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Abstract

Background

Regulating thermogenesis is a major task of thyroid hormones (THs), and involves TH-

responsive energetic processes at the central and peripheral level. In severe obesity, little is

known on the relationship between THs and resting energy expenditure (REE) before and

after weight loss.

Methods

We enrolled 100 euthyroid subjects with severe obesity who were equally distributed

between genders. Each was examined before and after completion of a 4-wk inpatient multi-

disciplinary dieting program and subjected to measurement of thyroid function, REE, fat-

free mass (FFM, kg) and percent fat mass (FM).

Results

Baseline REE was lower than predicted in 70 obese patients, and overall associated with

BMI, FFM and FM but not thyroid-related parameters. By the study end, both BMI and REE

decreased (5.5% and 4.1%, p<0.001 vs. baseline) and their percent changes were signifi-

cantly associated (p<0.05), while no association related percent changes of REE and FFM

or FM. Individually, REE decreased in 66 and increased in 34 patients irrespective of gen-

der, BMI and body composition. Weight loss significantly impacted TSH (-6.3%), FT3

(-3.3%) and FT4 levels (3.9%; p<0.001 for all). By the study end, a significant correlation

became evident between REE and FT4 (r = 0.42, p<0.001) as well as FT3 (r = 0.24,
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p<0.05). In stepwise multivariable regression analysis, however, neither THs nor body com-

position entered the regression equation for REE response to weight loss.

Conclusions

In severe obesity, short-term weight loss discloses a positive relationship between REE and

THs.

Introduction

The functions of the hypothalamic-pituitary-thyroid (HPT) axis are influenced by environ-

mental and physiological factors, the most relevant of which are external temperature, iodine

intake, reproduction and aging [1]. Increasing attention has recently focused on the bidirec-

tional association linking the HPT axis to fat accumulation [2], which encompasses control of

thermogenesis and body weight, lipid metabolism, thyroid hormone (TH) balance and thyroid

morphology [3]. It is generally acknowledged that TSH levels increase with accumulating adi-

posity in euthyroid subjects spanning a wide range of BMIs [4]. Adiposity is also capable of

influencing circulating THs, and several authors reported a shift toward low-normal FT4 and

high-normal FT3 concentrations along with increasing BMI [5–9]. Typically, these adaptive

fluctuations can be reversed by weight loss [10–14]. Although the mechanisms responsible for

this changes are incompletely understood, the main neuroendocrine signal governing the

response of the HPT axis to adiposity involves actions of leptin on TRH activity in the brain

and hindbrain [10,15–18]

The effects of HTP on facultative thermogenesis entail both central and peripheral actions,

on cellular processes governing triiodothyronine-responsive energetic mechanisms [19–23].

Excess deviations in energy expenditure often involve medical conditions affecting the HPT

axis, such as hypo- and hyperthyroidism or cachexia [24]. It is recognized that, both in obese

and lean subjects, caloric restriction potently blunts energy expenditure at rest as a conse-

quence of first-phase losses in fat-free mass and late-phase losses in fat mass [24–27]. Adaptive

thermogenesis, the inherent modification responsible for homeothermic variations of energy

expenditure during and after weight loss, is statistically sustained by prediction models that

are conventionally built on fat-free mass and fat mass [28]. Nonetheless, such equations cannot

be entirely predicted by body composition-related parameters in people with varying degrees

of adiposity, and more likely involve organ-tissue based models, which remain problematic to

compute [29–30]. Recognizing that around 25% of REE is dependent on THs and that REE

and THs are responsive to small changes of body weight within the euthyroid state [19,31,32],

we sought to explore the effects of a short-term weight reducing program on the interplay

between energy homeostasis and the HPT axis in subjects with severe obesity.

Patients population

The study population was constituted by 100 consecutive euthyroid obese patients (BMI >30

kg/m2), classified as severely obese (50 females/50 males; mean age, 40.4±12.7 yr; mean BMI,

45.1±4.8 kg/m2, BMI range, 40–61 kg/m2). Subjects were recruited according to the inclusion

criteria upon admission to our Institution for diagnostic workup and rehabilitation for severe

obesity. The experimental procedure was approved by the ad hoc Ethical Research Committee

of the Istituto Auxologico Italiano, Verbania, Italy, and written informed consent was obtained

from the participants. The study protocol conformed to the guidelines of the European
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Convention on Human Rights and Biomedicine concerning biomedical research. Following

baseline assessment, all participants underwent a 4-week inpatient study consisting of multi-

disciplinary weight loss program including the following: a) personalized diet, daily monitored

by a dietician, formulated according to the Italian recommended daily allowances [33], entail-

ing an energy intake corresponding to the 75% of the measured REE [34]; b) aerobic physical

activity program, including two 30-min sessions/day of cycle ergometer pedaling, treadmill

walking and stationery rowing, carried out for 5 days/week. The intensity of exercise was set at

an average heart rate between 60% and 80% of the individual’s maximum heart rate; c) psycho-

logical and nutritional counselling. During the study period, patients were fed a balanced diet

(30% lipids, 52% carbohydrates, and 18% proteins). No patient was undergoing pharmacologi-

cal therapies at the time of the study, and body weight had been stable for at least three months

prior to study entry. Each part of the study was conducted under skilled medical surveillance

and nursing. To reduce the detection bias, none of the study participants suffered from thyroid

disease nor had been previously treated with medications potentially interfering with thyroid

function. Patients with known cardiac disorders, peripheral edematous congestion, EKG and/

or cardiac symptoms were during baseline screening on hospital admission were excluded

from the study [35]. Other exclusion criteria included endocrine obesity, autoimmune or

chronic inflammatory disorders, type 1 diabetes mellitus (T1DM) and T2DM, chronic

obstructive pulmonary disease, history of neoplasms or degenerative diseases, previous

chronic steroid treatment, kidney disorders, and liver disease.

Body measurements

Both at the beginning and at the end of the study, all testing procedures were performed

between 0800-0930am in fasting conditions and after voiding. At baseline, all patients under-

went metabolic profiling and thyroid ultrasonography (US). Hormonal assessment, anthro-

pometry data, as well as indices of body composition and REE were determined at baseline

and at the end of the 4-week study period according to the study protocol. All subjects under-

went body measurements wearing light underwear, in fasting conditions after voiding. Weight

and height were measured to the nearest 0.1 kg and 0.1 cm, respectively. BMI was expressed as

body mass (kilograms)/height (meters)2. Obesity was defined for BMI�30 kg/m2. Waist cir-

cumference was measured midway between the lowest rib and the top of the iliac crest after

gentle expiration. Anthropometric data were expressed as the mean of two measurements.

Respiratory quotient (RQ; VO2/VCO2) and REE (kcal/24 h) were determined in a thermo-

regulated room (22–24˚ C) by computed open-circuit indirect calorimetry, measuring resting

oxygen uptake and resting carbon dioxide production by a ventilated canopy (Sensormedics;

Milan, Italy) at 1-min intervals for 30 min and expressed as a 24-h value. The test consists of

making each patient lie down relaxed on a comfortable armchair, with the head under a trans-

parent hood connected to a pump, which applies an adjustable ventilation through it. Exhaled

gas dilutes with the fresh air ventilated under the hood and a sample of this mixture is con-

veyed to the analyzers, through a capillary tube and analyzed. Ambient and diluted fractions of

O2 and CO2 are measured for a known ventilation rate, and O2 consumption (VO2) and CO2

production (VCO2) are determined. Energy expenditure was calculated according to the Weir

equation [36]: EE = 5.68 VO2 + 1.59 VCO2–2.17 Nu. As short-term urinary collections to

assess total nitrogen excretion (Nu) may not be representative of the protein oxidized during

the measurement itself, they were not be obtained in this study, and assumed to be 13g/24h

[37]. REE was assessed at study entry and after 4-week weight loss program. Predicted REE

(pREE; kcal/day) was calculated by the Harris-Benedict formula and was employed to calculate

the REE/pREE ratio as a proxy of thermogenic potential, set as normal at 100% [34].
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Fat mass and free fat mass were assessed by bio-impedance analysis (BIA, 101/S Akern;

Florence, Italy). The two vector components of impedance (i.e. resistance and reactance) were

obtained by single measurements; before each testing session, the external calibration of the

instrument was checked with a calibration circuit of known impedance value. The mean coef-

ficient of variation was 1% for within-day and 3% for weekly intra-individual measurements in

the steady-state condition in either site and 2% for inter-operator variability. Patients with

fluid overload according to vectorial analysis were excluded to minimize errors in estimating

FBM and FFM [34].

To further account for thyroid abnormalities potentially relating to thyroid function, thy-

roid morphology and echogenicity were studied by real-time US device equipped with a linear

transducer operating at 7.5 MHz (MyLab Class C, Esaote Biomedica, Genova, Italy). Thyroid

echogenicity was assessed in comparison with neck muscles after excluding the potentially

reflecting echoes from isthmus. When present, thyroid nodules were subjected to fine needle

biopsy if considered suspicious according to guidelines [38].

Laboratory

Thyroid function was tested by analysis of FT4, FT3, TSH, anti-Tg antibodies (TgAb) and

anti-TPO antibodies (TPOAb) levels. Undiluted serum samples were assayed using an auto-

mated electrochemiluminescence assay system (Cobas 6000; Roche Diagnostics GmbH,

Mannheim, Germany). The principle of the method is a two-site, solid-phase chemilumines-

cent sandwich immunoassay. Normal values were as follows: FT3, 1.8–4.4 ng/L; FT4, 8.0–19.0

ng/L; TSH, 0.27–4.2 mIU/L; TPOAb, less than 35 μU/L; TgAb, less than 40 μU/L.

Statistical analysis

Data were tested for normality of distribution by the Kolmogorov-Smirnov test and log-trans-

formed when needed, to correct for skewness. Variables of interest were considered as absolute

values at the beginning and end of the study, and calculated as percent variations over baseline

values [Δ = ((T1-T0)/T0)�100]. For comparative analyses, paired T-test for intra-individual

comparisons and ANOVA between subgroups were used. Correlations between parameters of

interest were tested by bivariate regression analyses, partial correlation analysis, and ANCOVA

by the general linear model to control for potential interactions. The Bonferroni correction

was used for multiple testing analyses. Gender was coded as 0 (females) and 1 (males). The

presence of thyroid nodules at US was coded as 0 (no nodule) and 1 (�1 nodule). Based on

results of bivariate analysis and ANCOVA, a stepwise multivariable regression analysis was

performed to assess the role of anthopometric variables, and their changes, on REE and thy-

roid function tests after weight loss. Two-sided p<0.05 was considered as statistically

significant.

Results

Results obtained at baseline and at the end of study are summarized in S1 Table. Thyroid func-

tion was normal in all patients except for two cases with slightly elevated TSH levels, who

tested negative for TPOAb and TgAb and showed normal thyroid echogenicity at US. Thyroid

was hypo-echoic in 11 cases and�1 nodule was detected in 60% of cases. Of 8 patients with

nodules who underwent biopsy, one harbored a medullary thyroid carcinoma.

Baseline anthropometric assessment by calorimetry revealed lower than predicted REE (i.e.,

REE/pREE <100%) in 69 obese patients, who showed no differences in study parameters vs.

patients with a higher than predicted REE (S2 Table). In gender-stratified analysis (S3 Table),

men were slightly older and showed higher adiposity, REE, and FT3 than women. In the
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population as a whole, REE was unrelated to parameters of thyroid function (S4 Table) and

morphology while being, predictably, correlated with BMI (r = 0.31, p<0.01), FFM (r = 0.68,

p<0.001), and percent FM (r = -0.25, p<0.05). Inverse correlations were seen between TSH

and age (r = -0.25, p<0.05) and thyroid nodules (r = -0.33, p<0.001).

At the end of the 4-week study, mean BMI decreased by 5.5±1.8% and significant changes

in thyroid function tests were documented (S1 Table). When the initial REE/pREE ratio

was accounted for, weight loss was slightly weaker in subjects with a low vs. high REE/pREE

(-5.3±1.6% vs -6.04±2.1%, p = 0.07). Alternatively, when the final REE/pREE results were

accounted for, weight loss did not differ between patients with low vs high REE/pREE (-5.5±
1.7% vs -5.7±2.2%, p = 0.8). By the end of treatment, absolute REE values decreased on average

by 102±229 kcal/day, and similar percent changes in REE were observed between genders (S3

Table). Individually, percent REE responses to weight loss were variable as REE decreased in

66 patients by 0.14–29.8% and increased in the remainder by 0.25–35.6%. Comparative analy-

sis between these subgroups (S5 Table) failed to reveal differences in thyroid function parame-

ters, BMI or body composition, as well as gender prevalence, while obvious divergences in

REE and its related variables were present. In considering patients with vs without biochemical

and/or US signs of thyroid autoimmunity, a non-significant difference in delta REE was noted

between subgroups (-2.4±8.6% vs. -4.5±11.3, p = 0.4). By the end of treatment, the association

between REE and BMI (r = 0.24, p<0.05), FFM (r = 0.71, p<0.0001) and percent FM (r =

-0.33, p<0.01) remained unaltered. A marginal but significant relationship was seen between

ΔREE and ΔBMI (r = 0.22, p<0.05). Alternatively, there was no association between ΔREE or

ΔREE/FFM and ΔFFM or ΔFM. Of note, weight loss disclosed a positive association between

REE and FT4 (r = 0.42, p<0.001) as well as FT3 levels (r = 0.24, p<0.05) (S4 Table). Using the

general linear model, which dummy codes categorical variables, we found no interaction

between the association of REE with THs and the loss of FFM. Finally, ΔBMI was well corre-

lated with ΔFT4 (r = -0.38, p<0.001), and border-line correlated with ΔTSH (r = 0.18,

p = 0.07).

Further, to search for predictors of REE and THs response to weight loss, a stepwise multi-

variable regression was conducted using age, gender, baseline value of the variable of interest,

baseline BMI, ΔBMI, ΔFFM and ΔFM as independent parameters. A number of different mod-

els were subsequently tested to avoid collinearity. ΔREE was only predicted by its baseline val-

ues (β = -0.59, p<0.001), while ΔTSH was best predicted by its baseline values (β = -0.30,

p = 0.003) and ΔBMI (β = 0.20, p = 0.03); ΔFT4 was best predicted by its baseline values (β =

-0.51, p<0.001), male gender (β = 0.36, p<0.001) and ΔBMI (β = -0.17, p<0.05); ΔFT3 was

predicted by its baseline values (β = -0.58, p<0.001) and male gender (β = 0.33, p<0.001);

finally, ΔFT3/FT4 was predicted by ΔBMI (β = 0.31, p<0.01).

Discussion

Growing attention has recently focused on the ability of weight loss to restore thyroid function

parameters in obesity. In the present study, we documented an association between THs and

REE in severely obese euthyroid patients undergoing a short-term multidisciplinary weight

loss program. While it could be gathered that weight loss disentangles the relationship between

thyroid activity and REE, from the standpoint of energy balance and weight control our short-

term results should be confirmed in long-term studies to add further evidence of an activating

relationship between thyroid, adiposity and energy homeostasis during weight loss.

FFM exerts a predictive effect on REE and its inter-individual variability over a broad range

of BMIs [39]. In obese subjects, values of absolute resting and total energy expenditure are con-

ventionally higher than in lean controls, but these differences disappear when FFM is
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accounted for, suggesting that intrinsic energy expenditure is not altered in obese individuals

[40]. On the other hand, qualitative and quantitative changes of FFM instigated by caloric

restriction are capable of decreasing REE to values below the prediction models, implying the

intervention of body composition-unrelated components [27,30,41–45]. In this euthyroid

cohort of severely obese patients we documented at enrolment a lower than predicted REE in

nearly 70% of patients, possibly reflective of a weak thermogenic potential [24]. Nonetheless,

REE and FFM were tightly associated and both decreased after weight loss but the magnitude

of their losses was not interrelated, while a marginal but significant association related percent

variations in REE and BMI. BMI decreased by 5.5% and promoted a decline in REE that was

equivalent to 102±229 kcal/day. This figure seems proportional to the loss of 244–301 kcal/day

reported by Leibel et al. in subjects achieving�10–20% weight loss during a high-fat caloric

restriction regimen [46]. In individual analysis, however, REE increased a third of patients

after weight loss. In comparison to patients with decreased REE, these patients showed similar

gender distribution and equivalent changes in weight and body composition, but were gener-

ally older and harbored lower baseline REE both as absolute values and normalized for pREE

or FFM. The reason/s for this variability in REE response to weight loss is only partly under-

stood and possibly depends on differences in metabolically active organs [27,29]. A number of

univariate and multivariate regression analyses were conducted to identify the determinant/s

for this outcome, but the only predictor of REE response to weight loss was its initial value.

Bearing in mind that the effects of body and/or organ mass as well as sympathetic tone activity

were not investigated, our short-term result could suggest that a high baseline REE predisposes

to proportionally larger reduction in REE due to losses from organs with high metabolic activ-

ity [29,45]. In turn, this would explain the association linking percent REE to BMI changes,

but not to FFM and/or FM changes. At odds with these findings, a 12.7±2.2 wk study in over-

weight/severely obese women fed a high-protein low-fat 800–1000 calorie diet showed that

absolute and relative values of REE were higher in patients with high vs low REE response

[29]. Whether differences in population sample, obesity degree, study design, diet regimen,

macronutrients composition, and protein sparing may play a role in the discrepancies between

these and our results remains unclear. In addition, our study protocol included fixed physical

activity session as standard component of inpatient anti-obesity protocol, but we cannot

exclude that differences in individual propensity and/or effort made under exercise could play

a role. Further more specifically designed studies should clarify the effect of physical activity

regimens on REE during weight loss.

In addition to body composition-related variables, adaptive thermogenesis is modulated by

metabolic, neuroendocrine, autonomic, and behavioral responses [47]. Changes in insulin

[29], leptin [48], and sympathetic tone [49] all play a role on REE modifications after weight

loss. Thyroid elicits its effects on energy expenditure by acting on white and brown adipocytes,

spontaneous motor activity, mitochondria thermogenesis and hypothalamic control of the

sympathetic nervous output to the brown adipose tissue [50,51]. In untreated obesity, the rela-

tionship between REE and thyroid function is generally null [52,53], and our baseline results

confirm this gap. Adaptive thermogenesis in response to weight loss has been associated with

changes in serum TSH or T3 in some but not all studies [29,45,48,49,54–56]. The current anal-

ysis revealed that weight loss, while producing diverging effects on TSH and FT3 on one side

and FT4 on the other [3], disclosed a significant association between REE and FT4 as well as

FT3, regardless of changes in body composition. This interaction suggests the intervention of

body composition-independent neuroendocrine signals controlling energy metabolism via

THs. Because our study did not include the measurement of circulating leptin, which is rapidly

responsive to weight loss [57] and regulates the thermogenic activity through central
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mechanisms involving TRH [3,58,59] our results provide no insight on neuroendocrine con-

trol of TH-REE association during weight loss.

As weight loss significantly reduced TSH and FT3 levels, while enhancing FT4 ones, a lower-

ing of type II deiodinase activity could be involved in a such variations [60]. It is known that the

FT3/FT4 ratio reflects conversion of fT4 into fT3 through type 2 deiodinase activity [61], and

this ratio increases in obesity likely due to increased deiodinase activity as a “compensatory

mechanism” against weight accrual. In cross-sectional [62] and cross-sectional plus longitudinal

studies [63] an association between the FT3/FT4 ratio and adiposity measures and insulin resis-

tance was found, while FT3/FT4 decreased after bariatric surgery, suggesting a reduction in

deiodinase II activity in the circumstance of weight loss. While our study confirms the reduction

of the FT3/FT4 ratio after weight loss, it relationship with changes in REE was not significant,

suggesting that deiodinase activity may not be directly involved in the relationship between thy-

roid function tests and REE after weight loss. However, changes in FT3 and FT4 could also be

due to variations in serum levels of total T3 and T4, or thyroid hormones binding proteins,

which were not measured in this study. Other study limitations should be acknowledged as

potentially affecting our results. First, body composition was calculated from BIA. Although

patients with fluid overload, which overestimates fat mass, were excluded from the study, BIA is

indeed of modest diagnostic value when compared to more refined techniques, such as CT or

MRI, and shows its limits mostly in abdominally obese subjects [64]. however, previous studies

from our laboratory [65] and others [66] suggested that BIA results are more similar to DEXA

and BOD POD results in severe obesity than in lean or overweight subjects. Secondly, our study

duration was calculated conceivably to circumvent the period of 6–8 weeks required for the

physiological resetting of the HPT axis [67,68]. Thus, the significance of our findings remains to

be proved in longer studies. Thirdly, the standard multidisciplinary approach used herein com-

prised 5 weekly sessions of (non-vigorous) physical activity, which could mitigate the natural

loss in FFM occurring with caloric restriction. However, vigorous exercise does not prevent the

loss in FFM occurring during caloric restriction [45], suggesting that metabolic adaptation per-

sists even upon combination treatments of obesity. Lastly, our study participants were selected

as euthyroid and severely obese, such that current findings may not fully apply to people with

normal bodyweight or mild obesity, as well as those with thyroid dysfunctions. Nevertheless, we

consider the homogeneous study sample, the controlled inpatient regimen, the balanced diet

and the controlled weight management schedule as potential points of strength of this study.

In conclusion, we observed an association between REE and thyroid hormones in severe

obesity after a short-term, mildly hypocaloric multidisciplinary weight loss program. How thy-

roid hormone impacts energy expenditure during long-term calorie restriction warrants fur-

ther investigation, as it could frustrate weight loss attempts of obese individuals. Long-term

studies are awaited to add further evidence of an activating relationship between thyroid, adi-

posity and energy homeostasis during weight loss.

Supporting information

S1 Table. Baseline data in the obese population obtained at baseline and at the end of the

4-week study, and expressed as percent variation over baseline values. S1 Table legend. Sig-

nificance between the two time points was obtained by paired T test and is depicted as: a,

p<0.05; b, p<0.01; c, p<0.001. For abbreviations: BMI, body mass index; REE, resting energy

expenditure; pREE, predicted REE; FM, fat mass; FFM, fat-free mass.

(DOCX)

S2 Table. Data summary in the obese population at study entry stratified according to

REE measured as lower vs higher than predicted REE. S2 Table legend: Significance between
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the two subgroups was obtained by ANOVA. For abbreviations: BMI, body mass index; REE,
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baseline and at the study-end time-points was assessed by ANOVA and is depicted as: a,

p<0.05; b, p<0.01; c, p<0.001. Significance within genders between baseline and study-end

time-points was assessed by paired T test and is depicted as: d, p<0.05; e, p<0.01; f, p<0.001.

For abbreviations: BMI, body mass index; REE, resting energy expenditure; pREE, predicted

REE; FM, fat mass; FFM, fat-free mass.

(DOCX)

S4 Table. Bivariate correlation analysis between thyroid function parameters and REE at

baseline and at the study end. S4 Table legend: For abbreviations: REE, resting energy expen-

diture.

(DOCX)

S5 Table. Data summary in the obese population stratified according to percent REE varia-

tion below (decreased REE) or above (increased REE) baseline values recorded at the end

of the study. S5 Table legend: Between-subgroup significance at each time point was assessed

by ANOVA and expressed as: a, p<0.05; b, p<0.01; c, p<0.001. Within-subgroup significance

between the two time points was assessed by paired T test and expressed as: d, p<0.05; e,

p<0.01; f, p<0.001. For abbreviations: BMI, body mass index; REE, resting energy expendi-

ture; pREE, predicted REE; FM, fat mass; FFM, fat-free mass.

(DOCX)

Acknowledgments

The contribution of the nurse staff at the Division of Metabolic Diseases, Istituto Auxologico

Italiano, Piancavallo (VB) for valuable contribution in clinical research is kindly

acknowledged.

Author Contributions

Conceptualization: Paolo Marzullo, Rezene Fessehatsion, Mariantonella Tagliaferri, Loredana

Pagano.

Data curation: Paolo Marzullo, Chiara Mele, Rezene Fessehatsion.

Formal analysis: Paolo Marzullo.

Investigation: Paolo Marzullo, Alessandro Minocci, Rezene Fessehatsion.

Project administration: Alessandro Minocci, Massimo Scacchi, Alessandro Sartorio.

Resources: Alessandro Sartorio.

Writing – original draft: Paolo Marzullo.

Writing – review & editing: Massimo Scacchi, Gianluca Aimaretti.

References
1. Hoermann R, Midgley JE, Larisch R, Dietrich JW. Homeostatic Control of the Thyroid-Pituitary Axis:

Perspectives for Diagnosis and Treatment. Front Endocrinol (Lausanne). 2015; 6: 177.

Obesity, thyroid and energy expenditure

PLOS ONE | https://doi.org/10.1371/journal.pone.0205293 October 19, 2018 8 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205293.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205293.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205293.s005
https://doi.org/10.1371/journal.pone.0205293


2. Biondi B. Thyroid and obesity: an intriguing relationship. J Clin Endocrinol Metab. 2010; 95: 3614–3617.

https://doi.org/10.1210/jc.2010-1245 PMID: 20685890

3. Santini F, Marzullo P, Rotondi M, Ceccarini G, Pagano L, Ippolito S, et al. Mechanisms in endocrinol-

ogy: the crosstalk between thyroid gland and adipose tissue: signal integration in health and disease.

Eur J Endocrinol. 2014; 171: R137–152. https://doi.org/10.1530/EJE-14-0067 PMID: 25214234

4. de Moura Souza A & Sichieri R. Association between serum TSH concentration within the normal range

and adiposity. Eur J Endocrinol. 2011: 165: 11–15. https://doi.org/10.1530/EJE-11-0261 PMID:

21543376

5. Aoki Y, Belin RM, Clickner R, Jeffries R, Phillips L, Mahaffey KR. Serum TSH and total T4 in the United

States population and their association with participant characteristics: National Health and Nutrition

Examination Survey (NHANES 1999–2002). Thyroid. 2007; 17: 1211–1223. https://doi.org/10.1089/

thy.2006.0235 PMID: 18177256

6. Makepeace AE, Bremner AP, O’Leary P, Leedman PJ, Feddema P, Michelangeli V, et al. Significant

inverse relationship between serum free T4 concentration and body mass index in euthyroid subjects:

differences between smokers and nonsmokers. Clin Endocrinol (Oxf). 2008; 69: 648–652.

7. Marzullo P, Minocci A, Tagliaferri MA, Guzzaloni G, Di Blasio A, De Medici C, et al. Investigations of thy-

roid hormones and antibodies in obesity: leptin levels are associated with thyroid autoimmunity indepen-

dent of bioanthropometric, hormonal, and weight-related determinants. J Clin Endocrinol Metab. 2010;

95: 3965–3972. https://doi.org/10.1210/jc.2009-2798 PMID: 20534769

8. Shin JA, Mo EY, Kim ES, Moon SD, Han JH. Association between Lower Normal Free Thyroxine Con-

centrations and Obesity Phenotype in Healthy Euthyroid Subjects. Int J Endocrinol. 2014; 2014:

104318. https://doi.org/10.1155/2014/104318 PMID: 24872812

9. Marzullo P, Mele C, Mai S, Guzzaloni G, Soranna D, Tagliaferri MA, et al. The impact of the metabolic

phenotype on thyroid function in obesity. Diabetol Metab Syndr. 2016; 8: 59. https://doi.org/10.1186/

s13098-016-0177-x PMID: 27559364

10. Kok P, Roelfsema F, Langendonk JG, Frolich M, Burggraaf J, Meinders AE, et al. High circulating thyro-

tropin levels in obese women are reduced after body weight loss induced by caloric restriction. J Clin

Endocrinol Metab. 2005; 90: 4659–4663. https://doi.org/10.1210/jc.2005-0920 PMID: 15914521

11. Wolters B, Lass N, Reinehr T. TSH and free triiodothyronine concentrations are associated with weight

loss in a lifestyle intervention and weight regain afterwards in obese children. Eur J Endocrinol. 2013;

168: 323–329. https://doi.org/10.1530/EJE-12-0981 PMID: 23211576

12. Reinehr T, Andler W. Thyroid hormones before and after weight loss in obesity. Arch Dis Child 2002;

87: 320–323. https://doi.org/10.1136/adc.87.4.320 PMID: 12244007

13. Sari R, Balci MK, Altunbas H, Karayalcin U. The effect of body weight and weight loss on thyroid volume

and function in obese women. Clin Endocrinol (Oxf). 2003; 59: 258–262.

14. Agnihothri RV, Courville AB, Linderman JD, Smith S, Brychta R, Remaley A, et al. Moderate weight loss

is sufficient to affect thyroid hormone homeostasis and inhibit its peripheral conversion. Thyroid. 2014;

24: 19–26. https://doi.org/10.1089/thy.2013.0055 PMID: 23902316

15. Kim MS, Small CJ, Stanley SA, Morgan DG, Seal LJ, Kong WM, et al. The central melanocortin system

affects the hypothalamo-pituitary thyroid axis and may mediate the effect of leptin. J Clin Invest 2000;

105: 1005–1011. https://doi.org/10.1172/JCI8857 PMID: 10749579

16. Hermann GE, Barnes MJ, Rogers RC. Leptin and thyrotropin-releasing hormone: cooperative action in

the hindbrain to activate brown adipose thermogenesis. Brain Res. 2006; 1117: 118–124. https://doi.

org/10.1016/j.brainres.2006.08.018 PMID: 16956588

17. Nillni EA. Regulation of the hypothalamic thyrotropin releasing hormone (TRH) neuron by neuronal and

peripheral inputs. Front Neuroendocrinol. 2010; 31: 134–156. https://doi.org/10.1016/j.yfrne.2010.01.

001 PMID: 20074584

18. Rosenbaum M, Murphy EM, Heymsfield SB, Matthews DE, Leibel RL. Low dose leptin administration

reverses effects of sustained weight-reduction on energy expenditure and circulating concentrations of

thyroid hormones. J Clin Endocrinol Metab. 2002; 87: 2391–2394. https://doi.org/10.1210/jcem.87.5.

8628 PMID: 11994393

19. Kim B. Thyroid hormone as a determinant of energy expenditure and the basal metabolic rate. Thyroid

2008; 18: 141–144. https://doi.org/10.1089/thy.2007.0266 PMID: 18279014
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25. Ravussin E, Burnand B, Schutz Y, Jéquier E. Energy expenditure before and during energy restriction

in obese patients. Am J Clin Nutr. 1985; 41: 753–759. https://doi.org/10.1093/ajcn/41.4.753 PMID:

3984927

26. Müller MJ, Bosy-Westphal A. Adaptive thermogenesis with weight loss in humans. Obesity. 2013; 21:

218–228. https://doi.org/10.1002/oby.20027 PMID: 23404923

27. Camps SG, Verhoef SP, Westerterp KR. Weight loss, weight maintenance, and adaptive thermogene-

sis. Am J Clin Nutr. 2013; 97: 990–994. https://doi.org/10.3945/ajcn.112.050310 PMID: 23535105

28. Wang Z, Heshka S, Gallagher D, Boozer CN, Kotler DP, Heymsfield SB. Resting energy expenditure-

fat-free mass relationship: new insights provided by body composition modeling. Am J Physiol Endocri-

nol Metab. 2000; 279: E539–E545. https://doi.org/10.1152/ajpendo.2000.279.3.E539 PMID: 10950820

29. Bosy-Westphal A, Kossel E, Goele K, Later W, Hitze B, Settler U, et al. Contribution of individual organ

mass loss to weight loss-associated decline in resting energy expenditure. Am J Clin Nutr. 2009; 90:

993–1001. https://doi.org/10.3945/ajcn.2008.27402 PMID: 19710198

30. Bosy-Westphal A, Braun W, Schautz B, Müller MJ. Issues in characterizing resting energy expenditure

in obesity and after weight loss. Front Physiol. 2013; 4: 47. https://doi.org/10.3389/fphys.2013.00047

PMID: 23532370

31. al-Adsani H, Hoffer LJ, Silva JE. Resting energy expenditure is sensitive to small dose changes in

patients on chronic thyroid hormone replacement. J Clin Endocrinol Metab. 1997; 82: 1118–1125.

https://doi.org/10.1210/jcem.82.4.3873 PMID: 9100583

32. Onur S, Haas V, Bosy-Westphal A, Hauer M, Paul T, Nutzinger D, et al. L-tri-iodothyronine is a major deter-

minant of resting energy expenditure in underweight patients with anorexia nervosa and during weight

gain. Eur J Endocrinol. 2005; 152: 179–184. https://doi.org/10.1530/eje.1.01850 PMID: 15745923

33. Società Italiana di Nutrizione Umana. LARN: Livelli di assunzione di riferimento di nutrienti ed energia

per la popolazione italiana. 4th ed. SICS Eds; 2014.

34. Marzullo P, Verti B, Savia G, Walker GE, Guzzaloni G, Tagliaferri M, et al. The relationship between

active ghrelin levels and human obesity involves alterations in resting energy expenditure. J Clin Endo-

crinol Metab. 2004; 89: 936–939. https://doi.org/10.1210/jc.2003-031328 PMID: 14764817

35. US Preventive Services Task Force, Curry SJ, Krist AH, Owens DK, Barry MJ, Caughey AB, et al.

Screening for Cardiovascular Disease Risk With Electrocardiography: US Preventive Services Task

Force Recommendation Statement. JAMA. 2018; 319:2308–2314. https://doi.org/10.1001/jama.2018.

6848 PMID: 29896632

36. Weir JB de V. New methods for calculating metabolic rate with special reference to protein metabolism.

J Phisiol. 1949; 109: 1–9.

37. Frayn KN. Calculation of substrate oxidation rates in vivo from gaseous exchange. Journal of applied

physiology. 1983; 55: 628–634. https://doi.org/10.1152/jappl.1983.55.2.628 PMID: 6618956

38. Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE, et al. 2015 American Thy-

roid Association Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated

Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Dif-

ferentiated Thyroid Cancer. Thyroid. 2016; 26: 1–133. https://doi.org/10.1089/thy.2015.0020 PMID:

26462967

39. Cunningham JJ. Body composition as a determinant of energy expenditure: a synthetic review and a

proposed general prediction equation. Am J Clin Nutr. 1991; 54: 963–969. https://doi.org/10.1093/ajcn/

54.6.963 PMID: 1957828

40. Carneiro IP, Elliott SA, Siervo M, Padwal R, Bertoli S, Battezzati A, et al. Is obesity associated with

altered energy expenditure? Adv Nutr. 2016; 7: 476–487. https://doi.org/10.3945/an.115.008755 PMID:

27184275

41. Astrup A, Gotzsche PC, van de Werken K, Ranneries C, Toubro S, Raben A, et al. Meta-analysis of

resting metabolic rate in formerly obese subjects. Am J Clin Nutr 1999; 69: 1117–1122. https://doi.org/

10.1093/ajcn/69.6.1117 PMID: 10357728
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