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Although triiodothyronine (T3) exerts major regulatory actions in both animals and humans, most clinical studies of Ts
administration have been relatively short-term. The present study examined the effects of more than 2 months (63 days) of
low-dose T; treatment on overnight pulsatile growth hormone {GH) secretion, short-term insulin secretion, and of sex steroid
levels in seven healthy, lean men studied at an inpatient metabollc unit. At baseline, there were strong correlations between
sex hormone-binding globulin (SHBG) and several measures of GH production, including total GH production (r = :99), GH
interburst interval {r = —.75), and GH mass (r= .82}. SHBG was also inversely correlated with basal insulin secretion
{r= —.74). There was a 42% increase in serum levels of total testosterone (18.5 = 1.3 to 26. 3 = 1.8 nmol/L, P = .005) and a
150% increase in SHBG (18.0 = 2.2 to 44.9 = 7.0 nmol/L, P = .008) following T; treatment. Estradiol and free testosterone
levels were unchanged by treatment, although free testosterone decreased from 142.8 = 18.4 to 137.3 = 19.5 pmol/L. T;
treatment significantly reduced the GH interburst intérval (P < .05} and produced slight increases in the measures of GH
secretion. There were no statistically significant effects of T; treatment on insulin secretion, although insulin peak amplitude,
mass secreted per burst, and total production all decreased. We conclude that experlmentally induced Ts excess in healthy
men produces significant and sustained changes in sex hormone levels and GH secretion. Furthermore, there are strong
associations between SHBG and both GH and insulin secretion independent of thyroid hormone excess that require additional

study.
Copyright © 1997 by W.B. Saunders Company

EVERAL LINES OF EVIDENCE suggest that hyperthyroid-
ism results in abnormalities in other hormonal systems.
Data from the early 1970s suggested that hyperthyroid patients
exhibit alterations in sex steroid and gonadotropin levels.’#
More recently, growth hormone (GH) pulsatile secretion has
been shown to be altered in hyperthyroid patients. Further-
more, in animal studies, treatments that decrease thyroid
function have been associated with increased insulin secretion
and decreased insulin action. Thus, the effects of hyperthyroid-
ism on the function of other endocrine systems appear to be
wide-ranging.

As a preliminary part of a major study to investigate the use-
fulness of low-dose thyroid hormone treatment as an addition to
the standard ground-based model of simulated space flight
(bedrest with a 6° head-down tilt), we administered triiodothy-
ronine (T;) to ambulatory, healthy volunteers for 63 days.
During this period of experimentally induced mild hyperthyroid-
ism, pulsatile GH and insulin secretion were assessed and the
serum was analyzed for androgen and estrogen levels. Addition-
ally, we exarnined the relationships between sex steroid and sex
hormone—binding globulin (SHBG) levels and pulsatile hor-
mone secretion prior to administration of thyroid hormone.

The purpose of this study was to characterize the effects of 9
weeks’ treatment with low-dose T; on hormone (GH and
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1nsuhn) secretion and sex hormone levels in healthy young men
participating in research designed to improve on the ground-
based model of spaceflight. We hypothesized that experimen-
tally induced mild hyperthyroidism would increase GH secre-
tion, as well as sex steroid levels. Furthermore, since thyroid
hormones have been suggested to modulate insulin sensitivity,
we hypothesized that T; treatment might reduce insulin secre-
tion.

SUBJECTS AND METHODS
Subjects

Seven men were studied for 77 déys during this inpatient study (for
details see Lovejoy et al’). The subjects were 26.0 * 2.2 years old
(mean = SE) and had an initial body mass index of 22.9 * 1.4 kg/m?.
All subjects were healthy by laboratory and clinical measures. Written
informed consent was obtained from each subject, and the protocol was
approved by the Louisiana State University Institutional Review Board.

Experimental Design

The experimental design has been described previously.” Briefly, afl
individuals lived at the Metabolic Research Unit for the duration of the
protocol but were permitted to leave for work or school during the day,
Physical activity was controlled, and subjects were randomly assigned
to either a high-fat (50% fat and 5% carbohydrate) or low-fat (20% fat
and 65% carbohydrate) diet. Since the diet did not significantly
influence any of the variables assessed in the present report, the data
have been collapsed across dietary treatments. Although sexual activity
(which might influence hormone levels) was not specifically controtled,
visitors to the Metabolic Unit were limited and all visits were monitored
with the subjects’ knowledge by infrared cameras located in the
subjects’. rooms. T treatment was started following a 3-week run- in
period and continued for 9 weeks. All subjects initially received T3 75
pg/d (liothyronine sodium; Cytomel; Smith-Kline-Beecham, Philadel-
phia, PA) in five divided doses every 4 hours during waking hours
beginning at 6:00 AM, as previously described.” This dose was reduced
if a subject became symptomatic or if serum T; levels were 2 SD above
the mean for the T; assay in our laboratory (~4.6 nmol/L). All but one
subject'were dose-reduced to either 62.5 or 50 pg/d T administered
following the same daily schedule. '
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Endocrine Measures

Sampling for hormone secretion was performed at baseline and
during week 9 of T treatment. Episodic secretion of GH was measured
using a waveform-specific deconvolution technique?®? applied to serum
GH samples (3 mL) collected every 10 minutes from 9:00 pm to 9:00
AM. This technique defines all measured plasma GH concentrations in
relanon to the (1) number, (2) amplitude, and'(3) duration of significant
GH secretory bursts, as well as the subject-specific hormone half-life.
Additionally, a novel approximate entropy (ApEn) statistic was used. to
evaluate the relative degree of serial orderliness of thé GH concentra-
tion proﬁies. A larger ApEn value reflects greater apparent randomness
(or less consistent repetition of subpatterns). 1

Short-term insulin pulsatility was determined as described by Peiris
et al.!! After an overnight fast, an intravenous cannula was inserted into
the antecubital vein. A heating pad was used to obtain arterialized
venous samples. Beginning at 7:30 aM, blood samples (3 mL) were
withdrawn every 2 minutes for 90 minutes for determination of
peripheral insulin concentration. Deconvolution analysis was used to
determine the frequency amplitude, pulse area, mterpulse interval, and
short-term insulin oscillatory peak using a previously validated model.'?

Testosterone (total and free), estradiol, and SHBG were determined
in single fasting serum samples collected bétween 7:00 and 8:00 AM in
both pretreatment and posttreatment cpndmons.

Analytical Methods

The serum GH level was measured using an ultrasensitive chemmilumi-
nescent assay (Nichols, San Juan Capistrano, CA) with a sensitivity of
0.02 ng/mL and a within-assay coefficient of variation of 4% to 5% in
these studies. Thyroid hormone levels were ‘measured on an IMx
analyzer (Abbott, Abbott Park, IL) using either 4 mlcropartlcle enzyme
immunoassay (T3 and thyrotropin [TSH]) or a fluorescence polarization
immunoassay (thyroxine [T4]). Testosterone, free testosterone, and
SHBG levels were measured by radioimmunoassay using commercial
kits (DPC, Los Angeles, CA). Estradiol was assayed on an automated
IMx analyzer (Abbott).

Statistical Analysis

Data were analyzed using SAS for Windows (SAS Institute, Cary,
NC). Standard univariate statistics were calculated to determine the
means and variances and to assess the normality of the data. All data are
reported as the mean = SEM unless otherwise indicated. Changes over
time with treatment for measures performed at baseline and 9 weeks
were performed by calculating the difference from baseline for each
subject and assessing whether the delta values were significantly
different from zero using a paired, two-tailed Student’s # test. Nonpara-
metric statistics (Wilcoxon sign-rank tests) were used to analyze GH
secretory data. Spearman nonparametric correlations were used to
assess the relationship between endocrine variables at baseline, before
Ts treatment. An « level less than .05 was considered significant.

RESULTS

As we reported previously,” T levels reached a plateau at
3.3 = 0.3 nmol/L after 1 month of treatment (an increase of
~200% above baseline) and remained at this level for the
duration of the study. Serum T, decreased by greater than 50%,
on average, to reach a nadir of 36.5 = 9.6 nmol/L, and TSH was
suppressed to undetectable levels (<<0.03 mU/L) in all subjects
throughout the treatment period.”

We examined the relationships among various hormonal
variables in these subjects at baseline, before initiating T
treatment. There were significant correlations between sex
steroids and several measures of hormone pulsatility (Table 1).
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Table 1. Spea}man Correlations (r} Between Hormone Le\iels' and GH
Secretion Parameters in Seven Healthy Men Before T, Treatment

GH Secretion Parameter

Hormone Prodpqtibn Half-life -Interval Mﬁqs Bursts
Estradiol -.29 86t 21 -.18 1
Testosterone .21 .39 -.07 50 —.44
Free testosterone ~-.71* 25 79t —61 -.33
SHBG 89t -1 -75%* B2t 37

*p< 10,
tP < .05.
1P < .001.

GH production and interburst interval were highly correlated
with both free testosterone and SHBG, and GH mass secreted
per burst was significantly correlated with SHBG. The relation-
ship between GH production rate and SHBG at baseline was
particularly striking (r = .99; Fig 1). SHBG was also signifi-
cantly and inversely correlated with insulin basal secretion
(r = —.74, P-= 05; Fig 2) and showed a strong trend toward
correlation with 24-hour integrated insulin production (r = —.72,
P = .06). In contrast to a previous report,'* SHBG did not
correlate with the insulin interburst interval (r = .26).

Serum levels of testosterone and SHBG were significantty
increased after T treatment (Fig 3). Estradiol, in contrast, was
unchanged. Free testosterone levels decreased slightly, suggest-
ing that changes in total androgen levels were primarily due to
changes in the binding protein.

Data for GH and inisulin secretion are shown in Table 2. The
GH interburst intetval was significantly decreased after 9 weeks
of T treatment There was also a decrease in the GH ApEn
statistic that was of borderline statistical significance (P = .06).
The GH half life declined in five of seven men, and the number
of detectable GH secretory bursts and the mass secreted per
burst increased with Ts treatment, although these dlfferences
were not significant. Basal insulin secretion increased slightly,
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Fig 1. Correlation between SHBG and GH production in 7 heaithy
men pretreatment.
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Fig 2. Correlation between SHBG and basal insulin secretion in 7
healthy men pretreatment.

whereas total insulin production, peak amplitude, and mass per
secretion burst tenided to decrease (not significant).

DISCUSSION

The present study investigated changes in the patterns of
hormone secretion or hormone levels in response to treatment
with relatively long-term, low-dose excess T3 in healthy, lean
men. We observed striking and novel correlations between
SHBG and several measutes of GH secretion, as well as
correldtions between SHBG and insulin secretion at baseline,
before T; administration. T treatment that induced mild
hyperthyroidism resulted in significant changes in total testoster-
one levéls and sex-steroid binding that persisted for 9 weeks.
Furthermore, Ts treatment induced persistent, albeit relatively
small, changes in measures of GH and insulin secretion. These
studies are unique in examining endocrine changes resulting
from controlled and isolated T excess, in contrast to those
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Table 2. Measures of GH and Insulin Secretion Before and After Tg»
Treatment for 9 Weeks in Seven Healthy Young Men {(mean + SEM)

Measure Baseline Post-T; P
GH , .
Basal secretion (X 10-3 pg/L/min) 3.5 = 14 5920 NS
Half-life (min) 17 1.2 15+15 NS
Mass (pg/L) 43+08 53+09 NS
Production rate (pg/L/d) 40+7.0 50=x13 NS
No. of bursts 94+09 1.6 1.1 NS
Interburst interval {(min) 72 £ 6.9 61+55 .047
ApEn 0.6 = 0.1 05+0.1 .06
insulin ’ :
Basal secretion {uU/mL/min) 07+01 0802 NS
No. of bursts 85+09 8405 NS
Mass per burst (uU/mL} 48+08 37=x07 NS
Peak amplitude (uU/mL/min) 12x04 07+01 NS
Production (uU/mL/80 min) 43.2+98 31770 NS
Absolute increment (pU/mL) 2306 16=*03 NS

occurring in clinical conditions of acquired hyperthyroidism
that are accompanied by longer-term and larger changes in body
composition and may be confounded by concomitant pathophysi-
ology (eg, Graves’ disease).

Previous studies from the 1970s have shown alterations in
sex steroid levels in hyperthyroid males. Chopra et all-2
performed a series of studies in men. with Graves’ disease and
reported that serum estradiol, total testosterone, and SHBG
were increased. In the present study on men with experimental
T, excess, we confirined a significant increase in total testoster-
one and SHBG, but not estradiol. Free testosterone vas
measured in only one previous study of hyperthyroid patients,?
to our knowledge, and was reported to be unchanged. Similarly,
we did not observe a 31gn1ﬁcant effect of T, treatment on free
testosterone in the present study, supporting the suggestion of
Chopra and. Tulchinsky? that elevated testosterone levels in
hyperthyroid patients are primiarily due to increased bound
testosterofie occurring with the increase in SHBG. The lack of
significant change in estradiol levels may reflect alterations in
estrogen clearance, which we did not measure.

The present study also demonstrated several novel relation-
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ships between measures of GH secretion, sex steroids, and
SHBG in the subjects before Ty administration. Several previ-
ous studies have demonstrated correlations between GH secre-
tion and estradiol or testosterone levels!%i415: however, SHBG
has not been measured in these reports. We observed a striking
positive correlation between GH production and SHBG (r = .99)
and also found that the GH interburst interval and GH burst
mass correlated with SHBG. SHBG has been previously
reported to correlate positively with the GH half-life'¢; how-
ever, in contrast to the positive association between GH
secretion and SHBG observed in the present study, administra-
tion of GH to GH-deficient patients decreases SHBG levels.!”
Understanding the relationship between GH secretion and
SHBG will require additional, experimental studies. In this
regard, it would have been helpful to have measurements of
serum levels of insulin-like growth factor-1 (IGF-1) and its
binding proteins. Unfortunately, in the present study, there was
inadequate serum available to perform these analyses.

In addition to the relationships with SHBG, we also observed
that free testosterone was significantly and inversely correlated
with GH production and positively correlated with the GH
interburst interval. Finally, we observed a strong correlation
between estradiol levels and GH half-life (» = .85), which has
been previously observed.l® These data showing that GH
secretion (both basal and pulsatile) is correlated with sex steroid
levels support the hypothesis that sex steroids may, in part,
control GH secretion.

SHBG has also been suggested to be an independent predic-
tor of non~insulin-dependent diabetes mellitus, ' and the concen-
tration of SHBG appears to be regulated by insulin both in vitro
and in vivo.1920 Peiris et al'? have previously reported a strong
correlation between insulin secretory pulse intervals in healthy
men and SHBG levels (r = .86). We did not observe this
relationship in the present study (r = .26); however, we did find
SHBG to be significantly and inversely correlated with basal
insulin secretion and 24-hour integrated insulin production.
Previous studies have reported a similar inverse relationship
between fasting insulin and SHBG.?! It is thus unclear whether
pulsatile insulin secretion or merely basal insulin secretion is
the important regulator of SHBG. Future studies should address
this question using deconvolution methodology and examining
different populations.

Previous studies have suggested that patients with hyperthy-
roidism have altered GH secretion. Iranmanesh et al® reported
that hyperthyroid men have a higher frequency of detectable
GH secretory bursts and a greater mass of GH secreted per
burst, resulting in an increase in the 24-hour production rate of
GH of nearly fourfold. The GH interburst interval was signifi-
cantly reduced in the present study, and there was a trend toward
an increase in GH measured secretion and production rates,
consistent with the previous report but reflecting the effects of a
relatively low elevation in thyroid hormones induced by our
treatment. Statistical power analysis indicated that the power to
detect differences at the observed levels with seven subjects
ranged from about 25% for GH production to about 88% for the
interburst interval, with the power for the majority of GH
secretion variables being 50% to 70%.

GH ApEn tended to decrease (P = .06) with T treatment.
ApEn is a recently validated statistic that quantifies the regular-
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ity or orderliness of a hormone-release profile over time.?> ApEn
is a barometer of feedback control within an axis, and monitors
the degree of repetition of subpatterns across the data. It should
be distinguished from classic Kolmogorov-Siani entropy and
other measures of deterministic chaos, since it can be applied to
short data series with as few as 50 observations.” In recent
endocrine investigations, ApEn has been shown to increase with
age for the GH axis!® and the LH and testosterone axis in men.2#
In addition, obesity and the serum testosterone concentration
correlate with more disorderly patterns of GH release in healthy
men.'® Consequently, ApEn offers a sensitive marker of the
subtle, subordinate (ie, nonpulsatile) aspects of a hormone time
series. Here, we identify for the first time an effect of isolated T
excess on the ApEn of GH release, thus suggesting that thyroid
hormones control feedback coordination within the GH-IGF-1
axis. Further studies of GH and IGF-1 autofeedback and
somatostatin and GHRH individual and concerted regulation of
pituitary GH secretion during isolated T; excess will be required
to explicate the particular mechanisms of altered rhythmic GH
secretion that we observed here in response to T; action.

There were slight but nonsignificant decreases in insulin
secretion measures with 9 weeks of T treatment (Table 2). A
previous study in sheep treated with proplylthiouracyl to
decrease thyroid function showed that insulin secretion was
enhanced while insulin action was decreased.® In rats, experimen-
tal hyperthyroidism increases insulin-stimulated glucose trans-
port by increasing GLUT4 glucose transporters.” Similarly, in
humans, glucose uptake has been reported to be increased when
thyroid hormones are elevated,?® even when insulin secretion is
blocked by somatostatin.?’ Although we did not directly mea-
sure whole-body insulin sensitivity in the present study, our data
are consistent with an increase in insulin sensitivity in subjects
treated with low-dose thyroid hormone.

The present data thus support a theoretical model in which
thyroid hormones, presumably acting through a central mecha-
nism, result in increased activation of the GH axis and
decreased insulin secretion (either through direct action or
indirectly via changes in insulin sensitivity). These changes in
GH and/or insulin may modulate the increases in SHBG, as well
as the reported changes in androgen and estrogen levels in
hyperthyroidism. Although thyroid hormones per se are known
to regulate SHBG (as reviewed by Selby?®), the relationships we
observed between SHBG and GH and insulin were presumably
independent of thyroid hormone stimulation, since they were
observed before administration of T;. Further testing of this
potential unifying hypothesis is needed to fully delineate the
pathways involved.

In summary, the present model of experimental hyperthyroid-
ism indicates that controlled T; excess results in persistent
changes in several measures of GH and insulin pulsatile
secretion. Additionally, total testosterone and SHBG levels are
significantly altered even with this low-dose thyroid hormone
treatment. It should be noted that mild biochemical hyperthyroid-
ism in women may or may not resemble what we observed here
in men, since recent studies show that gender strongly modifies
the effects of age, obesity, and physical fitness on the GH axis.?
Thus, it will be important to perform separate studies in women.
Finally, although correlation analyses cannot address causality,
these data provide indirect support for two hypotheses: (1) sex
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steroids are important regulators of GH secretion, and (2)
insulin secretion is an important regulator of SHBG.
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