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ORIGINAL STUDIES

THYROID FUNCTION AND DYSFUNCTION

Moderate Weight Loss Is Sufficient
to Affect Thyroid Hormone Homeostasis
and Inhibit Its Peripheral Conversion

Ritesh V. Agnihothri; Amber B. Courville,?> Joyce D. Linderman, Sheila Smith, Robert Brychta,'
Alan Remaley,® Kong Y. Chen,' Louis Simchowitz,** and Francesco S. Cel’

Background: Thyroid hormones are important determinants of energy expenditure, and in rodents, adipose tissue
affects thyroid hormone homeostasis via leptin signaling. The relationship between thyroid hormones and nu-
tritional status in humans has been assessed primarily in drastic dietary or bariatric surgery interventions, while
limited information is available on serial assessment of this axis during moderate, prolonged dietary restriction.
Methods: To evaluate the effects of moderate dietary restriction on thyroid hormone homeostasis, 47 subjects with
a body mass index (BMI) of 25-45kg/m* were enrolled in a longitudinal intervention study; 30 nonoverweight
volunteers were also enrolled as controls. Overweight and obese subjects underwent a 12-month individualized
dietary intervention aimed at achieving a 5-10% weight loss.

Results: The intervention resulted in a 6.3+0.9 kg (6.5+1.0%) weight loss. At baseline, thyrotropin (ITSH) and T3
concentrations correlated significantly with fat mass (R=0.257, p=0.024 and R=0.318, p=0.005, respectively). After
weight loss, T3 decreased significantly (from 112.7+3.1 to 101.8+2.6 ng/dL, p<0.001) in the absence of significant
changes in TSH or free T4 (fT4). The decrease in serum T3 correlated with the decrease in weight (R=0.294,
p<0.001). The T3:fT4 ratio decreased significantly (p=0.02) in individuals who lost >5% body weight.
Conclusions: T3 concentration closely correlates with individual nutritional status, and moderate weight loss
results in a decrease in T3 with minimal changes in other thyroid hormone homeostasis parameters. The data
suggest that a decrease in peripheral conversion of the prohormone T4 into its hormonally active metabolite T3 is
at least in part responsible for the observed changes in thyroid hormone homeostasis.

Introduction The thyroid hormone (TH) has a primary role in regulat-
ing total EE, particularly by stimulating resting EE (REE),
and modulating adaptive thermogenesis and muscle metab-

OBESITY IS THE RESULT of a sustained imbalance between
olism (11-14). In response to peripheral and central stimuli,

energy intake and energy expenditure (EE) (1). This

condition has reached epidemic proportions, and its health
and economic consequences are enormous (2,3). The common
first-line treatment modality is behavior modification, which
includes dietary restriction and increased physical activity,
aimed at generating a sustained negative energy balance.
Most hypocaloric diets, irrespective of the macronutrient
composition, are efficacious, but over time, the rate of weight
loss tends to decrease and relapse is the rule rather than the
exception (4-7). Various observations in experimental animal
models and humans suggest that diet-induced weight loss in
turn generates a series of compensatory mechanisms, in-
cluding an increase in appetite and decrease in EE, which
ultimately play a major role in preventing further weight loss
and promote weight regain (8-10).

thyrotropin-releasing hormone (TRH) is released from the
hypothalamus and stimulates the secretion of thyrotropin
(TSH) in the pituitary, which in turn drives the secretion of T4
and T3 from the thyroid gland. The action of TH in the target
tissues is the result of a multilevel control system that allows
the precise time- and tissue-specific delivery of the hormonal
signal via the interaction of T3, the active form of TH, with its
nuclear receptor isoforms (15). The pool of T3 is the net result
of its secretion from the thyroid gland, the peripheral con-
version of the prohormone T4 into T3, and its degradation.
Peripheral conversion of T4 into T3, achieved by the com-
bined actions of the deiodinases type 1 and type 2 (DIO1 and
DIO2) is responsible in humans for a substantial component
of the circulating and tissue pool of T3, and plays a critical role
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in the pre-receptor modulation of the hormonal signal (16). In
rodents, changes in energy stores are signaled to the TRH
neurons in the hypothalamus via leptin (17), which acts as an
important afferent signal in the peripheral control of thyroid
function. Through this pathway, dietary restriction exerts an
inhibitory role on the hypothalamic-pituitary—thyroid (HPT)
axis, resulting in a net decrease in circulating TSH and TH,
thus contributing to reduce the EE to compensate for the re-
duction in energy intake. It is not clear whether this pathway
plays a relevant role in the maintenance of energy homeo-
stasis in humans.

Given the key role of TH in EE regulation, substantial re-
search efforts have been devoted to understanding HPT
activity during weight loss. Most human data on the rela-
tionship between TH parameters and nutritional status
are derived from drastic interventions such as bariatric sur-
gery, very low calorie diets, or manipulation of macronutrient
composition (18-23). Limited information is available on se-
rial assessment of this axis and peripheral TH metabolism
during moderate weight loss achieved by dietary restriction
and behavior modification.

A better understanding of the interaction between moder-
ate calorie restriction, weight loss, and TH homeostasis could
produce valuable information on the adaptive (or maladap-
tive) response to dietary intervention, and provide an insight
into more effective behavioral and pharmacologic interven-
tions to achieve optimal weight loss and prevent weight
gain recidivism. Here, we report the results of a study aimed
at characterizing the response of the HPT axis and periph-
eral metabolism of TH to a moderate dietary weight-loss
intervention.

Materials and Methods
Subjects study design

Data were collected from a single-center prospective cohort
study of weight loss through behavioral interventions in
overweight humans (ClinicalTrials.gov ID# NCT00344266).
The study was approved by the NIDDK-NIAMS Institutional
Review Board, and conducted at the National Institutes of
Health Clinical Research Center in Bethesda, Maryland.

All volunteers provided written informed consent for partic-
ipation in the study. Study participants with a body mass index
(BMI) of 25-45 kg /m? were enrolled in a weight-loss interven-
tion (intervention group) with a maximum of six inpatient visits
for comprehensive metabolic measurements. Volunteers with a
BMI0f19-24.9 kg /m? (nonoverweight group) wereenrolled ina
single inpatient visit to allow for the cross-sectional analysis of
the relationship between thyroid hormone and metabolic pa-
rameters. Exclusion criteria, common to both groups, included a
history of diabetes or fasting glucose >126 mg/dL, cardiovas-
cular disease, hypertension, hypo- or hyperthyroidism, Cush-
ing’s Syndrome, pregnancy or use of hormonal contraceptives,
and use of tobacco products.

Weight-loss intervention

Overweight and obese study participants underwent a
12-month weight-loss intervention. All study subjects re-
ceived education/counseling by registered dietitians em-
phasizing lifestyle change through diet and behavioral
modification. Individualized diets were planned to create a
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deficit of ~500-1000 kcal/day, aiming to achieve a 5-10%
weight loss over the 12-month study period (24). Subjects were
encouraged to participate in regular physical activity, consisting
of at least 150 minutes of moderate intensity aerobic physical
activity each week (25). During each inpatient visit, a registered
dietitian met with the study volunteers to review food logs,
weight loss achieved, and to readjust the dietary intervention as
needed. Individual diet-planning sessions during the initial two
to four weeks were held to adjust or reinforce dietary plans.
Weight-loss subjects also participated in education/support
group sessions with the dietitians biweekly during the first
three months and monthly for the remainder of the study.

Dietary analysis

Prior to each study visit, study participants were instructed
to record three consecutive days (one weekend day and two
weekdays) of dietary intake. Food records were then re-
viewed with the participant by the registered dietitians using
three-dimensional food models and other visual aids to obtain
as much detail as possible regarding the foods consumed.
Food records were analyzed for energy and macronutrient
content in Nutrition Data Systems for Research (NDSR,
Minneapolis, MN).

Inpatient visit study procedures

Study participants were admitted to the NIH Clinical
Center and, after an overnight fast, underwent the following
procedures: blood sampling, anthropometrics, indirect calo-
rimetry, dual-energy X-ray absorptiometry (DXA; Lunar
iDXA; GE Healthcare, Madison, WI) scan, and (limited to the
weight-loss intervention group) nutrition counseling with
registered dietitians. Volunteers in the nonoverweight group
underwent a single inpatient visit, while weight-loss group
subjects came for follow-up visits at 1.5, 3, 6, 9, and 12 months.

Body-composition analysis

Body composition was measured by DXA. Scan analysis
was performed using GE Encore v11.10 software.

Biochemical assays

All blood samples were drawn in the morning after a
12-hour overnight fast; serum and plasma aliquots were stored
at —80°C. Routine urine analysis, chemistry and hormonal
assays, and CBC with differential were performed in the De-
partment of Laboratory Medicine of the NIH Clinical Center.
TSH, free T4 (fT4), and T3 were analyzed by the Department of
Laboratory Medicine by immunoassay on a Siemens Immulite
2500 analyzer platform. Reverse T3 (rT3) was measured with
the use of a radioimmunoassay (ALPCO Diagnostics, Salem,
NH) by the NIDDK Core Laboratory. Intra- and interassay var-
iability was 6.5% and 7.6% respectively. T3:fT4 and T3:rT3 ratios
were also assessed as indexes of peripheral conversion of TH (26).

Indirect calorimetry

After a 12-hour overnight fast, REE was measured at 7:00
a.m. by indirect calorimetry using the ventilated hood tech-
nique (ParvoMedics TrueOne 2400, Sandy, UT). Recordings
were obtained for at least 30 minutes, of which the last 20
minutes were analyzed. REE data are expressed as kcal/24 h.
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Statistical analysis

Statistical analysis was performed on data from partici-
pants in the intervention group that completed at least three
admissions, and the nonoverweight group. Primary end-
points of this study were the serial changes in TH homeostasis
parameters during weight loss and the cross-sectional rela-
tionship between TH axis parameters and nutritional status.
A subgroup analysis was also performed on individuals who
had lost >5% of their total body weight. Intention-to-treat
analysis with the last measure carried forward was used for
volunteers who withdrew from the study. Data were ex-
pressed as mean*SEM. Differences between groups and
within the weight-loss intervention group were assessed by
the Student’s t-test and the Wilcoxon rank-sum test where
appropriate. Linear regression analysis was used to analyze
association between T3, TSH, T4, fat mass, and REE. REE and
T3 were also adjusted for changes in body composition (27).
Longitudinal changes in thyroid hormone parameters as well
as fat mass were analyzed among groups by repeated mea-
sures analysis of variance (ANOVA). All analyses were two-
tailed, and an « error of 0.05 was considered the threshold for
statistical significance. No correction for multiple compari-
sons was applied in the statistical analysis. All analyses were
performed using SPSS v19 Statistics (IBM Corp., Armonk,
NY) and Prism 5 (GraphPad, La Jolla, CA).

Results
Study participants

A total of 144 volunteers were screened for participation in
the study, and 101 subjects (71 overweight and obese, and 30
nonoverweight controls) were enrolled between August 2007
and March 2011. In the weight-loss intervention group, 47
subjects completed three or more admissions, and 31 completed
the entire study (Fig. 1) for an average (SD) follow-up of 9.2 +3.8
months. Baseline characteristics of the study groups are shown
in Table 1. At baseline, there were no significant differences
between those who did and those who did not complete the
study (data not shown). Of the 31 subjects completing the 12-
month weight-loss intervention, 28 subjects returned their
three-day food records for analysis at both baseline and the 12-
month visit. Compared to baseline, after 12 months of dietary
intervention, the daily energy intake decreased from 2239 +703
to 1626483 kecal (p<0.0001), while no significant changes
were observed in macronutrient composition (carbohydrates
482%74% vs. 49.7£9.6%, p=0.432; protein 16.1+3.6% vs.
17.5+4.5%, p=0.112; fat 34.7 £ 6.6% vs. 31.1+8.0%, p=0.062).

Anthropometrics

The intervention resulted in an average weight loss of
6.3+0.9kg (6.5+1%) over a 12-month period (p <0.001; Fig.
2A). The weight loss was predominately due to a decrease in
fat mass (5.1£0.8 kg; Fig. 2B). The summary of the data rela-
tive to the weight-loss intervention is reported in Table 2.

Resting energy expenditure

Atbaseline, the intervention group had significantly higher
REE compared with the nonoverweight group (1634.5+47.8
vs. 1307.5+46.9kcal/24h, p<0.001; Table 2), and not sur-
prisingly, REE correlated significantly with fat-free mass at
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FIG.1. CONSORT chart. Forty-seven out of 71 overweight

and obese subjects with a body mass index (BMI) at the point
of enrollment of 25-45kg/m” completed at least three in-
patient visits and were included in the analysis. Thirty sub-
jects with a BMI of 19-24.9kg/m” underwent a single
inpatient admission to allow for the cross-sectional analysis
of anthropometric and thyroid hormone homeostasis pa-
rameters. The characteristics of the study participants are
reported in Table 1.

baseline and after intervention ( p <0.001). REE also correlated
significantly with fat mass at baseline (p=0.002, R=0.128)
and after intervention (p=0.001, R=0.389) when the entire
study population was analyzed as a whole, but the signifi-
cance was lost when the correlation was corrected for fat-free
mass (p=0.056). After weight loss, the decrease in measured
REE was similar to the expected value after adjusting for
changes in body composition (p=0.92).

Laboratory data

A summary of the laboratory data is presented in Table 2.
At baseline, T3 was significantly higher in the intervention
group compared to the nonoverweight group (112.7+3.1 vs.
100.6+3.1ng/dL, p=0.003), while fT4 was lower (1.12+0.02
vs. 1.24+0.50ng/dL, p=0.01). No significant differences in
TSH were observed between the two groups. The intervention
group had significantly lower rT3 compared to the nonover-
weight group (0.26%£0.01 vs. 0.33+£0.03ng/mL, p=0.02), and
the T3:fT4 ratio was significantly higher in the intervention
group compared to the nonoverweight group (101.6£2.7 vs.
83.8+3.6ng/dL, p<0.001). At baseline, no significant differ-
ence was observed in the T3:rT3 ratio between the nonover-
weight and intervention groups. As expected, the baseline
leptin concentration was significantly higher in the interven-
tion compared to the nonoverweight group (p <0.001).

Atbaseline, TSH and T3 correlated with fat mass (R=0.257,
p=0.024 and R=0.318, p=0.005, respectively) when the two
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TABLE 1. BASELINE SUBJECT POPULATION CHARACTERISTICS
Intervention group®

Characteristic Nonoverweight Total Completed the study Did not complete the study
N 30 47 31 16
Age (years) 33.7+1.0 37.8£0.8 38.6+1.0 36.1+1.5
Female, n (%) 12 (40) 27 (57.4) 18 (58.1) 9 (56.3)
Ethnicity, n (self-reported):

African American 8 15 11 4

Caucasian 18 21 14 7

Hispanic 3 8 4 4

Asian 1 2 1 1

Other 0 1 1 0

Data are expressed as mean+SEM.

?Overweight and obese participants who completed at least three inpatient visits.

groups were analyzed together (Fig. 3A and C); no correlation
was observed between T3 or TSH and fat-free mass (data not
shown). Furthermore, no significant correlation was observed
between fT4 and fat mass (Fig. 3E). No significant correlation
was observed between TSH, T3, fT4, and fat mass after the 12-
month weight-loss intervention (Fig. 3B, D, and F).
Compared to baseline, after the 12-month weight-loss in-
tervention, T3 decreased significantly (from 112.7£3.1 to
101.8+2.6ng/dL, p<0.001) in the absence of significant
changes in TSH or fT,. After correcting T3 for changes in fat
mass, the decrease from baseline remained statistically sig-
nificant (p<0.001). As expected, when compared to non-
completers, study volunteers who completed the 12-month
weight-loss intervention had lower indices of adiposity. The
final T3 level was marginally lower in completers, while the
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rT3 level was minimally but significantly elevated. No sig-
nificant differences were observed in the other laboratory or
anthropometric parameters (Table 3).

Longitudinally, TSH displayed a nonsignificant reduc-
tion (p=0.08), fT4 showed a small but significant reduction
(p=0.03; Fig. 2D and E), and T3 had a more robust reduc-
tion (p=0.001; Fig. 2C). The decrease in serum T3 correlated
with the decrease in weight (R=0.294, p<0.001). No signifi-
cant correlation was observed between differences in T3 and
REE (R=0.163, p=0.272), or between differences in leptin and
T3 (R=0.134, p=0.369). In addition, the ratio of T3:fT4 de-
creased significantly between baseline and the final admission
(100.4£4.1 vs. 90.6+£4.0, p=0.02) in subjects that lost >5% of
their body weight. No significant changes in rT3 were ob-
served over the course of the study (p=0.744; Fig. 2F).
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FIG. 2. Longitudinal changes in anthropometric and thyroid hormone homeostasis parameters during the 12-month
weight-loss intervention. During the weight-loss intervention (A and B), a significant decrease in serum T3 was observed (C).
A trend toward a reduction in thyrotropin (TSH) and free T4 (fT4) was also observed (D and E). No significant difference was
observed in the reverse T3 (rT3) serum concentration throughout the study. Repeated measures analysis of variance (AN-
OVA), data are reported as mean+SEM. Number of observations: time 0=47, 1.5=47, 3=47, 6=42, 9=34, 12=31.
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TABLE 2. STUDY PARTICIPANTS’ CHARACTERISTICS AND LABORATORY DATA

Intervention group

Parameter Nonoverweight group Baseline 12 months
Weight (kg) 65.7 +£2.1%#* 101.2+2.5 94.9 +2 7"
BMI (kg/m?) 22.240.4%* 33.9+0.7 31.5+0.7%#
Systolic blood pressure (mmHg) 114.1+1.7 118.6+1.7 117.3+1.7
Diastolic blood pressure (mmHg) 68.7+1.2 69.0+1.1 68.5+1.2
Fat mass (kg) 15.1+1.07** 41.7+15 36.6+1.6""
TSH (ng/dL) 1.8+0.16 22402 1.9+0.2
Free T4 (ng/dL) 1.24+0.50** 1.12+0.02 1.09+0.03
Total T3 (ng/dL) 100.6 £3.1** 112.7+3.1 101.8+2.6™"
Reverse T3 (ng/mL) 0.33+0.03* 0.26+0.01 0.26+0.01
Leptin (ng/dL) 9.3£2.0%+ 39.1+3.6 34.5+3.4
REE (kcal/24h) 1307.5+46.9** 1634.5+47.8 1612.9+43.1

Data are expressed as mean+SEM.

Comparison between control and intervention group at baseline: *p <0.05; **p <0.01; **p<0.001.
Comparison between baseline and 12 months: *p<0.05; #p <0.01; "p <0.001.

BMI, body mass index; TSH, thyrotropin, REE, resting energy expenditure.
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TABLE 3. INTERVENTION GROUP ANTHROPOMETRICS
AND LABORATORY DATA AT LAST OBSERVATION

Completers Noncompleters

Parameter (n=31) (n=16)
Weight (kg) 90.5+3.0 103.4+5.1%
BMI (kg/m?) 30.5+0.8 33.4+1.2%
Systolic blood pressure 117.0£2.2 117.5+£10.6

(mmHg)
Diastolic blood pressure 69.7+1.8 66.2+4.6

(mmHg)
Fat mass (kg) 33.7+1.8 42.1+2.4*%
TSH (ng/dL) 1.72+0.18 2.17+0.34
Free T4 (ng/dL) 1.09£0.03 1.09£0.05
Total T3 (ng/dL) 99.3+3.0 106.8+4.7
Reverse T; (ng/mL) 0.28+0.02 0.21£0.02*
Leptin (ng/dL) 33.7+4.1 35.7+6.7
REE (kcal/24 h) 1565.8 +43.2 1701+94.9

Data are expressed as mean+SEM.
*p<0.05; **p<0.01.

Discussion

In this study, we characterized the changes in thyroid ho-
meostasis parameters during a controlled weight-loss inter-
vention to explore whether a moderate decrease in fat mass is
sufficient to induce a response in this hormonal axis and in the
peripheral metabolism of TH.

TH action plays a pervasive role in the regulation of energy
expenditure by its direct stimulation of REE and cold-induced
thermogenesis (28), and the modulation of the metabolism of
skeletal muscle, myocardium, and liver synthetic function
(29-31). On the other hand, the HPT axis is directly affected by
drastic changes in energy stores. Hence, TH concentration
reflects, to a certain degree, the overall energy status of the
organism. Our cross-sectional data support this hypothesis,
since T3 and TSH correlate positively with adiposity (32-34),
but it is worth noting that these findings have not been con-
sistently replicated (35). Similar to others’ observations, we
found no correlation between fT4 and fat mass (36), although
consistent with the observations of others (35,37), we noticed
lower T4 levels in the overweight group. On the other hand,
our moderate weight-loss intervention resulted in a signifi-
cant decrease in circulating T3, and only a marginal decrease
in TSH and in fT4. Collectively, these observations indicate
that even a moderate weight-loss intervention generates a
perturbation in this axis. TH homeostasis did not reach a
new equilibrium after a 12-month weight-loss intervention
as indicated by the lack of correlation of TSH and T3 with fat
mass at the end of the study period. This is not surprising
since by the end of the study period many volunteers were
still losing weight, and recent observations indicate the re-
tention of hormonal changes for a prolonged period after
weight stabilization (38).

In rodents, leptin plays a pivotal role in modulating energy
expenditure, and stimulates the secretion of TRH in the
paraventricular nucleus of the hypothalamus. This ultimately
generates an increase in circulating concentrations of TH (39)
by stimulating the HPT axis. Conversely, a reduction in fat
mass results in a decrease in circulating leptin, ultimately
inhibiting the HPT axis (39,40). Our data indicate that this
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pathway is not sufficient to explain the changes we observed,
since the T3 concentration was primarily affected, and only a
marginal decrease in fT4 and TSH was observed. Further-
more, when the final T3 concentration was corrected for
changes in body composition, the values remained signifi-
cantly lower than baseline, indicating that other mechanisms
are at least in part responsible for the observed effects. Con-
versely, if the leptin-mediated inhibition of the HPT axis was
the primary effecter, one would expect a net decrease in TSH
and a concomitant reduction of both T3 and fT4. In keeping
with our hypothesis, the correlation observed at baseline be-
tween T3 and leptin was lost at the end of the weight-loss
intervention. The inclusion of leptin as a covariate did not
affect the correlation between T3 and fat mass after weight
loss. Moreover, the lack of a significant correlation between
differences in leptin and T3 further supports this interpreta-
tion of the data.

A relative inhibition of peripheral 5-deiodination of the
prohormone T4 into T3 is likely responsible for some of the
changes in the thyroid homeostasis, as indicated by the sig-
nificant decrease in the T3:fT4 ratio, a sensitive index of con-
version of TH (26) in the individuals who had a greater degree
of weight loss, and the marginal increase in rT3 in the subgroup
that completed the 12-month intervention. It is also important
to note that, contrary to rodents, the pattern of secretion of the
thyroid gland in humans is skewed toward the production of
T4, and the peripheral conversion of this prohormone into its
hormonally active metabolite plays a major role in determining
the serum concentration of T3 (41,42). Drastic weight loss, and
acute (23) and chronic (43) starvation, as seen with previously
reported data, result in significant changes in TH homeostasis
(17 44) consistent with a state of nonthyroidal illness commonly
observed during cachectic states characterized by the central
suppression of the HPT axis and an inhibition of the peripheral
conversion of T4 into T3 (45). Our study does not fall into this
category, since the weight-loss intervention was deliberately
moderate and achieved during a relatively long period of time.
The lack of significant changes throughout the study in rT3, the
inactive metabolite resulting from the inner-ring deiodination
of T4, is in line with this interpretation of the data. Previous
drastic dietary manipulation experiments suggested that
the carbohydrate content of the diet plays an important role in
the activation of the outer ring deiodination, and that selec-
tive carbohydrate deficiency results in inhibition of the outer-
ring deiodination of T4 (23). Our data do not support this
hypothesis, since moderate weight loss was achieved with-
out a significant change in the macronutrient composition of
the diet.

Although TH plays a prominent role in regulating EE, we
did not observe a correlation between T3 and REE. This is
probably secondary to the small number of study participants
and to the relative large variance in the measure. Further-
more, the ventilated hood technique cannot capture other
important components of total EE such as thermic effect of
food, spontaneous physical activity, and fidgeting, all affected
by TH action.

It is important to note that the correlations between TH
homeostasis and anthropometric and physiology parameters,
although significant, were indeed small. Moreover, these
findings were obtained in a relatively small group of indi-
viduals. Taken together, these findings indicate that TH ho-
meostasis is at least modulated by the energy status of the
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individual. Conversely, the limited change in T3 levels does
not warrant the supplementation with exogenous TH for-
mulations during weight-loss interventions outside the con-
fines of experimental settings.

The type of intervention was aimed by design to achieve a
moderate weight loss, that is, the type of weight loss com-
monly achievable in the community setting. Hence, the results
are applicable to the general population. The major strength of
this study is represented by the strict a priori selection of
volunteers devoid of comorbid conditions and of drug inter-
ference, which allowed a precise measurement of the physi-
ologic and laboratory parameters, thus increasing the internal
validity of the study. Furthermore, the multiple inpatient
visits allowed assessment of trends over time across the
studied variables in the intervention group. Finally, the in-
clusion of a nonoverweight group allowed the cross-sectional
correlation of TH, metabolic parameters, and fat mass across
a wide range of fat mass. Fat mass, rather than weight or BMI,
was used as the dependent variable to increase the sensitivity
of the analysis.

Major limitations of this study are represented by the rel-
atively small number of volunteers and the attrition rate
during the dietary intervention. These factors are balanced by
the precision of the measures obtained in standardized con-
ditions after an overnight stay in the Clinical Center. Fur-
thermore, the study design allowed the use of data obtained
from subjects who failed to complete the entire study. The
relative imbalance in the sex distribution between the non-
overweight group and intervention group does not appear to
have influenced the results, since no sex difference was ob-
served in the TH homeostasis parameters. To avoid selection
bias, the conservative intention to treat approach in the sta-
tistical analysis was used. The nonoverweight group was as-
sessed only once and not followed longitudinally. Thus, the
interpretation of the cross-sectional correlations observed at
the end of the study are speculative. On the other hand, this
factor is mitigated by the young age of our cohort, the lack of
comorbid conditions, and the fact that the control group was
weight stable at the point of enrollment. As a result, one can
expect little variability in the parameters of TH homeostasis
over a 12-month period (46).

In conclusion, the results of our study indicate that serum
T3 concentration closely correlates with the individual nutri-
tional status, and a moderate weight loss achieved by caloric
restriction results in a decrease in T3 with minimal changes in
other thyroid hormone homeostasis parameters. The data
suggest that the effects of leptin on the HPT axis do not fully
explain the changes in thyroid hormone homeostasis ob-
served during weight loss and that a decrease in peripheral
conversion of the prohormone T4 into its hormonally active
metabolite T3 is at least in part responsible of the observed
changes in TH.
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