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Translating Pharmacological Findings from
Hypothyroid Rodents to Euthyroid Humans:
Is There a Functional Role of Endogenous 3,5-T27
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Background: During the last two decades, it has become obvious that 3,5-diiodothyronine (3,5-T2), a well-
known endogenous metabolite of the thyroid hormones thyroxine (T4) or triiodothyronine (T3), not only
represents a simple degradation intermediate of the former but also exhibits specific metabolic activities.
Administration of 3,5-T2 to hypothyroid rodents rapidly stimulated their basal metabolic rate, prevented high-
fat diet-induced obesity as well as steatosis, and increased oxidation of long-chain fatty acids.

Objective: The aim of the present study was to analyze associations between circulating 3,5-T2 in human serum
and different epidemiological parameters, including age, sex, or smoking, as well as measures of anthro-
pometry, glucose, and lipid metabolism.

Methods: 3,5-T2 concentrations were measured by a recently developed immunoassay in sera of 761 euthyroid
participants of the population-based Study of Health in Pomerania. Subsequently, analysis of variance and
multivariate linear regression analysis were performed.

Results: Serum 3,5-T2 concentrations exhibited a right-skewed distribution, resulting in a median serum
concentration of 0.24 nM (1st quartile: 0.20 nM; 3rd quartile: 0.37 nM). Significant associations between 3,5-T2
and serum fasting glucose, thyrotropin (TSH), as well as leptin concentrations were detected (p <0.05). In-
terestingly, the association to leptin concentrations seemed to be mediated by TSH. Age, sex, smoking, and
blood lipid profile parameters did not show significant associations with circulating 3,5-T2.

Conclusion: Our findings from a healthy euthyroid population may point toward a physiological link between
circulating 3,5-T2 and glucose metabolism.

Introduction tabolism by stimulating glucose-6-phosphate dehydrogenase

(G6PD) activity (9) or by modulating gluconeogenesis via

ESPITE FIRST DESCRIPTIONS OF THE METABOLIC effects of

3,5-diiodothyronine (3,5-T2) (1,2), it was considered as
a physiologically inactive metabolite of the two major thyroid
hormones (TH) thyroxine (T4) and triiodothyronine (T3).
Recent pharmacological applications of 3,5-T2 mainly in
hypothyroid rodent models (3,4) challenged this hypothesis
because they revealed rapid and chronic metabolic changes,
partly independent of the classical T3 receptors (TR). 3,5-T2
rapidly enhanced hepatic oxygen consumption (5,6), and
hepatic mitochondria were identified as specific targets (7,8).
Moreover, 3,5-T2 was suggested to influence glucose me-

sirtuin 1 (10,11). Moreno et al. (6) reported a complementary
effect of 3,5-T2 to T3 on stimulating the resting metabolic
rate in rats. Furthermore, administered in pharmacological
doses, 3,5-T2 prevented rodents from weight gain from a
high-fat diet (12) and restrained the development of insulin
resistance (10). Possible discussed underlying mechanisms
included the activation of thermogenesis (13), the prevention
of fat accumulation in skeletal muscle as well as in the liver
(10,14), and the enhancement of lipolysis (10,12,13), to-
gether resulting in remarkable antisteatotic effects under
high-fat diet conditions.
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In comparison, knowledge about the role of 3,5-T2 in
human metabolism is sparse. Following the development of
3,5-T2 radioimmunoassays (RIAs), age- and sex-specific
differences in serum 3,5-T2 concentrations (15,16) as well as
associations with chronic renal diseases, liver cirrhosis, and
sepsis were reported (17-19). Nevertheless, a validation of
many of those associations in larger studies is lacking.

Expanding these initial findings and questioning former
results that reported a wide spectrum of serum 3,5-T2 con-
centrations over almost two orders of magnitude in rather
small groups of analyzed individuals, we now used a newly
developed assay (20) to determine serum 3,5-T2 concentra-
tions in a larger healthy study population. The aim of the
present study was to analyze associations between serum 3,5-
T2 concentrations and metabolic parameters from glucose
and lipid metabolism as well as anthropometric measures in a
euthyroid population.

Materials and Methods
Study population

The Study of Health in Pomerania (TREND) (SHIP-
TREND) is a second cohort of a population-based research
project in West Pomerania, a rural region in northeast Ger-
many (21). A stratified random sample of 8826 adults aged
20-79 years was drawn from population registries. Sample
selection was facilitated by centralization of local population
registries in the Federal State of Mecklenburg-West Pomer-
ania. Stratification variables were age, sex, and city/county of
residence. Baseline examinations were conducted between
2008 and 2012. Out of all invitations, 4420 choose to par-
ticipate (50.1% response). All participants gave written in-
formed consent. The study was approved by the local ethics
committee and conformed to the principles of the declaration
of Helsinki. SHIP data are publically available for scientific
and quality control purposes. Data usage can be applied for
via www.community-medicine.de.

The present study population comprises a subsample of
1001 subjects without self-reported diabetes. Of the 1001
participants, 108 subjects with missing data for serum 3,5-T2
concentrations were excluded. Furthermore, 132 subjects
with at least one of the following conditions (overlap exists)
were excluded: use of thyroid medications (ATC code HO3A,
n=94), serum thyrotropin (TSH) levels outside the reference
range (0.30-3.59 mIU/L, n=>54), missing values in investi-
gated parameters (n=5), or serum 3,5-T2 concentrations
differing more than two times the standard deviation from the
mean concentration (>2.13nM, n=10). The final study
population (euthyroid sample) available for the present
analysis comprised 761 subjects (Fig. 1). For 666 subjects,
whole-body magnetic resonance imaging (MRI) data were
available, whereas vaspin and leptin serum levels were de-
termined for 712 and 744 participants respectively.

Measurements

Each SHIP-TREND participant underwent standardized
medical examinations, blood sampling, and an extensive
computer-aided personal interview. Data on sociodemographic
characteristics and medical histories were collected. During
the physical examination, standardized measurements of body
weight and height were performed with calibrated scales. Body

189
l4—— Quantification of 3,5-T, serum concentrations
A
893 f|
— Exclusion criteria:
- Thyroid medication (N=94)
- TSH out of reference range (N=54)
- extreme values of 3,5-T2 (N=10)
- Missing values in outcome, exposure or
v confounder (N=5)
761 (888) ||
—> | 761 (888) BMI, WC, WHtR ”
— | 666 (778) visc.subcu. fat [
761 (888) HDL-, LDL-, total cholesterol,
> total triglyceride
| 712(834) vaspin ”
—> | 744 (871) leptin ]‘
— | 761(888) serum glucose / HbA1c ”

| 761 (888™) insulin / Homa-IR ”

FIG. 1. Flowchart representing the steps for study com-
pilation. Numbers in parentheses indicate the respective data
for the whole sample. *n=423 and **n=492 subjects for
continuous analysis.

mass index (BMI) was calculated as weight (kg)/height2 (m?).
Waist circumference (WC) was measured using an inelastic
tape while the participant stood securely with weight equally
distributed on both feet. The measurement relies on the cir-
cumference between the lower rib margin and the iliac crest
in the horizontal plane. Based on these measurements, the
waist-to-height ratio (WHtR) was calculated as WC (cm)/
height (cm).

Whole body magnetic resonance imaging (MRI) was
performed on a commercial 1.5-Tesla system (Magnetom
Avanto; Siemens Healthcare AG, Erlangen, Germany; soft-
ware version Syngo MR B15) using a body phased array coil.
The quantification of subcutaneous and visceral fat was done
using the automatic tissue and labeling analysis software
ATLAS and in-house developed software from the Uni-
versity of Ulm (22). Afterwards, manual correction by cer-
tified students was applied.

Fasting blood samples (fasting =8 h) were drawn between
6:00am and 7:00pm from the cubital vein of subjects in the
supine position and analyzed immediately or stored at
—80°C. Serum TSH concentrations were measured using an
immunoassay (Dimension VISTA; Siemens Healthcare Di-
agnostics, Eschborn, Germany) with a functional sensitivity
of 0.005mlIU/L. Total cholesterol, total triglyceride, and
serum glucose concentrations were measured by photometry
(Dimension VISTA; Siemens Healthcare Diagnostics). High-
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density lipoprotein (HDL) and low-density lipoprotein
(LDL) cholesterol were selectively precipitated and then
determined by homogenous assays (Dimension VISTA,
Siemens Healthcare Diagnostics). Serum vaspin (AdipoGen,
Liestal, Switzerland) and leptin (Mediagnost, Reutlingen,
Germany) concentrations were measured using the enzyme-
linked immunosorbent assay (ELISA) technique. Glycated
hemoglobin (HbAlc) was determined by high-performance
liquid chromatography (Bio-Rad, Munich, Germany).

Insulin serum concentrations were measured using a
chemiluminescent immunometric assay (Immulite 200 XPi;
Siemens Healthcare Diagnostics) with a functional sensitiv-
ity of 2 uIU/mL. The homeostatic model of insulin resistance
(HOMA-IR) was calculated as insulin (uIU/mL) X glucose
(mmol/L)/22.5 according to Matthews et al. (23).

Serum 3,5-T2 concentrations were measured with a recently
developed monoclonal antibody-based chemiluminescence
immunoassay (20). Blood samples were stored for about five
years prior to analysis. In the course of assay validation (20),
different storage conditions, that is, room temperature, 4°C
and —20°C, as well as several freeze—thaw cycles did not
disturb 3,5-T2 stability, leading to the assumption that even
prolonged storage would not affect the results. The functional
sensitivity of the assay was specified as 0.2 nM. The interassay
variation was between 5.6% and 12.9%. The working range
was declared as 0.2-10nM 3,5-T2.

Statistical analysis

Continuous data are expressed as median (Ist, 3rd quar-
tile); nominal data are expressed as percentages. For bivariate
statistics, the Kruskal-Wallis test (continuous data) or the
chi-square test (nominal data) were used to compare men and
women. In a pre-analysis step, we compared participants
below (n=274) and above (n=487) 0.2nM, with respect to
age, sex, and smoking. As there were no significant differ-
ences (data not shown), we decided to continue without
stratification regarding 3,5-T2 as outcome. In a first step, we
tested the influence of age using 10-year age groups, sex, and
smoking on serum 3,5-T2 concentrations. Boxplots were
used to visualize the distribution of serum 3,5-T2 concen-
trations. Values below the detection limit (0.2nM) were
stratified as follows: (a) values distinct from zero but
<0.InM were set to 0.05nM as the lowest point of the
standard curve, or (b) values >0.1 nM were set to 0.2 nM.
Kruskal-Wallis tests were used to detect overall significance
and Wilcoxon rank-sum tests to test for group differences. In
a second step, two types of linear regression analysis were
performed. First, mean values of the considered markers for
anthropometry, glucose, or lipid metabolism with confidence
intervals (CI) depending on 3,5-T2 concentration were cal-
culated by age- and sex-adjusted analysis of variance (AN-
OVA). For this purpose, three distinct groups of participants
were defined according to their serum 3,5-T2 concentrations:
<0.2nM (n=274) but distinct from zero, 0.2-0.33nM
(n=243), and >0.33nM (n=244). Second, multivariate
linear regression analysis was performed with 3,5-T2 as
continuous independent variable, including age and sex as
covariates, thereby excluding all participants with values
below the detection limit of the assay (n=487). As ANOVA
results indicated possible nonlinear trends, restricted cubic
splines with three equidistant knots (5th, 50", and 95th per-
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centile) were used to detect possible nonlinear associations
(24). The additional spline variable was only included if it led
to a significant increase in model fitness assessed by a like-
lihood ratio test. Dependent variables were log-transformed
to achieve a normal distribution if necessary. The number of
subjects depended on the used outcome variable as shown in
Figure 1.

To observe whether an altered thyroid state would affect
the presented results, all analyses were also performed on the
whole sample, only excluding participants with missing
values in variables under investigation (n=888; n=315 with
values <0.2nM but distinct from zero).

A p-value of <0.05 was considered statistically signifi-
cant. Statistical analyses were performed using SAS v9.3
(SAS Institute, Inc., Cary, NC) and R v3.0.1 (25).

Results

General characteristics for men and women are displayed
in Table 1. Women had lower values of BMI, WC, WHtR,
and visceral fat, whereas the amount of subcutaneous fat as
well as vaspin and leptin concentrations were higher com-
pared to men. Furthermore, women exhibited more favorable
lipid profiles (higher HDL, lower LDL, and lower total tri-
glycerides) as well as more advantageous glycemic profiles
(lower serum glucose, HbAlc, and HOMA-IR) and smoking
behavior.

Concerning serum 3,5-T2 concentrations, no sex-specific
differences were apparent (Table 1). The median serum 3,5-
T2 concentration amounted to 0.24nM (Ist quartile:
0.20 nM; 3rd quartile: 0.37 nM). In addition, neither age nor
smoking were significantly associated with serum 3,5-T2
concentrations (Fig. 2). Adjusted ANOVA revealed a partly
positive association between TSH and 3,5-T2, where subjects
with serum 3,5-T2 concentrations <0.2nM exhibited lower
adjusted mean TSH concentrations (1.09 [CI 1.03-1.15])
compared to subjects with intermediate serum 3,5-T2 con-
centrations (1.20 [CI 1.13-1.28]; Fig. 3 and Supplementary
Table S1; Supplementary Data are available online at www
Jliebertpub.com/thy). In contrast, further increasing serum
3,5-T2 concentrations were inversely associated with TSH
concentrations as indicated by linear regression analysis
(Fig. 3 and Table 2).

Subsequently, we analyzed 3,5-T2 concentrations in rela-
tion to anthropometric measures, including BMI, WC, and
WHItR, as well as the amount of visceral and subcutaneous fat
(Fig. 3). All measures except subcutaneous fat demonstrated
similar-shaped variations in the means between the three
defined 3,5-T2 groups, indicating a nonlinear trend. How-
ever, none of them displayed a significant nonlinear behavior
in linear regression analyses on the subsample with serum
3,5-T2 concentrations >0.2 nM.

Association analyses by adjusted ANOVA with several
parameters of glucose metabolism revealed a significant pos-
itive correlation between fasting glucose and 3,5-T2, while
HbAIlc, insulin concentrations, and HOMA-IR were also
slightly positively correlated but did not reach statistical sig-
nificance (Fig. 4). For glucose, an estimated mean value of
5.49 mmol/L [CI 5.42-5.56] was found for the group with high
serum 3,5-T2 concentrations, while the remaining groups ex-
hibited values of about 5.35 mmol/L (Fig. 4 and Supplemen-
tary Table S2). Interestingly, linear regression analyses on the
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TABLE 1. GENERAL CHARACTERISTICS OF THE STUDY POPULATION
Characteristics Male (n=358) Female (n=403) p*
Age, years 50 (38; 60) 49 (40; 59) 0.79
Smoking, % <0.01
Never smoker 32.0 52.7
Former smoker 434 27.1
Current smoker 24.6 20.2
TSH, mIU/L 1.13 (0.80; 1.47) 1.27 (0.90; 1.75) <0.01
Body mass index, kg/m 27.7 (25.0; 30.3) 26.2 (23.1; 30.0) <0.01
Waist circumference, cm 94.0 (86.0; 102.0) 81.5 (73.5; 90.1) <0.01
Waist-to-height ratio 0.53 (0.48; 0.58) 0.50 (0.45; 0.55) <0.01
Visceral fat, L 4.70 (2.75; 7.02) 2.40 (1.14; 3.66) <0.01
Subcutaneous fat, L 6.13 (4.58; 8.06) 7.99 (6.10; 11.11) <0.01
HDL cholesterol, mmol/L 1.28 (1.10; 1.47) 1.59 (1.34; 1.87) <0.01
LDL cholesterol, mmol/L 3.41 (2.78; 4.00) 3.33 (2.70; 3.95) 0.44
Total cholesterol, mmol/L 5.3 (4.6; 6.1) 5.5 (4.9; 6.2) 0.01
Total triglycerides, mmol/L 1.28 (0.91; 1.95) 1.12 (0.84; 1.56) <0.01
Vaspin, ng/mL 0.47 (0.26, 0.76) 0.76 (0.47; 1.46) <0.01
Leptin, ng/mL 6.1 (3.5;9.4) 18.1 (11.3; 29.5) <0.01
Serum glucose, mmol/L 5.4 (5.1; 5.8) 5.2 (4.9; 5.6) <0.01
HbAlc, % 5.2 (4.9; 5.6) 5.1 (4.8;5.5) <0.01
HOMA-IR 0.64 (0.47; 1.37) 0.54 (0.45; 1.26) <0.01
Insulin, pIU/mL 2.6 (2.0; 5.3) 2.3 (2.0;5.1) 0.27
3,5-Diiodothyronine, nM
20-29 years (m=39, f=31) 0.20 (0.20; 0.31) 0.22 (0.20; 0.40) 0.40
30-39 years (m=57, f=64) 0.21 (0.20; 0.41) 0.25 (0.20; 0.39) 0.35
40-49 years (m=81, f=111) 0.27 (0.20; 0.40) 0.25 (0.20; 0.35) 0.67
50-59 years (m=283, f=99) 0.30 (0.20; 0.43) 0.23 (0.20; 0.32) 0.07
60-69 years (m=64, f=69) 0.26 (0.20; 0.35) 0.23 (0.20; 0.36) 0.55
70+years (m=34, f=29) 0.22 (0.20; 0.34) 0.29 (0.21; 0.40) 0.08
Overall 0.24 (0.20; 0.38) 0.24 (0.20; 0.37) 0.94

Continuous data are expressed as median (25th; 75th); nominal data are given as percentages.
*Chi-square test (nominal data) or Kruskal-Wallis test (interval data) were used for comparison.

HDL, high-density lipoprotein; LDL, low-density lipoprotein; TSH, thyrotropin; HOMA-IR, homeostatic model assessment of insulin

resistance; HbAlc, glycosylated hemoglobin.

subsample with 3,5-T2 serum concentrations >0.2nM re-
vealed a significant bell-shaped association, confirming AN-
OVA results up to a peak at 0.5nM (Fig. 4 and Table 2).
Adjusted mean concentrations of parameters for lipid
metabolism remained stable along the 3,5-T2 groups. The
exception were slightly lower HDL cholesterol concentra-
tions in subjects with low serum 3,5-T2 concentrations but
without reaching statistical significance (Fig. 5 and Table 2).
Finally, regarding adipokines, adjusted ANOVA revealed

p=0.54 p=094

3 ,5-Dilodothyronine [nM]
0.4 0.6 0.8

0.2

0.0

that subjects with intermediate serum 3,5-T2 concentrations
exhibited significantly higher concentrations of leptin com-
pared to those with low serum 3,5-T2 concentrations, indi-
cating a nonlinear association. As discussed below, this
relation was probably mediated by TSH, since further ad-
justment for serum TSH concentrations leads to a loss of
association between leptin and 3,5-T2.

Neither adjusted ANOVA nor linear regression analysis re-
vealed sustainable differences in association patterns between

FIG. 2. Boxplots combined with
jitter plots of serum 3,5-diio-
dothyronine concentrations by age,
sex, and smoking. The black tri-
angles indicate the group means.
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FIG. 3. Comparison between the whole and the euthyroid subsample. Top: Estimated mean levels of thyrotropin (TSH)
and anthropometric markers with 95% confidence intervals by serum 3,5-diiodothyronine concentrations calculated by
analysis of variance adjusted for age and sex. pyhote and peyy, p-values from analysis of variance (ANOVA) about an overall
difference between groups in the whole and euthyroid sample, respectively. Significant differences between groups were
marked for comparison with the "lowest and *intermediate (p<0.05). Bottom: Predicted mean values of the same pa-
rameters conditioned on 3,5-diiodothyronine serum concentrations >0.2nM for a 50-year-old man from linear regression

analysis. Corresponding p-values are listed in Table 2.

the whole or euthyroid sample. The association between 3,5-T2
and TSH was, however, more pronounced in the whole sample,
as can be seen from linear regression analysis (Fig. 3 and Table
2), which further indicates an exponential decline in mean TSH
concentrations for serum 3,5-T2 concentrations >(0.2 nM.

Discussion

To the best of our knowledge, this is the first focused
analysis of a large euthyroid study population that specifi-
cally investigates associations between serum 3,5-T2 con-
centrations and several metabolic characteristics, including
anthropometric and glucose and lipid metabolism measure-
ments. For this purpose, we used a newly developed immu-
noassay (20), representing the only currently available
method to determine serum 3,5-T2 concentrations in humans
(26-28). Our data revealed significant bell-shaped associa-
tions of serum 3,5-T2 concentrations with serum glucose
concentration and TSH concentrations in the fasting state,
pointing toward a versatile role of circulating 3,5-T2 in
human metabolism. In contrast, markers for blood lipid
profile and anthropometry seemed to be effected by TSH
itself or unaffected respectively.

Compared with results reported in previous studies on
euthyroid humans, we measured markedly higher median
serum 3,5-T2 concentration (15-19,29-33). One possible
explanation might be the brief incubation time of almost one
hour in most polyclonal antibody-based RIAs compared with
the overnight incubation performed in our monoclonal anti-
body immunoassay. Furthermore, previously reported age- (16)
or sex-related (15) differences in serum 3,5-T2 concentrations
were not confirmed by the present analyses. The small sample
sizes of the former studies including 81 (16) or 52 (15) subjects
might be the most likely reason. With respect to TSH, a bell-
shaped trend along the 3,5-T2 groups was observed, which was
more pronounced when participants with subclinical thyroid

disease were included (Fig. 3 and Table 2). In particular, this
link is in accordance with animal studies showing that 3,5-T2
was only a third as potent as T3 in suppressing TSH concen-
trations, and rather high pharmacological 3,5-T2 concentra-
tions are required for TSH suppression (34-36). However,
several animal studies in rodents and other species, for example
killifish, indicated that 3,5-T2 interferes with the hypothala-
mus—pituitary—thyroid axis at several levels such as pituitary,
thyroid, and peripheral action, thereby displaying a broad
spectrum of mechanisms involved such as classical interaction
with TR and also rapid effects at the cell membrane and mi-
tochondria (10,12,14,34-40) (for a review, see (3)). Action of
3,5-T2 via these different targets and molecular mechanisms
might occur at different 3,5-T2 concentrations and depend
on acute or chronic exposure (35,37,40), thus possibly ex-
plaining the unexpected bell-shaped relationship with serum
TSH.

Adjusted ANOVA revealed a positive correlation between
fasting glucose and low to intermediate serum 3,5-T2 con-
centrations. Of note, several other relevant parameters in-
cluding serum insulin, HOMA-IR, and HbA ¢ also exhibited
similar trends toward a positive relation, although their as-
sociations with serum 3,5-T2 concentrations did not reach
statistical significance. In concordance, a study on obese
women (41), who fasted for four days, reported a rise in
serum 3,5-T2 concentrations after glucose ingestion. Chal-
lenging this trend in categorical analysis, continuous splines
indicated an inverse association in mean glucose concentra-
tions at serum 3,5-T2 concentrations >0.5nM (Fig. 4). This
observation is in line with a 3,5-T2-mediated increase in
glucose sensitivity described for pharmacological interven-
tions with high doses of 3,5-T2 in animal models (10,11). A
possible indication to understand this discrepancy could be an
effect of 3-iodothyronamine, which was suggested as a
degradation product of 3,5-T2 and exhibited hyperglycemic
effects (4,42). An antagonistic link between these two TH
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derivatives could be contributing to the observed nonlinear
associations. Furthermore, one could argue that the observed
associations might be mediated by the classical metabolic
active T3 (or T4), since a recent study on euthyroid humans
provided evidence for interference between T3 and fasting
serum glucose (43). Depending on a previously published

reference range for TSH concentrations that referred to our
study region (0.25-2.12mlIU/L) (44), only a conspicuous
subset of 64 subjects of the present study population was
characterized by serum free T3 (fT3) and free T4 (fT4)
concentrations. Based on these subjects, no significant cor-
relation between circulating 3,5-T2 and {fT3 or fT4 became
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obvious (Supplementary Table S2), further supporting an
independent effect of 3,5-T2 on glucose metabolism. This
finding is also in agreement with our previous study, where no
correlation between 3,5-T2 and serum T4 and T3 concentrations
was observed in healthy or T4-substituted individuals (20).
However, since early experimental work suggested an extra-
thyroidal conversion of 3,5-T2 from T3 also in humans (45), the
missing correlation observed within our tight subset does not
necessarily exclude a physiological link between both, and
further effort is needed for clarification.

Even leptin concentrations exhibited a nonlinear associa-
tion with serum 3,5-T2 concentrations, whereby the highest
mean leptin concentrations were observed for individuals with
intermediate serum 3,5-T2 concentrations. Interdependency
between serum leptin and TH concentrations is assumed to
be mediated by a complex interplay with TSH, further in-
volving thyrotropin-releasing hormone (46,47). In concor-
dance, a recent study on young men provided evidence for a
link between serum TSH and leptin concentrations, even in
the euthyroid state (48). In recognition of these results, we
tested for a possible effect of TSH on the association between
3,5-T2 and leptin. Indeed, further adjustment in ANOVA led
to a loss of significance, thereby strengthening the depen-
dency between serum TSH and leptin concentrations, as well
as the relation between circulating TSH and 3,5-T2. In con-
clusion, further work is needed to elucidate the roles of cir-
culating 3,5-T2 and leptin in TH homeostasis.

According to the promising effects of pharmacological
interventions with 3,5-T2 on body weight or blood lipid
profile (10,12,14,49), missing associations toward related
measures require a clarifying note. To ensure an effect on
resting metabolic rate, most of the studies used a daily in-
traperitoneal injection of 25 ug 3,5-T2 per 100 g body weight
(10,12,14), and rather high doses were needed for oral ad-
ministration in humans and rodents (49,50). In detail, a
chronic treatment with 3,5-T2 at doses of up to 900 ug per day
led to a significant weight loss in one human study (49), a 3,5-
T2 dose ninefold higher than average daily thyroidal pro-
duction of T4, the putative precursor of 3,5-T2, which is only
a minor metabolite of T4 according to previous kinetic
studies (17,18). Therefore, a dose-dependent effect could be
reasonable, exceeding endogenous 3,5-T2 concentrations by
far and pronouncing selected 3,5-T2 mediated effects. This
might include for example a stimulatory effect on TH re-
ceptor f3 (39), which was attributed to enhance ff-oxidation of
long-chain fatty acids (46), a key mechanism for weight loss.
Beside dose-dependent effects, when administered in com-
parable doses, 3,5-T2 was shown to act rapidly and com-
plementary to T3 on resting metabolic rate (51), the major
contributor to weight maintenance. Taking into account such
moderate effects on anthropometry and/or lipid metabolism
by 3,5-T2, the application of more sensitive clinical markers
as provided by metabolomics could possibly validate re-
ported associations (52).

It has to be emphasized that all detected associations ob-
served in our study, even when reaching statistical signifi-
cance, were relatively weak. Hence, consequences for
clinical practice cannot necessarily be expected. Since our
study is cross-sectional, there are several limitations, espe-
cially in comparison to investigations on 3,5-T2 action using
animal models. Most of these represent longitudinal studies
on hypothyroid phenotypes including interventions by 3,5-T2
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administration. In contrast, cross-sectional studies are limited
in their prediction of time courses and intervention effects. In
addition, the present study was performed in euthyroid hu-
mans. Therefore, the role of 3,5-T2 in thyroid diseases could
not be delineated and requires separate analyses of appro-
priate patient cohorts. Moreover, nearly a third of study
participants (n=274) exhibited serum 3,5-T2 concentrations
below the functional sensitivity defined as limit of detection
of the used assay, thereby limiting statistical analyses.

In conclusion, using a recently developed immunoassay,
we were able to determine serum 3,5-T2 concentrations in a
relatively large euthyroid study population and to test for
associations with anthropometric and metabolic parameters.
Our data point toward a physiological link between 3,5-T2
and glucose metabolism as well as TH homeostasis, while no
significant associations with age, sex, and smoking or pa-
rameters of blood lipid profile and anthropometric measures
were observed. Further analyses on even larger samples of
euthyroid individuals, as well as pharmacological interven-
tion studies, are needed to confirm the detected associations
and to detect possible more moderate effects in order to ob-
tain a more comprehensive picture of the role of 3,5-T2 in
human metabolism.
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