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Abstract: Thyroidectomy has been post-operatively managed by hormone replacement therapy in order to 

satisfy the reference ranges of thyroid stimulating hormone (TSH) and thyroxine (T4) levels. While medication 

and standardized reference ranges have proven to be effective, many patients continue to report unintentional 

weight gain despite adequate amounts of treatment and levels of TSH and T4. Physicians, over the years, have 

become complacent to these “normal” ranges, and have ignored the metabolic consequences that are affecting 

thyroidectomy patients. This paper aims to redefine the approach to post-thyroidectomy clinical care by: 

challenging the current standardized hormonal range values, exploring the gaps in thyroid hormone 

conversion, investigating the metabolic pathways of T3, considering the influence of inflammatory markers, 

and proposing the future for patient-centered management.  
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1. Introduction 

Weight gain after thyroidectomy, despite seemingly adequate thyroid hormone replacement 

therapy, has been consistently reported among patients with both benign and malignant thyroid 

diseases. An estimated average weight gain of 2.13 kg (95% confidence interval) was found across 

several studies with weight gain more prevalent in patients who underwent thyroidectomy for 

hyperthyroidism (5.19 kg) versus non-toxic goiter (1.55 kg) and malignancy (1.30 kg) [1]. Significant 

post-thyroidectomy weight gain in patients with thyrotoxicosis was found after the “normalization” 

of TSH, suggestive of pre-existing obesity with weight loss due to thyrotoxic activity [2]. In patients 

with Graves’ disease, weight gain was found to be greatest within the first three months of treatment 

[3]. Post-operative transient hypothyroidism has been a proposed theory to this phenomenon [2,4]. 

Similarly, euthyroid patients with non-toxic nodules experienced a more pronounced gain than in 

patients with autoimmune hypothyroidism early in their postoperative period, possibly due to 

goiters permanently reducing metabolic activity [5]. 

Levothyroxine (T4) therapy is the standardized treatment for thyroidectomy patients, however, 

weight gain has been noted despite adequate dosage and TSH values of within normal range. 

Comparative to healthy individuals with similar TSH levels, patients tend to have lower levels of free 

T3 and higher levels of free T4 after thyroidectomy [6]. This questions the adequacy of peripheral 

deiodination and the inability to compensate for the lack of endogenous T3 secretion. Even when 

TSH was maintained on levothyroxine treatment, patients experienced a hypothyroid state compared 

to their baseline [7]. The lower levels of free T3 and small variations in levothyroxine dosage could 

explain the significant decrease in basal metabolism rate and weight gain as a result [8]. 

Graves’ disease patients who underwent either thyroidectomy or radioactive iodine (RAI) 

treatment have a tendency to develop hypothyroidism and weight gain despite levothyroxine 

replacement [9]. This suggests that levothyroxine may lead to incomplete hormonal replacement. In 

addition, patients who underwent total thyroidectomy for thyroid cancer, even when they are on 

supraphysiological levothyroxine treatment (for TSH suppression) may complain of weight gain. 
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Women in particular were shown to have a significant increase of 3.2% body weight during 3-5 years 

post-operation despite suppressed TSH levels [10]. 

Overall, there are still many unknown factors regarding thyroidectomy, levothyroxine 

treatment, and the influence of either on patients’ individual physiology. Moreover, levothyroxine’s 

effect on the T3/T4 ratio is not well understood as there are no sensitive markers to assess the 

biological response of target organs and tissues [11]. The need for research to understand the 

mechanisms behind these metabolic consequences is still much needed. Specifically, it is crucial to 

redefine what hormonal values are considered “normal,” address the conversion capabilities of 

deiodinase, and investigate the mediators that follow T3 response. The contribution of inflammatory 

markers, such as preexisting high-sensitive C-reactive protein also deserves to be included in the 

discussion. 

2. Physiologic Thyroid Hormone Profile vs. Normal Laboratory Reports 

The American Thyroid Association defines the normal range for TSH to be between 0.4 to 4.0 

mlU/L [12]. However, other TSH ranges consist of values between 0.5 to 5.0 mlU/L [13]. The 

inconsistency of a normal TSH range is a topic covered at length in several research articles, further 

suggesting that patients may or may not have “normal” lab values depending on what standardized 

bell curve was used. It is important to note that bell curves are based on the 2.5th to 97.5th percentiles 

of values measured in the population tested, meaning that people could have normal TSH values 

despite being outside the set “normal” range [14]. While studies have been done to address the 

different range patterns for elderly, autoimmune, and pregnant patients, no studies have directly 

addressed the wide TSH range itself (a 10-fold difference between minimum and maximum values) 

[15]. This considerably large range raises the question of what exactly defines “normal,” and whether 

the current range for “normal” could truly be accurately applicable to all patients.  

With small changes of free T4 resulting in large changes in TSH values, many physicians tend to 

address only TSH values with reflex T4 when warranted [16]. However, by having a large range 

applicable to all patients, physicians have become accustomed to accepting the current range values 

rather than considering the patient’s true physiological norm. In a study determining the optimal 

TSH ranges for reflex-free T4 testing, it was concluded that the majority of patients will have a TSH 

and free T4 within their respective normal ranges when screening for new thyroid disease. This made 

a diagnosis of a thyroid disorder more unlikely [16]. A patient’s individual physiology could also be 

influenced by lifestyle, age, sex, body mass index, environment, and genetics [17]. A thyroidectomy 

has the potential to disrupt a patient’s physiology which may have adapted to the lifestyle and/or 

disease. This major change and disruption to a patient’s body has not been considered in how it 

would affect thyroid hormonal values. 

Treatment after the total thyroidectomy requires levothyroxine replacement, however, it has 

been shown that the reported normal hormone profiles cannot fully explain the unexpected weight 

gain that patients continue to face. While physicians claim euthyroidism solely based on the “normal” 

range values, patients have been consistently gaining weight despite having values within the range 

[1,2]. Moreover, the current conflicting data about post-thyroidectomy weight gain have all 

referenced the same values to determine whether a patient is “normal” rather than addressing the 

patient’s individualized physiology and hormone levels, pre and post-procedure. While the 

mechanism is unknown, it is proposed that the lack of endogenous production of T3 leads to a 

reduced T3/T4 ratio. Because T3 is the predominant inhibitor of TSH secretion and that low levels of 

T3/T4 increase TSH release, TSH secretion and its resultant values are sensitive to any minor changes 

in free T4 [18]. How TSH values are affected by total thyroidectomy must be considered for patients 

struggling with unexpected weight gain. Research must consider a more individualized approach to 

thyroid hormone values by challenging the currently accepted range. Redefining normal could 

potentially further the understanding of the metabolic consequences of thyroidectomy.  

3. T4 to T3 Conversion 
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The conversion from T4 to T3 is determined by deiodinase. Type 2 deiodinase (DIO2) converts 

T4 to active T3 and is widely located in the brain, skeletal muscle, heart, and thyroid glands [19]. 

Physiologically, this enzyme takes T4 acquired from the bloodstream and converts it to T3 within the 

target tissue at a faster rate than Type 1 deiodinase (DIO1) [20]. DIO1, located mostly in the thyroid, 

liver, and kidneys, is responsible for catalyzing T4 to active T3 as well as T4 to inactive reverse T3 

[21]. Type 3 deiodinase converts T4 into reverse T3 in the central nervous system and placenta. [19,22] 

Approximately 70-100 mcg of T4 and 30 mcg of T3 are respectively produced in a day. Roughly 25 

mcg of T3 out of the 30 mcg are not produced by the thyroid [19]. Thus eliminating the thyroid creates 

an unknown physiologic shift in T3 production and concern for T4 to T3 conversion [23]. 

In levothyroxine-treated patients, most circulating T3 (>80%) is due to DIO2 conversion of T4 to 

active T3 [17,24]. The interaction between DIO2 and T4 ignites ubiquitination of DIO2 - a molecular 

mechanism that modifies DIO2’s half-life through the binding of ubiquitin. This leads to the enzyme’s 

inactivation and degradation [25–27]. The decrease in T4 levels causes the extension of DIO2’s half 

life thereby increasing exothyroidal T3 production [17,28]. Through this phenomenon, DIO2 with 

levothyroxine treatment results in a normalized serum TSH but a reduced T3/T4 ratio.  

Uniquely, DIO2 does not undergo ubiquitination and is more stable in the hypothalamus. Past 

research has shown that when a hypothyroid patient is treated with levothyroxine, the 

hypothalamus-pituitary DIO2 conversion suppresses thyroid-releasing hormone (TRH) and TSH. 

Because DIO2 is not ubiquitinated in the hypothalamus-pituitary, T3 production is greater here than 

in the periphery [29]. Therefore, TSH normalization occurs at a higher serum T4 level, one that is 

insufficient to normalize serum T3. Levothyroxine monotherapy has been proven to create a low 

serum T3/T4 ratio, meaning serum T4 levels are relatively high but inconsistency unclear with serum 

T3 levels. In treated patients, 15.2% had serum T3 below the normal reference range [30]. It has been 

noted that in order to normalize serum T3, levothyroxine dosage would need to increase, potentially 

leading to further TSH suppression [31–33].  

The lack of thyroidal T3 production during levothyroxine therapy questions how reliable 

deiodinase conversion is, specifically under DIO2. Studies have shown that T3 deficiency could be 

the cause of weight gain, however, some argue that this deficiency would be subtle as serum T3 is 

generally normal during levothyroxine therapy [5,31,34]. Other sources have reported that 

levothyroxine does not guarantee true euthyroidism [6]. While mechanisms still remain unclear, the 

studies have proposed that different organ systems endure thyroid hormone deficiency differently 

depending on the presence of thyroid hormone receptors. For example, thyroid hormone receptor 

alpha is predominately in cardiac muscles thereby are better able to endure thyroid hormone 

deficiency [35,36]. Thyroid hormone receptor beta, found in adipose and other metabolic tissues, 

requires higher levels of T3 and does not normalize with levothyroxine therapy [37]. This could help 

explain why levothyroxine monotherapy can cause metabolic consequences such as weight gain. It 

also could explain why serum T3 levels could be considered normalized but the metabolism of T3 is 

not [17].  

There are many unknowns regarding the DIO2 mechanism when the thyroid gland is not 

present. The consequences of thyroidectomy and how levothyroxine could influence the deiodinase 

enzymes remain uncertain. Moreover, the impact of thyroidal versus peripherally converted T3 is 

another topic that needs more research. While type 1 deiodinase is responsible for less than 20% of 

circulating T3 in levothyroxine patients, a defect in this pathway could also compromise the T3/T4 

ratio. In order to reflect on how the T3/T4 ratio influences a patient’s metabolism, it is important to 

understand the mediators of T3 itself. 

4. Effects of T4 on Intermediary Metabolism 

In particular, thyroid hormone increases basal metabolic rate by increasing the gene expression 

of Na+/K+ ATPase in different tissues. This leads to an overall increase in respiration rate, body 

temperature, and oxygen consumption [22]. Other proposed mechanisms include uncoupling 

oxidative phosphorylation and direct modulation of thyroid hormone transporters and enzymes in 

the plasma membrane and mitochondria [11]. In metabolic studies on levothyroxine-treated patients 
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with normal TSH levels, patients weighed about 10 pounds more and had slower BMR [38]. Another 

study comparing normal versus suppressed TSH levels in levothyroxine-treated women, the 

suppressed TSH level group had a mean TSH level of 0.14 mlU/L and a BMR similar to healthy 

controls. The normal TSH group averaged 2.1 mlU/L but had a BMR significantly slower [33]. 

Similarly, cholesterol metabolism is affected in levothyroxine-treated and low serum T3 patients 

due to low signaling in the liver and high serum cholesterol levels [25,39,40]. Normalization of serum 

cholesterol could be achieved by increasing the levothyroxine therapy dosage, leading to the 

normalization of serum T3 but a low TSH level outside of the reference range [41,42]. T3 is also known 

to stimulate the metabolism of carbohydrates by increasing glucose reabsorption, gluconeogenesis, 

glycogen synthesis, and glucose oxidation. It also plays a role in protein anabolism [22]. A decrease 

in T3 will inevitably affect both these systems as well. 

5. Cellular Responsiveness to T3 

While serum T3 measurements may be adequate in post-thyroidectomy patients, T3 may not be 

adequately utilized. The signaling pathways of T3 must be considered when addressing the 

metabolic consequences of thyroidectomies due to T3 having a higher affinity binding with nuclear 

receptors than T4. Currently, T3 is known to affect a variety of systems: brain, bones, cardiac, basal 

metabolic rate (BMR), blood sugar, and lipids [22]. With each system regulated by different 

deiodinase types, the post-thyroidectomy and/or levothyroxine treatments affect the T3/T4 ratio 

differently and, consequently, the signaling pathways of T3.  

Possible issues can arise in thyroid receptors as they are transcription factors already bound to 

DNA in the nucleus before ligand binding. These ligand-activated transcription factors bind to 

thyroid hormone response elements (TRE) of target genes, regulating gene expression by introducing 

epigenetic changes to influence RNA polymerase’s transcriptional efficiency on respected thyroid 

genes. Positively regulated target genes include fatty acid synthetase and growth hormone. 

Negatively regulated target genes include prolactin, TSH, and TRH [43]. Moreover, thyroid 

hormones affect a wide variety of cellular pathways and functions such as lipogenesis, insulin 

signaling, gluconeogenesis, and adenylate cyclase signaling [44,45]. It is important to note that 

thyroid hormones could also indirectly regulate through intermediate genes by binding to other 

transcription factors or by activating other cell signaling pathways. And while the hormones mainly 

act on transcription, they can affect mRNA stability, translational efficiency, and other levels of 

protein expression [43]. 

5.1. Signaling Pathways 

Leptin, as an endocrine modulator, is secreted by fat cells to decrease appetite. Signaling by 

leptin to different areas of the hypothalamus is responsible for satiety or hunger. As a result, leptin 

indirectly stimulates the action of thyroid hormones and is regulated by T3. While there remains 

controversy as to the relationship between T3 and leptin, there is strong evidence for T3 in the 

upregulation of leptin gene transcription via the phosphatidylinositol 3-kinase (PI3K) pathway. Such 

activation would lead to adipostatic signaling to the brain. T4, on the other hand, has little to no effect 

on leptin mRNA [46,47]. In particular, the physiological dosage of T3 was shown to increase leptin 

gene expression in obese animals with diet restrictions [48]. Animals exposed to supraphysiological 

doses of T3 were subjected to a decrease in leptin mRNA [49]. 

Furthermore, the melanocortin pathway regulates and mediates leptin’s stimulation or 

inhibition on the thyroid axis via ligands on the arcuate nucleus of the hypothalamus [50,51]. It is 

suggested that alpha-MSH, a ligand that is induced by leptin, stimulates TRH release and increases 

TSH levels [50]. AgRP, a ligand suppressed by leptin, blocks TRH by antagonizing alpha-MSH 

[52,53]. Currently, it is unknown how leptin and the melanocortin pathways regulate under different 

physiologic states, including thyroidectomy and levothyroxine treatment [51]. These pathways 

highlight potential mechanisms for weight gain in thyroidectomy patients. Further research into 

understanding how T3 mediates each pathway can clarify how a patient’s individualized physiology 

is affected. 
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5.2. Genetic Predisposition 

Metabolic abnormalities detected in levothyroxine-treated patients could be a result of the low 

serum T3 levels that could be compounded by other influences specific to a patient’s individualized 

physiology. Compromise or defects in deiodinase types could make the patient more sensitive to 

changes in target tissues [17]. Genetics also has the potential to predispose patients to obesity or 

insulin resistance. Depending on the ethnic background, a commonly inherited DIO2 polymorphism 

results in an amino acid substitution (Thr92Ala) in type 2 deiodinase [54]. This substitution of amino 

acids affects the ubiquitination of and decreases its subcellular distribution of type 2 deiodinase [55]. 

In animals carrying the polymorphism, hypothyroidism was exhibited and associated with decreased 

physical activity and four times more sleep. In humans, Thr92Ala-DIO2 carriers have a 

transcriptional influence on central nervous system diseases. Mitochondrial dysfunction, oxidative 

stress, inflammation, and apoptosis were also noted [17]. Liothyronine therapy was shown to 

improve T3 brain signaling, however, levothyroxine had only partial improvement in Ala92-Dio2 

patients with primary hypothyroidism [55]. Moreover, if Thr92Ala-DIO2 polymorphism carriers 

develop hypothyroidism and are subsequently treated with levothyroxine, serum T3 levels will 

decrease by 10% [17]. This decrease in T3 could potentially explain the metabolic imbalance occurring 

in thyroidectomy patients. It is important to note that there are dozens of proteins involved in the 

control of T3 signaling including membrane transporters, deiodinases, receptors, and their 

coregulators. This further emphasizes the potential for gene polymorphisms to interfere with the 

success of levothyroxine therapy post-thyroidectomy. 

6. Inflammatory and Autoimmune States 

AITD is signified by the presence of anti-thyroid peroxidase (TPOAb), anti-thyroglobulin 

(TgAb), and thyroid-stimulating immunoglobulin (TSI) directed to TSH receptor (TSHR). It is 

important to note that while these antibodies may be present in generally asymptomatic and 

otherwise healthy individuals, their values are used to assess AITD patients and the status of their 

respective diseases [56,57]. A number of studies have shown that thyroid autoantibodies may be 

involved in glucose and lipid metabolic disorders, there remains a lack of understanding of the 

mechanism of this connection. C-reactive protein (hs-CRP) is a generic marker for inflammation that 

is increasingly being used clinically. A direct or indirect interaction between CRP and thyroid 

hormones or anti-thyroid antibodies has been suggested but not proven. A potential interaction 

leading to weight gain remains to be investigated. There is conflicting data on how hs-CRP may be 

affected by thyroid hormones in particular to thyroiditis. Interestingly, elevated hs-CRP levels were 

shown to be related to a decrease in deiodinase activity [58]. This relationship connects to the 

possibility of deiodinase enzymes being potential pathways for unexpected weight gain in post-

thyroidectomy patients. Moreover, hs-CRP is correlated with obesity, insulin resistance, metabolic 

syndrome, and adiposity [59]. While one study showed no effect on hs-CRP levels in women 

experiencing euthyroidism on levothyroxine treatment for subclinical hypothyroidism, research 

must further study if hs-CRP is affected by total thyroidectomy [60–62]. If so, hs-CRP’s influence on 

deiodinase activity and patient metabolism must also be considered. Another study observed 

elevated hs-CRP levels in non-obese autoimmune thyroid diseases (AITD) patients with TPOAb as 

an independent influencing factor of hs-CRP. Non-obese AITD patients with euthyroidism were 

shown to have higher levels of hs-CRP and TPOAb, suggesting that a chronic inflammatory state 

may contribute to increased insulin resistance [63]. Further research should consider whether hs-CRP 

and TPOAb have a long-term influence on weight gain for post-thyroidectomy non-obese patients. 

Post-thyroidectomy patients who experience unexpected weight gain may also experience 

various levels of thyroid antibody levels. In comparison to how their levels were pre-procedure, 

studies have shown that TgAb levels in papillary thyroid carcinoma (PTC) patients tend to increase 

after thyroidectomy or radioiodine treatment due to the body’s natural immune response to 

intervention [64,65]. For Hashimoto’s thyroiditis patients who underwent thyroidectomy, titers of 

TPOAb would decrease over five years after surgery on levothyroxine treatment. Some of these 

patients may still exhibit TPOAb titers at an abnormal range [56]. These elevated levels of thyroid 
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antibodies post-thyroidectomy could potentially influence a patient’s metabolism. For example, 

TPOAb is associated with a higher estradiol-to-testosterone ratio, an interesting relationship 

considering hypothyroidism’s connection with obesity, visceral fat accumulation, and high TSH 

values in postmenopausal women [66,67]. 

The interaction between inflammatory markers, thyroid antibodies, and thyroid hormones must 

be further investigated to better understand whether they have any potential influence on each other 

in influencing weight gain for post-thyroidectomy patients. 

7. Patient-Centered Management 

While physicians have practiced under the guidelines of TSH-targeted levothyroxine therapy 

for years, the challenge of administering hormonal therapy to replicate its endogenous secretion 

while also understanding the patient’s physiology remains a challenge and a “puzzle”. Therefore, the 

call for individualized therapy is beginning to rise [17]. Recently, physicians have been prescribing 

combination therapy of levothyroxine with liothyronine though there is not enough data to support 

the effectiveness of liothyronine use. Given the topics discussed, serum T3 could be a better marker 

of both treatment effectiveness and energy expenditure in thyroidectomy and levothyroxine-treated 

patients. A strong understanding of a patient’s physiology pre and post-procedure/treatment 

through these serum levels could further deepen how a physician would continue care. In addition, 

the uprising of the genomic medicine paradigm opens a new venue for individualized care once the 

understanding of T3 mediators is well-understood. Lifestyle monitoring such as pre and post-diet 

regulations may also have been considered. These patient-centered care options have the potential to 

serve as breakthrough methods in managing patients who suffer from post-thyroidectomy metabolic 

consequences.  

8. Conclusion 

To further our understanding of the metabolic consequences of thyroidectomy, a patient-

centered approach must be prioritized. As such, the field must redefine what is considered “normal” 

and how it is reflected in the thyroid hormone values. What is considered physiologically normal for 

a patient may not necessarily abide by the current standardized values of TSH and T4. The influence 

of levothyroxine and thyroidectomy on deiodinase conversions must also be a priority in future 

research. Mediators of T3 such as targeted physiological systems, genetic predisposition, and 

signaling pathways are the most unknown concerning the metabolic consequences of thyroidectomy. 

Inflammatory markers, thyroid antibodies, and their potential effects on metabolism should also be 

considered. Overall, a patient-centered approach must be prioritized by physicians to properly treat 

and care for post-thyroidectomy patients for there is simply not one standard that could be applicable 

to all. 

Funding: This research received no external funding. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Huynh CN, Pearce JV, Kang L, Celi FS. Weight Gain After Thyroidectomy: A Systematic Review and Meta-

Analysis. J Clin Endocrinol Metab. 2021;106(1):282-291. doi:10.1210/clinem/dgaa754 

2. Dale J, Daykin J, Holder R, Sheppard MC, Franklyn JA. Weight gain following treatment of 

hyperthyroidism. Clin Endocrinol (Oxf). 2001;55(2):233-239. doi:10.1046/j.1365-2265.2001.01329.x 

3. Pears J, Jung RT, Gunn A. Long-term weight changes in treated hyperthyroid and hypothyroid patients. 

Scott Med J. 1990;35(6):180-182. doi:10.1177/003693309003500609 

4. Tigas S, Idiculla J, Beckett G, Toft A. Is excessive weight gain after ablative treatment of hyperthyroidism 

due to inadequate thyroid hormone therapy?. Thyroid. 2000;10(12):1107-1111. doi:10.1089/thy.2000.10.1107 

5. Jonklaas J, Nsouli-Maktabi H. Weight changes in euthyroid patients undergoing thyroidectomy. Thyroid. 

2011;21(12):1343-1351. doi:10.1089/thy.2011.0054 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2024                   doi:10.20944/preprints202408.1134.v1

https://doi.org/10.20944/preprints202408.1134.v1


 7 

 

6. Gullo D, Latina A, Frasca F, Le Moli R, Pellegriti G, Vigneri R. Levothyroxine monotherapy cannot 

guarantee euthyroidism in all athyreotic patients. PLoS One. 2011;6(8):e22552. 

doi:10.1371/journal.pone.0022552 

7. Ito M, Miyauchi A, Hisakado M, et al. Biochemical Markers Reflecting Thyroid Function in Athyreotic 

Patients on Levothyroxine Monotherapy. Thyroid. 2017;27(4):484-490. doi:10.1089/thy.2016.0426 

8. 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(4):1118-1125. 

doi:10.1210/jcem.82.4.3873 

9. Argatska A, Nonchev B. Weight Gain after Treatment of Thyroid Dysfunction and Thyroid Surgery. Folia 

Medica. 2021;63(6):834-838. doi:10.3897/folmed.63.e59851 

10. Polotsky HN, Brokhin M, Omry G, Polotsky AJ, Tuttle RM. Iatrogenic hyperthyroidism does not promote 

weight loss or prevent ageing-related increases in body mass in thyroid cancer survivors. Clin Endocrinol 

(Oxf). 2012;76(4):582-585. doi:10.1111/j.1365-2265.2011.04264.x 

11. Sinha R, Yen PM. Cellular Action of Thyroid Hormone. [Updated 2018 Jun 20]. In: Feingold KR, Anawalt 

B, Blackman MR, et al., editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000-. 

Available from: https://www.ncbi.nlm.nih.gov/books/NBK285568/ 

12. American Thyroid Association. Published January 2020. https://www.thyroid.org/wp-

content/uploads/publications/ctfp/volume13/issue1/ct_public_v131_5_6.pdf. 

13. UCLA Health. https://www.uclahealth.org/medical-services/surgery/endocrine-surgery/conditions-

treated/thyroid/tsh-thyrotropin-

test#:~:text=TSH%20normal%20values%20are%200.5,as%20guided%20by%20an%20endocrinologist. 

14. Sheehan MT. Biochemical Testing of the Thyroid: TSH is the Best and, Oftentimes, Only Test Needed - A 

Review for Primary Care. Clin Med Res. 2016;14(2):83-92. doi:10.3121/cmr.2016.1309 

15. Lewandowski K. Reference ranges for TSH and thyroid hormones. Thyroid Res. 2015;8(Suppl 1):A17. 

Published 2015 Jun 22. doi:10.1186/1756-6614-8-S1-A17 

16. Henze M, Brown SJ, Hadlow NC, Walsh JP. Rationalizing Thyroid Function Testing: Which TSH Cutoffs 

Are Optimal for Testing Free T4?. J Clin Endocrinol Metab. 2017;102(11):4235-4241. doi:10.1210/jc.2017-

01322 

17. Ettleson MD, Bianco AC. Individualized Therapy for Hypothyroidism: Is T4 Enough for Everyone?. J Clin 

Endocrinol Metab. 2020;105(9):e3090-e3104. doi:10.1210/clinem/dgaa430 

18. Pirahanchi Y, Toro F, Jialal I. Physiology, Thyroid Stimulating Hormone. [Updated 2023 May 1]. In: 

StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2024 Jan-. 

19. Brody, Tom. Nutritional Biochemistry; Academic Press: San Diego, CA, USA, 1998. 

20. Bianco, Antonio. Rethinking Hypothyroidism; The University of Chicago Press: Chicago, IL, USA, 2022; 

pp. 86-91. 

21. Maia AL, Goemann IM, Meyer EL, Wajner SM. Deiodinases: the balance of thyroid hormone: type 1 

iodothyronine deiodinase in human physiology and disease. J Endocrinol. 2011;209(3):283-297. 

doi:10.1530/JOE-10-0481 

22. Shahid MA, Ashraf MA, Sharma S. Physiology, Thyroid Hormone. [Updated 2023 Jun 5]. In: StatPearls 

[Internet]. Treasure Island (FL): StatPearls Publishing; 2024 Jan-. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK500006/ 

23. Pilo A, Iervasi G, Vitek F, Ferdeghini M, Cazzuola F, Bianchi R. Thyroidal and peripheral production of 

3,5,3’-triiodothyronine in humans by multicompartmental analysis. Am J Physiol. 1990;258(4 Pt 1):E715-

E726. doi:10.1152/ajpendo.1990.258.4.E715 

24. Saberi M, Sterling FH, Utiger RD. Reduction in extrathyroidal triiodothyronine production by 

propylthiouracil in man. J Clin Invest. 1975;55(2):218-223. doi:10.1172/JCI107924 

25. Werneck de Castro JP, Fonseca TL, Ueta CB, et al. Differences in hypothalamic type 2 deiodinase 

ubiquitination explain localized sensitivity to thyroxine. J Clin Invest. 2015;125(2):769-781. 

doi:10.1172/JCI77588 

26. Sagar GD, Gereben B, Callebaut I, et al. Ubiquitination-induced conformational change within the 

deiodinase dimer is a switch regulating enzyme activity. Mol Cell Biol. 2007;27(13):4774-4783. 

doi:10.1128/MCB.00283-07 

27. Gereben B, Goncalves C, Harney JW, Larsen PR, Bianco AC. Selective proteolysis of human type 2 

deiodinase: a novel ubiquitin-proteasomal mediated mechanism for regulation of hormone activation. Mol 

Endocrinol. 2000;14(11):1697-1708. doi:10.1210/mend.14.11.0558 

28. Abdalla SM, Bianco AC. Defending plasma T3 is a biological priority. Clin Endocrinol (Oxf). 2014;81(5):633-

641. doi:10.1111/cen.12538 

29. Gereben B, McAninch EA, Ribeiro MO, Bianco AC. Scope and limitations of iodothyronine deiodinases in 

hypothyroidism. Nat Rev Endocrinol. 2015;11(11):642-652. doi:10.1038/nrendo.2015.155 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2024                   doi:10.20944/preprints202408.1134.v1

https://www.uclahealth.org/medical-services/surgery/endocrine-surgery/conditions-treated/thyroid/tsh-thyrotropin-test#:~:text=TSH%20normal%20values%20are%200.5,as%20guided%20by%20an%20endocrinologist
https://www.uclahealth.org/medical-services/surgery/endocrine-surgery/conditions-treated/thyroid/tsh-thyrotropin-test#:~:text=TSH%20normal%20values%20are%200.5,as%20guided%20by%20an%20endocrinologist
https://www.uclahealth.org/medical-services/surgery/endocrine-surgery/conditions-treated/thyroid/tsh-thyrotropin-test#:~:text=TSH%20normal%20values%20are%200.5,as%20guided%20by%20an%20endocrinologist
https://www.ncbi.nlm.nih.gov/books/NBK500006/
https://doi.org/10.20944/preprints202408.1134.v1


 8 

 

30. Gullo D, Latina A, Frasca F, Le Moli R, Pellegriti G, Vigneri R. Levothyroxine monotherapy cannot 

guarantee euthyroidism in all athyreotic patients. PLoS One. 2011;6(8):e22552. 

doi:10.1371/journal.pone.0022552 

31. Jonklaas J, Davidson B, Bhagat S, Soldin SJ. Triiodothyronine levels in athyreotic individuals during 

levothyroxine therapy. JAMA. 2008;299(7):769-777. doi:10.1001/jama.299.7.769 

32. Ito M, Miyauchi A, Morita S, et al. TSH-suppressive doses of levothyroxine are required to achieve 

preoperative native serum triiodothyronine levels in patients who have undergone total thyroidectomy. 

Eur J Endocrinol. 2012;167(3):373-378. doi:10.1530/EJE-11-1029 

33. Samuels MH, Kolobova I, Smeraglio A, Peters D, Purnell JQ, Schuff KG. Effects of Levothyroxine 

Replacement or Suppressive Therapy on Energy Expenditure and Body Composition. Thyroid. 

2016;26(3):347-355. doi:10.1089/thy.2015.0345 

34. Escobar-Morreale HF, Obregón MJ, Escobar del Rey F, Morreale de Escobar G. Replacement therapy for 

hypothyroidism with thyroxine alone does not ensure euthyroidism in all tissues, as studied in 

thyroidectomized rats. J Clin Invest. 1995;96(6):2828-2838. doi:10.1172/JCI118353 

35. Grozovsky R, Ribich S, Rosene ML, et al. Type 2 deiodinase expression is induced by peroxisomal 

proliferator-activated receptor-gamma agonists in skeletal myocytes [published correction appears in 

Endocrinology. 2009 May;150(5):2499]. Endocrinology. 2009;150(4):1976-1983. doi:10.1210/en.2008-0938 

36. Paolino BS, Pomerantzeff PM, Dallan LAO, et al. Myocardial Inactivation of Thyroid Hormones in Patients 

with Aortic Stenosis. Thyroid. 2017;27(5):738-745. doi:10.1089/thy.2016.0514 

37. Anyetei-Anum CS, Roggero VR, Allison LA. Thyroid hormone receptor localization in target tissues. J 

Endocrinol. 2018;237(1):R19-R34. doi:10.1530/JOE-17-0708 

38. Peterson SJ, McAninch EA, Bianco AC. Is a Normal TSH Synonymous With “Euthyroidism” in 

Levothyroxine Monotherapy? [published correction appears in J Clin Endocrinol Metab. 2017 Apr 

1;102(4):1406. doi: 10.1210/jc.2017-00179]. J Clin Endocrinol Metab. 2016;101(12):4964-4973. 

doi:10.1210/jc.2016-2660 

39. Bianco AC, Taylor P. Levothyroxine treatment and cholesterol in hypothyroidism. Nat Rev Endocrinol. 

2020;16(4):193-194. doi:10.1038/s41574-020-0323-2 

40. Zavacki AM, Ying H, Christoffolete MA, et al. Type 1 iodothyronine deiodinase is a sensitive marker of 

peripheral thyroid status in the mouse. Endocrinology. 2005;146(3):1568-1575. doi:10.1210/en.2004-1392 

41. Lee YK, Lee H, Han S, et al. Association between Thyroid-Stimulating Hormone Level after Total 

Thyroidectomy and Hypercholesterolemia in Female Patients with Differentiated Thyroid Cancer: A 

Retrospective Study. J Clin Med. 2019;8(8):1106. Published 2019 Jul 25. doi:10.3390/jcm8081106 

42. Franklyn JA, Daykin J, Betteridge J, et al. Thyroxine replacement therapy and circulating lipid 

concentrations. Clin Endocrinol (Oxf). 1993;38(5):453-459. doi:10.1111/j.1365-2265.1993.tb00339.x 

43. Sinha R, Yen PM. Cellular Action of Thyroid Hormone. [Updated 2018 Jun 20]. In: Feingold KR, Anawalt 

B, Blackman MR, et al., editors. Endotext [Internet]. South Dartmouth (MA): MDText.com, Inc.; 2000-. 

Available from: https://www.ncbi.nlm.nih.gov/books/NBK285568/ 

44. Feng X, Jiang Y, Meltzer P, Yen PM. Thyroid hormone regulation of hepatic genes in vivo detected by 

complementary DNA microarray. Mol Endocrinol. 2000;14(7):947-955. doi:10.1210/mend.14.7.0470 

45. Flores-Morales A, Gullberg H, Fernandez L, et al. Patterns of liver gene expression governed by TRbeta. 

Mol Endocrinol. 2002;16(6):1257-1268. doi:10.1210/mend.16.6.0846 

46. de Oliveira M, Luvizotto Rde A, Olimpio RM, et al. Triiodothyronine increases mRNA and protein leptin 

levels in short time in 3T3-L1 adipocytes by PI3K pathway activation. PLoS One. 2013;8(9):e74856. 

Published 2013 Sep 18. doi:10.1371/journal.pone.0074856 

47. Yoshida T, Monkawa T, Hayashi M, Saruta T. Regulation of expression of leptin mRNA and secretion of 

leptin by thyroid hormone in 3T3-L1 adipocytes. Biochem Biophys Res Commun. 1997;232(3):822-826. 

doi:10.1006/bbrc.1997.6378 

48. Luvizotto RA, Conde SJ, Síbio MT, et al. Administration of physiologic levels of triiodothyronine increases 

leptin expression in calorie-restricted obese rats, but does not influence weight loss. Metabolism. 

2010;59(1):1-6. doi:10.1016/j.metabol.2009.06.017 

49. Luvizotto RA, Síbio MT, Olímpio RM, et al. Supraphysiological triiodothyronine doses diminish leptin and 

adiponectin gene expression, but do not alter resistin expression in calorie restricted obese rats. Horm 

Metab Res. 2011;43(7):452-457. doi:10.1055/s-0031-1277187 

50. Kim MS, Small CJ, Stanley SA, et al. The central melanocortin system affects the hypothalamo-pituitary 

thyroid axis and may mediate the effect of leptin. J Clin Invest. 2000;105(7):1005-1011. doi:10.1172/JCI8857 

51. Flier JS, Harris M, Hollenberg AN. Leptin, nutrition, and the thyroid: the why, the wherefore, and the 

wiring. J Clin Invest. 2000;105(7):859-861. doi:10.1172/JCI9725 

52. Shutter JR, Graham M, Kinsey AC, Scully S, Lüthy R, Stark KL. Hypothalamic expression of ART, a novel 

gene related to agouti, is up-regulated in obese and diabetic mutant mice. Genes Dev. 1997;11(5):593-602. 

doi:10.1101/gad.11.5.593 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2024                   doi:10.20944/preprints202408.1134.v1

https://www.ncbi.nlm.nih.gov/books/NBK285568/
https://doi.org/10.20944/preprints202408.1134.v1


 9 

 

53. Ollmann MM, Wilson BD, Yang YK, et al. Antagonism of central melanocortin receptors in vitro and in 

vivo by agouti-related protein [published correction appears in Science 1998 Sep 11;281(5383):1615]. Science. 

1997;278(5335):135-138. doi:10.1126/science.278.5335.135 

54. Mentuccia D, Proietti-Pannunzi L, Tanner K, et al. Association between a novel variant of the human type 

2 deiodinase gene Thr92Ala and insulin resistance: evidence of interaction with the Trp64Arg variant of 

the beta-3-adrenergic receptor. Diabetes. 2002;51(3):880-883. doi:10.2337/diabetes.51.3.880 

55. Jo S, Fonseca TL, Bocco BMLC, et al. Type 2 deiodinase polymorphism causes ER stress and 

hypothyroidism in the brain. J Clin Invest. 2019;129(1):230-245. doi:10.1172/JCI123176 

56. Fröhlich E, Wahl R. Thyroid Autoimmunity: Role of Anti-thyroid Antibodies in Thyroid and Extra-

Thyroidal Diseases. Front Immunol. 2017;8:521. Published 2017 May 9. doi:10.3389/fimmu.2017.00521 

57. Kohno Y, Yamaguchi F, Saito K, Niimi H, Nishikawa T, Hosoya T. Anti-thyroid peroxidase antibodies in 

sera from healthy subjects and from patients with chronic thyroiditis: differences in the ability to inhibit 

thyroid peroxidase activities. Clin Exp Immunol. 1991;85(3):459-463. doi:10.1111/j.1365-2249.1991.tb05749.x 

58. Li T, Geng H, Wang Y, Wu Z, Yang S, Hu YQ. Causal Association of Thyroid Signaling with C-Reactive 

Protein: A Bidirectional Mendelian Randomization. Comput Math Methods Med. 2022;2022:8954606. 

Published 2022 Aug 13. doi:10.1155/2022/8954606 

59. Aksoy DY, Cinar N, Harmanci A, et al. Serum resistin and high sensitive CRP levels in patients with 

subclinical hypothyroidism before and after L-thyroxine therapy. Med Sci Monit. 2013;19:210-215. 

Published 2013 Mar 22. doi:10.12659/MSM.883847 

60. Devaraj S, Singh U, Jialal I. Human C-reactive protein and the metabolic syndrome. Curr Opin Lipidol. 

2009;20(3):182-189. doi:10.1097/MOL.0b013e32832ac03e 

61. Unek IT, Bayraktar F, Solmaz D, et al. Enhanced levels of soluble CD40 ligand and C-reactive protein in a 

total of 312 patients with metabolic syndrome. Metabolism. 2010;59(3):305-313. 

doi:10.1016/j.metabol.2009.04.034 

62. Lear SA, Chen MM, Birmingham CL, Frohlich JJ. The relationship between simple anthropometric indices 

and C-reactive protein: ethnic and gender differences. Metabolism. 2003;52(12):1542-1546. 

doi:10.1016/j.metabol.2003.07.005 

63. Liu J, Duan Y, Fu J, Wang G. Association Between Thyroid Hormones, Thyroid Antibodies, and 

Cardiometabolic Factors in Non-Obese Individuals With Normal Thyroid Function. Front Endocrinol 

(Lausanne). 2018;9:130. Published 2018 Apr 5. doi:10.3389/fendo.2018.00130 

64. Sanjari, Mojgan & Ordooei, Marzieh & Amirkhosravi, Ladan & Naghibzadeh tahami, Ahmad & Nazemi, 

Sarir. (2024). The effect of positive thyroglobulin antibodies on the prognosis and treatment response in 

patients with papillary thyroid carcinoma. Heliyon. 10. e26092. 10.1016/j.heliyon.2024.e26092.  

65. Rubello D, Casara D, Girelli ME, Piccolo M, Busnardo B. Clinical meaning of circulating antithyroglobulin 

antibodies in differentiated thyroid cancer: a prospective study. J Nucl Med. 1992;33(8):1478-1480. 

66. Siemińska L, Wojciechowska C, Walczak K, et al. Associations between metabolic syndrome, serum 

thyrotropin, and thyroid antibodies status in postmenopausal women, and the role of interleukin-6. 

Endokrynol Pol. 2015;66(5):394-403. doi:10.5603/EP.2015.0049 

67. Zhang X, Li R, Chen Y, et al. The Role of Thyroid Hormones and Autoantibodies in Metabolic Dysfunction 

Associated Fatty Liver Disease: TgAb May Be a Potential Protective Factor. Front Endocrinol (Lausanne). 

2020;11:598836. Published 2020 Dec 8. doi:10.3389/fendo.2020.598836 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 August 2024                   doi:10.20944/preprints202408.1134.v1

https://doi.org/10.20944/preprints202408.1134.v1

