL, with a positive trend after PZL administration
(Fig. 3A). The baseline level on day 2 was about 0.4 ng/mL,
with minimal fluctuation compared to LT3-treated rats. The
buildup continued, and on day 3, baseline levels were around
0.5 ng/mL. On subsequent days, baseline values varied between 0.4 and 0.5 ng/mL (Fig. 3A).
On day 1, serum TSH levels at baseline were around 10 ng/
mL (Fig. 3B), and administration of LT3 resulted in a rapid
decline that reached around 2.0 ng/mL by six hours. In contrast,

FIG. 3. As Figure 2, except that
animals were dosed daily for eight
days. Body weights are shown in
the legend to Figure 4. Blood
samples at two time points were
obtained on the indicated days (i.e.,
days 1, 2, 3, and 8) before dosing
and 6.5 hours later. Values are the
mean – SD of four independent
b 4C
samples.
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serum TSH levels remained unchanged in the animals given
PZL up until six hours after gavage (Fig. 3B). On day 2, PZLtreated rats exhibited lower baseline serum TSH, but levels
were still higher than in T3-treated rats. Later in the day, six
hours after gavage, serum TSH was similar in both T3- and
PZL-treated rats (Fig. 3B). On days 3 and 5, serum TSH
remained suppressed (Fig. 3B).
To evaluate systemic T3-dependent processes, the study
looked at known T3-dependent parameters, such as changes
in body weight (which in this case reflects growth rate), serum cholesterol, and hepatic Dio1 mRNA levels (27,28).
Growth (body weight gain) was unchanged in hypothyroid
animals but responded dramatically to either LT3 or PZL
F4 c treatment (Fig. 4A). This is expected, given the positive effects of T3 on growth hormone and insulin growth factor 1
secretion (28). At the same time, serum cholesterol was elevated twofold in hypothyroid rats, and treatment with LT3
or PZL reduced levels to well below the reference range
(Fig. 4B), which is compatible with the suppressed serum
TSH levels. Notably, both T3- and PZL-treated rats exhibited
a five- to sixfold elevation in Dio1 mRNA levels in the liver,
a sensitive marker of systemic T3 effects (Fig.4C).
The study also analyzed T3-responsive genes in the central
nervous system (CNS) and the heart: Dio2 and hairless (Hr)

in the cerebral cortex and hippocampus, and myosin heavy
chain 7 (Myh7) in the heart. Dio2 mRNA levels were
markedly increase in the cerebral cortex, which were normalized by treatment with either LT3 or PZL (Fig. 4D). In the
hippocampus, Dio2 mRNA was not affected by hypothyroidism but was markedly reduced by either LT3 or PZL
(Fig. 4E). In contrast to Dio2, Hr is positively regulated by T3
in the CNS. Its mRNA levels were reduced in the cerebral
cortex and responded positively to both LT3 and PZL
(Fig. 4F). In the hippocampus, however, changes in Hr
mRNA levels did not reach statistical significance (Fig. 4G).
These data confirm that different areas of the CNS respond
differently to hypothyroidism and treatment with thyroid
hormone. In the heart, Myh7 is negatively regulated by T3. As
expected, its mRNA levels were markedly increased in hypothyroid rats but greatly reduced by treatment with either T3
or PZL (Fig. 4H). Most importantly, the effects of PZLderived T3 on T3-responsive genes in the liver, CNS, and
heart mimicked those of LT3.
Discussion

LT3 is used in the clinical setting of investigating suspected thyroid autonomy, in patients with thyroid cancer

4C c FIG. 4. Changes in (A) body weight, (B) serum cholesterol, (C) hepatic Dio1 mRNA levels, (D and E) central nervous
system Dio2 mRNA levels, (F and G) Hr mRNA levels, and (H) heart Myh7 mRNA levels in all animals studied on
Figure 3. Initial body weights were: control, 523 – 19 g; hypothyroid, 328 – 13 g; hypothyroid + LT3, 310 – 12 g; and
hypothyroid + PZL, 303 – 22 g. Animals were killed on the morning of day 9, and tissue samples were prepared for the
indicated measurements. There were four animals in each group. Values are the mean – SD or a box and whiskers format.
Gene abbreviations are as shown in Table 2. Analysis of variance followed by the Newman–Keuls test was used for all
comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.
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being prepared for total body scans, or in the differential
diagnosis between TSH-secreting tumors and resistance to
thyroid hormone syndrome (29). In all these cases, treatment
is short term, lasting one to two weeks, and intended to cause
transient systemic thyrotoxicosis to suppress TSH secretion.
LT3 can also be given chronically to manage hypothyroid
patients, but in this case its utilization is controversial. The
commonly observed peak of T3 in serum three to four hours
after LT3 dosing may be associated with undesirable side
effects that are primarily cardiac in nature (15). This article
reports the development of PZL, a novel metal coordinated
T3 molecule that slowly releases bioavailable T3 in the duodenum for systemic absorption. Using the hypothyroid rat
model, it is shown that oral administration of PZL minimizes
post-dose peaks in circulating T3 typically seen with LT3
administration (Fig. 2A), without interfering with T3dependent biological effects (Fig. 4). That the unique PK of
PZL-derived T3 results in beneficial pharmacodynamics
(PD) is illustrated by a four-hour delay in TSH suppression
(Fig. 2B) and in sustained fasting serum T3 levels after eight
days of daily doses of PZL (Fig. 3A). The latter indicates that
PZL-derived T3 is absorbed at such a reduced rate that even
24 hours after PZL dosing, serum T3 is higher than baseline.
After a few daily doses of PZL, T3 levels in the circulation
are even higher, within the reference range, reflecting less
fluctuation during the 24-hour period between doses, much
closer to normal T3 homeostasis compared to dosing with
LT3.
The search for a thyroid hormone replacement strategy that
restores physiologic serum T3 levels is not new. This pursuit
became particularly relevant several years ago after the
demonstration in rodents that LT4 therapy alone is incapable
of normalizing serum TSH and T3 levels in all tissues
(30,31). Later, it was verified that LT4-treated hypothyroid
rats with a normal serum TSH exhibit signs of hypothyroidism in the liver, skeletal muscle, and brain, which are normalized with therapy containing both LT4 and LT3 (8).
Delivery routes such as through the skin, as commonly used
for steroids, seem inviable, given the rapid D3-mediated
thyroid hormone catabolism in this organ (32). Other studies
have focused on oral LT3 capsules coated with insoluble
matrixes or other formulations to create ‘‘slow-release’’
versions of LT3, with promising results in vitro (23) and in
patients (22). In addition, taking advantage of the fact that
liver contains desulfatase enzymes, an ingenious strategy was
devised in which an excess of the biologically inactive T3
sulfate was given orally to patients with hypothyroidism (33).
The goal was for the liver to become a steady-state depot/
source of endogenous T3 production defined by the velocity
of hepatic desulfatization. Indeed, in hypothyroid patients,
administration of T3 sulfate resulted in an increase in serum
T3 concentration at one hour post dose that increased further
at two and four hours and remained steady up to 48 hours in
initial studies.
Despite all efforts and experimental approaches, however,
a clinically acceptable and consistent oral formulation for
sustained release of LT3 is still lacking today.
PZL is a polymeric complex composed of divalent zinc
ions bound to a tridentate dianion of T3. This tridentate form
of T3 possesses two ionizable functional groups—amino acid
and phenol—capable of forming two coordinate covalent
bonds with a metal. Due to the phenol group, tyrosine and T3
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are the only natural amino acids that can act as tridentate
ligands, which favors formation of supramolecular or polymeric structures (34). The supramolecular structure of PZL
possesses many characteristics that promote intestinal mucoadhesion, including its novel polymeric nature, an ability
to form non-covalent bonds with the negatively charged
mucosal surface, and electrostatic interactions between Zn2+
and the mucosa (35). Both the slower rate of T3 absorption
(Fig. 2A) and experience with other metal coordinated molecules support a mechanism by which T3 molecules separate
from the metal complex by exchange with endogenous ligands before absorption into the bloodstream. The combination of PZL’s mucoadhesive properties and the ligand
exchange rate contributes to the slower rate of T3 delivery
and the extended period of T3 absorption.
The present results obtained after acute administration of
PZL to hypothyroid rats are encouraging. Compared to rats
acutely treated with LT3, PZL-treated rats exhibit lower
Cmax, later tmax, and longer t1/2 (plateau time), while exhibiting a similar (slightly smaller) AUC (Table 2). In other
words, when equimolar amounts of LT3 are delivered as PZL
(vs. LT3), serum T3 levels do not exhibit a rapid peak. Rather, serum T3 levels are sustained over time with a delayed
but more desirable biological response. The latter is illustrated by the more gradual drop in serum TSH levels, which
was delayed by about four hours in PZL-treated rats compared to LT3-treated rats (Fig. 2B).
It is notable that due to the relatively fast T3 kinetics, there
is little buildup of T3 in the circulation over time in rats
chronically treated with LT3 (Fig. 3A). Baseline T3 levels
were barely affected, remaining below the reference range,
even after eight days of daily administration of LT3 capsules.
In contrast, chronic administration of PZL resulted in doubling of baseline serum T3 levels in the morning of the eighth
day, resulting in levels that were within the normal reference
range (Fig. 3A). These data indicate that sustained absorption
of PZL-delivered T3 attenuates unwanted serum peaks and
prolongs T3 bioavailability over time, permitting elevated
baseline serum T3 levels. As a result, the biological effects
observed with L-T3 and PZL-derived T3 were similar, that is,
body weight gain (Fig. 4A), serum cholesterol (Fig. 4B), and
hepatic Dio1 mRNA levels (Fig. 4C), despite the absence of
serum T3 peak observed in the LT3-treated rats. The same
was true for markers of T3 action, that is, Dio2 and Hr mRNA
levels in the CNS (Fig. 4D-G), and Myn7 mRNA levels in the
heart (Fig. 4H).
PZL contains LT3, a pharmaceutical approved by the Food
and Drug Administration, and Zn, an essential mineral for
catalytic, structural, and regulatory physiological functions,
with a recommended dietary allowance (RDA) of 10 mg/day.
Both T3 and Zn are present in PZL at a 1:1 ratio. The
chemistry and drug product manufacturing of PZL present
negligible potential for human risk due to the substantial
overlap with processes and substances associated with the
reference product, LT3. Furthermore, the expected daily dose
of Zn in PZL is <1/1000 of the RDA for the metal.
While the objective benefit of adding LT3 to therapy with
LT4 remains controversial, one could argue that the intrinsically unfavorable PK and PD of conventional LT3 have
limited the effectiveness of all clinical trials to date, whether
prospective or retrospective in nature, and thus have frustrated attempts to address this issue. It is also known that
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normalization of serum TSH with LT4 monotherapy to hypothyroid patients results in 5–10% lower serum T3 (7,13).
Similar results were obtained in rats (8,30,31). By adding
LT3 to the LT4 regimen, it is expected that normalization of
serum TSH will occur with a slightly lower serum T4 and
slightly higher serum T3, as seen in humans (20) and rats
(8,30,31). Although clinical data are not available, a normalization of serum T3 in preclinical studies utilizing thyroidectomized rats normalized a series of T3-dependent
parameters in the liver, skeletal muscle, and CNS (8). This is
probably because in a number of tissues, including the liver
and kidney, most T3 bound to nuclear thyroid receptors
originates from circulating T3, as opposed to the brain, pituitary gland, and brown adipose tissue where about half of
the T3 is produced within the tissue from local T4 activation
(36,37). Thus, plasma remains an important source of tissue
T3, even in those tissues that express D2 and are capable of
activating T4 locally.
The current results carry significant potential implications
for patients who suffer from hypothyroidism. The continued
development of PZL or PZL-like molecules that provide stable
serum T3 levels will reveal the clinical relevance if any of
normalizing serum T3 in LT4-treated patients. It will allow for
more measured comparisons through future clinical studies
between monotherapy with LT4 and combination therapies
with LT4 and a true sustained release formulation of LT3 (PZL
or PZL-like molecules) in the treatment of hypothyroidism.
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