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Abstract

Thyroid hormone (TH) plays a critical role in maintaining metabolic homeostasis throughout life. It is 

well-known that the liver and the thyroid are intimately linked with TH playing important roles in de 

novo lipogenesis (DNL), beta-oxidation (FAO), cholesterol metabolism, and carbohydrate 

metabolism.  Indeed, patients with hypothyroidism have abnormal lipid panels with higher levels of 

low-density lipoprotein (LDL) levels, triglycerides (TAG), and apolipoprotein B levels. Even in 

euthyroid patients, lower serum free thyroxine levels are associated with higher total cholesterol 

levels, LDL, and TAG levels. In addition to abnormal serum lipids, the risk of non-alcoholic fatty 

liver disease (NAFLD) increases with lower free thyroxine levels. As free thyroxine rises, the risk of 

NAFLD is reduced. This has led to numerous animal studies and clinical trials investigating TH 

analogs, and TR agonists as potential therapies for NAFLD and hyperlipidemia.  Thus, TH plays an 

important role in maintaining hepatic homeostasis and this continues to be an important area of study. 

A review of TH action and TH actions on the liver will be presented here. 

Thyroid Hormone Signaling and Action
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The two main forms of TH are triiodothyronine (T3), the active form of TH, and tetraiodothyronine 

(T4), a prohormone activated by deiodinases at the cellular and circulatory level. Secretion of TH 

(primarily T4) from the thyroid gland is regulated by the thyrotrophs of the anterior pituitary, which 

secrete thyroid-stimulating hormone. The anterior pituitary is controlled by neurons in the 

hypothalamus which secrete thyrotropin-releasing hormone.  After TH is secreted from the thyroid, it 

is taken up by transporters on cell membranes and deiodinases within the cell specifically regulate the 

amount of T3 available to act intracellularly.(1, 2)

The actions of T3 are mediated by the thyroid hormone receptor (TR), which is primarily a nuclear 

receptor that acts as a T3-inducible transcription factor. There are two major isoforms of the TR, TR 

and TRß, and expression of TR isoforms is tissue-dependent. TR is the predominant receptor in 

bone and heart whereas TRß is the predominant receptor in liver and kidney. The TR forms a 

heterodimer with another nuclear receptor, the retinoid X receptor (RXR), and binds to thyroid 

hormone response elements (TREs) in regulatory regions of target genes.  Expression of target genes 

is regulated by TR’s recruitment of co-regulator proteins. Classically, in the absence of T3, the 

nuclear receptor corepressor 1 (NCoR1) and the silencing mediator of retinoid and thyroid hormone 

receptors (SMRT; NCoR2) are recruited by the TR/retinoid X receptor heterodimer to inhibit gene 

transcription via histone deacetylation by histone deacetylase 3 (HDAC3). In the presence of T3, co-

activators are recruited, while co-repressors are dismissed, and TH responsive gene expression 

occurs.(1) Figure 1.

There is evidence that response element independent TH signaling and action, termed noncanonical 

TH signaling, which is mediated by cytoplasmic TRs, or other proteins that bind TH or TRs, exists.(3) 

Noncanonical TH signaling was explored because of the rapid onset of some actions of TH are 

inconsistent with genomic actions.(4) Recent work suggests that canonical signaling is the primary 

mediator regulating the hypothalamic-pituitary-thyroid axis (via TRß) but that serum and liver TAG 

levels are influenced by noncanonical TH action.(5) 

The Role of Co-Activators and Co-Repressors in TH Signaling A
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Subunits of the corepressor complex include NCoR1, SMRT/NCoR2, and HDAC3.(6) In the presence 

of TH, TRs release the corepressor complex and recruit coactivator complexes. Coactivator 

complexes consist of the steroid receptor coactivator (SRC) family, CBP/p300 and other 

transcriptional activators. As a result of coactivator recruitment, histone acetylation and 

transcriptional activation occurs. These coregulators bind to multiple nuclear receptors including the 

TR, peroxisome proliferator-activated receptor, retinoic acid receptor. and liver X receptor integrating 

lipid homeostasis.(7) Importantly, the ratio between corepressors and coactivators recruited can be 

altered by their levels of expression. Thus, sensitivity to a set amount of T3 can be enhanced in the 

absence of corepressors. (8)

Embryonic knock-out (KO) of NCoR1, SMRT, HDAC3 and SRC-3 is lethal so hepatocyte-specific, 

loss-of-function models have been used and have led to critical insights into these proteins.(9-13) For 

example, the deletion of NCoR1 in hepatocytes leads to hepatosteatosis due to increased 

lipogenesis.(14, 15) And, while NCoR1 and SMRT are highly homologous modular proteins, they have 

distinct roles. For example, SMRT specifically targets RAR action.(15, 16) Additionally, in contrast to 

NCoR1, if SMRT is deleted globally in a post-natal fashion mice develop profound obesity.(17) 

The role of coregulators in TH action has been examined. Mice have been developed that express a 

hypomorphic NCoR1 allele (NCoR∆ID), which cannot interact with the TR.(8, 18) These mice develop 

normally but demonstrate enhanced TR target gene expression as compared to WT mice, consistent 

increased sensitivity to TH.(18) Genome wide human studies support the role of NCoR1 in mediating 

tissue sensitivity to TH with a recent large analysis showing that increased NCoR1 levels are 

associated with higher free T4 levels.(19) SRC-1-deficient mice have an altered set point of some TH 

responsive genes, consistent with the idea that the NCoR1/SRC-1 ratio controls sensitivity to TH.(20) 

Thus, the set-point of the HPT axis is determined by the balance of coactivators and corepressors. 

Cholesterol metabolism
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Since the 1930s it has been known that TH is one of the most significant regulators of serum 

cholesterol levels.(21) TH plays several roles in regulating hepatic cholesterol metabolism including 

synthesis, endocytosis via the LDL-receptor (LDL-R), and peripheral uptake and hepatic excretion via 

reverse cholesterol transport (RCT). Conflicting data exist with regards to TH status on TAG and 

HDL levels.

A. Biosynthesis 

3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase catalyzes the rate-limiting step in 

cholesterol biosynthesis, HMG-CoA to mevalonate.(22, 23) This enzyme is highly expressed in the liver 

and is the primary site of feedback regulation by cholesterol.(23-25) In addition to TH, estrogen, 

glucagon, insulin, and glucocorticoids have been shown to alter HMG-CoA reductase expression but 

it is thought TH  has the largest impact on HMG-CoA reductase.(23)

In rats, HMG-CoA reductase activity and cholesterogenesis increase beginning 30 hours after T3 

administration and peak within 48-72 hours.(26) HMG-CoA reductase protein and mRNA levels 

increase and mRNA is stabilized in the presence of T3.(22, 27) Despite the T3-mediated increase in 

HMG-CoA reductase activity, cholesterol levels drop.(28) No TRE sequences have been found 

upstream of the HMGR gene but several genes that promote HMG-CoA reductase expression are 

activated by T3, including upstream stimulatory factor-2 (Usf-2), sterol regulatory element binding 

protein 2 (Srebp2), and nuclear factor-y (NF-Y).(29)

B. LDL-R Mediated Endocytosis 

The hepatic LDL-R mediates endocytosis of LDL, removing LDL from circulation, lowering serum 

LDL levels. Transcription of LDL-R mRNA is under the control of SREBPs and SREBP2 is 

particularly important.(30-33) In animal studies, TH induces LDL-R gene expression. (28, 34, 35) This is 

thought to be from two mechanisms- direct regulation through TR recruitment to the LDL-R 
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promoter, where TREs are located and indirect by activation of Srebp2, which then activates the 

LDL-R.(36, 37)

TH administration rapidly lowers cholesterol levels and treating hypothyroidism lowers cholesterol 

levels in humans.(38) This is attributed to an increase in receptor-mediated LDL catabolism, consistent 

with aforementioned animal studies.(39) TH also lowers LDL levels through reducing proprotein 

convertase subtilisin/kexin type 9 (PCSK9) levels, which is seen with administration of the TH analog 

eprotirome, including in patients already on maximal statin therapy.(40, 41) Also, subclinical 

hypothyroidism is associated with higher levels of PCSK9.(42) 

C. Reverse Cholesterol Transport (RCT)

RCT is a critical process by which the body maintains cholesterol homeostasis. It is the transport of 

excess cholesterol in peripheral tissue by HDL to the liver for excretion as bile acids.(43) RCT is 

important because many cells and tissues cannot break down cholesterol and excess cholesterol is 

toxic to cells.(43) TH acts on both the peripheral tissue and the liver in many steps of this pathway.(44)

Peripherally, cholesterol efflux is in part mediated by adenosine triphosphate (ATP) binding cassette 

transporter ABCA1 to ApoA1, a lipid-poor apolipoprotein.(43) TH increases ApoA1 levels in HDL by 

stimulating hepatic lipase, facilitating cholesterol efflux.(35, 45, 46) Cholesteryl ester transfer protein 

(CEPT) is a transport protein that transfers neutral lipids between lipoproteins, playing a role in RCT 

and HDL metabolism. CEPT levels correlate with free T4 levels.(47)

Within the liver, TH induces cholesterol 7 alpha-hydroxylase (Cyp7A1), the rate-limiting enzyme 

converting cholesterol into bile acids. Rodent studies showed that T3 and TRß agonists induce 

Cyp7a1 and increase fecal excretion of bile acids.(35, 48) Although human data at first was mixed, later 

in vitro studies confirmed that in human hepatocytes, CYP7A1 is a direct TR target and T3 induces 

CYP7A1 in human liver cells.(49) Clinical trial data from patients treated with KB2115, a synthetic 

TRß agonist, showed a reduction in serum LDL and a dose-dependent increase in serum C4, a plasma A
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marker of cholesterol to bile acid conversion.(50)  Reductions in CYP7A1 activity are associated with 

higher levels of TC and LDL, translating to an increase risk of coronary artery disease in humans, 

supporting this enzymes clinical relevance.(51, 52)

The last step of RCT is excretion of bile acids, or cholesterol, into the bile.(43) This process is 

mediated by ATP-binding cassette transporters, subfamily G, member 5- ABCG5, and member 8- 

ABCG8.(53, 54) T3 treatment increases levels of Abcg5 and Abcg8 gene expression and increases biliary 

cholesterol excretion in mice. Mice lacking Abcg5 show no change in biliary cholesterol excretion 

with T3, highlighting the role of T3 and Abcg5 in RCT.(55)

Fatty acid β-oxidation Figure 2.

Fatty acid beta-oxidation (FAO) is the process by which long-chain fatty acids are oxidized for energy 

during times of energy depletion.(56, 57) Cytosolic lipases mediate the release of free fatty acids (FFA) 

from TAGs for FAO.(58) Hepatic lipase activity is reduced in hypothyroidism, which is reversed with 

TH treatment in animal and human studies.(59-61) TH stimulates hepatic lipophagy, increases the 

amount of lipid laden autophagosomes, where TAGs are broken down to FFAs, and is necessary for 

FFA delivery to mitochondria.(62, 63)

Mitochondria are known TH targets and play a key role in FAO via the electron transport chain and 

tricarboxylic acid (TCA) cycle.(63-65) Carnitine palmitoyltransferase-1α (Cpt1α) is the rate-limiting 

enzyme of FAO and TH stimulates Cpt1 transcription.(66) Indirectly, TH acts through Sirt1 and 

PPAR  to increase levels of Cpt1.(67-69) TH also induces mitochondrial enzymes required for FAO 

and oxidative phosphorylation including Mcad, Pdk4, Ucp2, Acot2 and Acox1.(70-73) Additionally, TH 

increases mitochondrial biogenesis and mitophagy via induction of the nuclear receptors PGC-1 and 

ERR to increase mitochondrial turnover and ensures mitochondrial quality control.(74) Induction of 

these nuclear receptors may be the primary mechanism driving mitochondrial activity.(74)

De novo lipogenesis A
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The process by which glucose is synthesized into fatty acids is called de novo lipogenesis. Fatty acids 

are then esterified to form TAGs and either packaged into very low-density lipoprotein (VLDL), 

stored as fat droplets, or used for synthesizing and repairing cellular parts. DNL is a tightly controlled 

metabolic process, active in the fed state and suppressed during fasting.(75) TH is an activator, both 

directly and indirectly, of DNL.

A. Direct mechanisms 

The first, committed step in hepatic fatty acid synthesis is the carboxylation of acetyl CoA to malonyl 

CoA, catalyzed by acetyl CoA carboxylase alpha (ACC).(64) T3 stimulates transcription of ACC and a 

TRE is present in one of the two ACC promoters.(76) T3 stimulation of ACC is enhanced by binding 

sterol regulatory element-binding protein-1c (SREBP1c), a key enzyme in lipogenesis.(77)

Fatty acid synthetase (Fasn) is a multifunctional enzyme that primarily catalyzes the formation of 

palmitate, a long-chain saturated fatty acid, from acetyl-CoA and malonyl-CoA.(78-80) Similar to ACC, 

Fasn expression is stimulated by T3 and a TRE has been localized to the Fasn promotor.(81-83)

TH-responsive Spot14 (Thrsp; also known as Spot14) is induced by TH and required for hepatic 

DNL.(84-87) There is a TRE in the Thrsp promoter in both rodent and human genes and Thrsp 

overexpression promotes TAG accumulation in liver further supporting direct effects of T3 on 

DNL.(88, 89)

B. Indirect mechanisms

NADPH, which is generated by malic enzyme (ME), provides energy for DNL. In chick embryo 

hepatocytes, T3 increases ME transcription.(90) TREs have been located in the ME promoter and T3 

activation of ME is distinct from ACC.(91, 92) In this way, TH helps provide the energy needed for 

DNL. A
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There are many transcription factors that work together to activate DNL. Carbohydrate responsive 

element binding protein (ChREBP) is one such factor that has a role in activating several lipogenic 

genes including FASN, ACC, and ATP citrate lyase (ACLY).(93) Both mouse and human ChREBP 

promoter activity is increased in the presence of T3 consistent with an increase in ChREBP gene 

expression and protein levels is seen with T3 administration.(94, 95) Recent work from our laboratory 

and others suggest that the TH-signaling system also regulates ChREBP levels. ChREBP is a potent 

lipogenic regulator and thus it remains very plausible that TH is able to augment lipogenesis 

indirectly via ChREBP.

SREBP-1c is one of the most important genes in DNL and it’s targets include lipogenic genes FASN, 

ACC, ACLY, and stearoyl-CoA desaturase-1 (SCD1).(96, 97) The data regarding how TH changes levels 

of SREBP1c remains mixed. In mice, Srebp-1c has been shown to be negatively regulated by T3.(98) In 

chick embryo hepatocytes, T3 treatment increases the amount of mature Srebp-1.(99) Hep G2 cells, 

which are human hepatocytes derived from hepatocellular carcinoma, increase SREBP-1 levels with 

T3 treatment.(100) Further studies are needed to clarify the exactly how TH might alter SREBP-1 

expression. 

TH and NAFLD

As free T4 levels drop, the risk of NAFLD increases across the spectrum of euthyroidism and 

hypothyroidism.(101) Conversely, NAFLD is associated with hypothyroidism.(102) TH, TH metabolites, 

TRß agonists and liver specific analogs have been studied as potential therapeutics for treating both 

serum dyslipidemias and as a potential therapy for NAFLD. T4, T3 and TH metabolites, including 

3,5-diiodo-L-thyronine (T2) and 3-iodothyronamine (T1AM), have been evaluated.(103-105) Many of 

the drugs have unwanted side-effects, however, resmetirom may be promising. Sinha et al. (2018) 

recently extensively reviewed this topic.(106) This remains an active area of study given the need to 

find effective treatment for NAFLD. The tables below serve as a brief overview of the most studied 

compounds. Table 1. Table 2. A
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TH and Carbohydrate Metabolism

Similar to lipid metabolism, the role TH plays in glucose homeostasis and insulin sensitivity is 

complex and mixed. Hyperthyroidism is associated with elevated levels of basal hepatic glucose 

production, increased levels of gluconeogenesis and glucose utilization. This is countered by TH 

actions on skeletal muscle, which increase glucose uptake peripherally.(107) Hypothyroidism is 

associated with suppressed levels of gluconeogenesis.(68) There is a positive correlation between 

plasma TH levels and hepatic glucose production in hyperthyroid patients, which resolves with 

treatment of hyperthyroidism.(108) This is in part due to induction of phosphoenolpyruvate 

carboxykinase (PEPCK), a key mediator of gluconeogenesis.(109) This data was reviewed by Mullur 

(2014) and Sinha and Singh et al. (2014).(68, 110) 

Summary

TH acts through multiple pathways in the liver to maintain hepatic homeostasis, often in contrasting 

ways. Despite activation of DNL and an increase in FA uptake, hepatic TAG levels remain stable 

after TH administration. This is due to the strong induction of FAO, mitophagy, and lipolysis. In 

terms of cholesterol metabolism, TH induces HMG-CoA reductase, facilitates LDL-R mediated 

endocytosis, and promotes cholesterol excretion as bile acids. TH analogs and TR agonists remain a 

promising area of research for the treatment of NAFLD, though unwanted side-effects have hampered 

development. TH also plays a role in hepatic gluconeogenesis and insulin sensitivity. Given this 

intimate link, it is clear that further focus on the physiology of TH action in the liver is required.

Figure 1: Gene Regulation by the TR and its co-regulators. In the absence of T3, gene expression 

is inhibited by the CoR complex. In the presence of T3, CoA’s are recruited, allowing gene 

expression to occur. 
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 Figure 2: DNL (dashed) and FAO (bold) and important enzymes responsive to TH. Substrate for 

DNL is FFA or glucose, which is metabolized to acetyl-CoA via the TCA cycle. Fasn, ACC, and 

Thrsp key enzymes controlling DNL. Cpt1α, Mcad, Ucp2, and Pdk4 are all involved in FAO and 

directly or indirectly acted on by TH.

REFERENCES 

1) Mendoza A, Hollenberg AN. New insights into thyroid hormone action. Pharmacol Ther 

2017;173:135-145.

2) Friesema EC, Visser WE, Visser TJ. Genetics and phenomics of thyroid hormone transport by 

MCT8. Mol Cell Endocrinol 2010;322:107-113.

3) Flamant F, Cheng SY, Hollenberg AN, Moeller LC, Samarut J, Wondisford FE, et al. Thyroid 

Hormone Signaling Pathways: Time for a More Precise Nomenclature. Endocrinology 

2017;158:2052-2057.

4) Sterling K, Brenner MA, Sakurada T. Rapid effect of triiodothyronine on the mitochondrial 

pathway in rat liver in vivo. Science 1980;210:340-342.

5) Hones GS, Rakov H, Logan J, Liao XH, Werbenko E, Pollard AS, et al. Noncanonical thyroid 

hormone signaling mediates cardiometabolic effects in vivo. Proc Natl Acad Sci U S A 

2017;114:E11323-E11332.

6) Oberoi J, Fairall L, Watson PJ, Yang JC, Czimmerer Z, Kampmann T, et al. Structural basis for the 

assembly of the SMRT/NCoR core transcriptional repression machinery. Nat Struct Mol Biol 

2011;18:177-184.

7) Kidani Y, Bensinger SJ. Liver X receptor and peroxisome proliferator-activated receptor as 

integrators of lipid homeostasis and immunity. Immunol Rev 2012;249:72-83.

8) Astapova I, Vella KR, Ramadoss P, Holtz KA, Rodwin BA, Liao XH, et al. The nuclear receptor 

corepressor (NCoR) controls thyroid hormone sensitivity and the set point of the hypothalamic-

pituitary-thyroid axis. Mol Endocrinol 2011;25:212-224.

9) Jepsen K, Hermanson O, Onami TM, Gleiberman AS, Lunyak V, McEvilly RJ, et al. 

Combinatorial roles of the nuclear receptor corepressor in transcription and development. Cell 

2000;102:753-763.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

10) Jepsen K, Solum D, Zhou T, McEvilly RJ, Kim HJ, Glass CK, et al. SMRT-mediated repression 

of an H3K27 demethylase in progression from neural stem cell to neuron. Nature 2007;450:415-419.

11) Bhaskara S, Chyla BJ, Amann JM, Knutson SK, Cortez D, Sun ZW, et al. Deletion of histone 

deacetylase 3 reveals critical roles in S phase progression and DNA damage control. Mol Cell 

2008;30:61-72.

12) Xu J, Liao L, Ning G, Yoshida-Komiya H, Deng C, O'Malley BW. The steroid receptor 

coactivator SRC-3 (p/CIP/RAC3/AIB1/ACTR/TRAM-1) is required for normal growth, puberty, 

female reproductive function, and mammary gland development. Proc Natl Acad Sci U S A 

2000;97:6379-6384.

13) Liang N, Jakobsson T, Fan R, Treuter E. The Nuclear Receptor-Co-repressor Complex in Control 

of Liver Metabolism and Disease. Front Endocrinol (Lausanne) 2019;10:411.

14) Sun Z, Feng D, Fang B, Mullican SE, You SH, Lim HW, et al. Deacetylase-independent function 

of HDAC3 in transcription and metabolism requires nuclear receptor corepressor. Mol Cell 

2013;52:769-782.

15) Shimizu H, Astapova I, Ye F, Bilban M, Cohen RN, Hollenberg AN. NCoR1 and SMRT play 

unique roles in thyroid hormone action in vivo. Mol Cell Biol 2015;35:555-565.

16) Hu X, Lazar MA. The CoRNR motif controls the recruitment of corepressors by nuclear hormone 

receptors. Nature 1999;402:93-96.

17) Shimizu H, Lu Y, Vella KR, Damilano F, Astapova I, Amano I, et al. Nuclear corepressor SMRT 

is a strong regulator of body weight independently of its ability to regulate thyroid hormone action. 

PLoS One 2019;14:e0220717.

18) Astapova I, Lee LJ, Morales C, Tauber S, Bilban M, Hollenberg AN. The nuclear corepressor, 

NCoR, regulates thyroid hormone action in vivo. Proc Natl Acad Sci U S A 2008;105:19544-19549.

19) Teumer A, Chaker L, Groeneweg S, Li Y, Di Munno C, Barbieri C, et al. Genome-wide analyses 

identify a role for SLC17A4 and AADAT in thyroid hormone regulation. Nat Commun 2018;9:4455.

20) Takeuchi Y, Murata Y, Sadow P, Hayashi Y, Seo H, Xu J, et al. Steroid receptor coactivator-1 

deficiency causes variable alterations in the modulation of T(3)-regulated transcription of genes in 

vivo. Endocrinology 2002;143:1346-1352.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

21) Mason RL, Hunt, H. M., Hurxthal, L. . Blood Cholesterol Values in Hyperthyroidism and 

Hypothyroidism - Their Significance N Engl J Med 1930;203:1273-1278.

22) Sample CE, Pendleton LC, Ness GC. Regulation of 3-hydroxy-3-methylglutaryl coenzyme A 

reductase mRNA levels by L-triiodothyronine. Biochemistry 1987;26:727-731.

23) Ness GC, Chambers CM. Feedback and hormonal regulation of hepatic 3-hydroxy-3-

methylglutaryl coenzyme A reductase: the concept of cholesterol buffering capacity. Proc Soc Exp 

Biol Med 2000;224:8-19.

24) Andersen JM, Turley SD, Dietschy JM. Relative rates of sterol synthesis in the liver and various 

extrahepatic tissues of normal and cholesterol-fed rabbits. Relationship to plasma lipoprotein and 

tissue cholesterol levels. Biochim Biophys Acta 1982;711:421-430.

25) Dietschy JM, Turley SD, Spady DK. Role of liver in the maintenance of cholesterol and low 

density lipoprotein homeostasis in different animal species, including humans. J Lipid Res 

1993;34:1637-1659.

26) Ness GC, Dugan RE, Lakshmanan MR, Nepokroeff CM, Porter JW. Stimulation of hepatic beta-

hydroxy-beta-methylglutaryl coenzyme A reductase activity in hypophysectomized rats by L-

triiodothyronine. Proc Natl Acad Sci U S A 1973;70:3839-3842.

27) Simonet WS, Ness GC. Transcriptional and posttranscriptional regulation of rat hepatic 3-

hydroxy-3-methylglutaryl-coenzyme A reductase by thyroid hormones. J Biol Chem 1988;263:12448-

12453.

28) Ness GC, Lopez D, Chambers CM, Newsome WP, Cornelius P, Long CA, et al. Effects of L-

triiodothyronine and the thyromimetic L-94901 on serum lipoprotein levels and hepatic low-density 

lipoprotein receptor, 3-hydroxy-3-methylglutaryl coenzyme A reductase, and apo A-I gene 

expression. Biochem Pharmacol 1998;56:121-129.

29) Boone LR, Niesen MI, Jaroszeski M, Ness GC. In vivo identification of promoter elements and 

transcription factors mediating activation of hepatic HMG-CoA reductase by T3. Biochem Biophys 

Res Commun 2009;385:466-471.

30) Ericsson J, Jackson SM, Lee BC, Edwards PA. Sterol regulatory element binding protein binds to 

a cis element in the promoter of the farnesyl diphosphate synthase gene. Proc Natl Acad Sci U S A 

1996;93:945-950.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

31) Hua X, Yokoyama C, Wu J, Briggs MR, Brown MS, Goldstein JL, et al. SREBP-2, a second 

basic-helix-loop-helix-leucine zipper protein that stimulates transcription by binding to a sterol 

regulatory element. Proc Natl Acad Sci U S A 1993;90:11603-11607.

32) Shimano H. Sterol regulatory element-binding proteins (SREBPs): transcriptional regulators of 

lipid synthetic genes. Prog Lipid Res 2001;40:439-452.

33) Magana MM, Osborne TF. Two tandem binding sites for sterol regulatory element binding 

proteins are required for sterol regulation of fatty-acid synthase promoter. J Biol Chem 

1996;271:32689-32694.

34) Ness GC, Zhao Z. Thyroid hormone rapidly induces hepatic LDL receptor mRNA levels in 

hypophysectomized rats. Arch Biochem Biophys 1994;315:199-202.

35) Ness GC, Pendleton LC, Li YC, Chiang JY. Effect of thyroid hormone on hepatic cholesterol 7 

alpha hydroxylase, LDL receptor, HMG-CoA reductase, farnesyl pyrophosphate synthetase and 

apolipoprotein A-I mRNA levels in hypophysectomized rats. Biochem Biophys Res Commun 

1990;172:1150-1156.

36) Shin DJ, Osborne TF. Thyroid hormone regulation and cholesterol metabolism are connected 

through Sterol Regulatory Element-Binding Protein-2 (SREBP-2). J Biol Chem 2003;278:34114-

34118.

37) Lopez D, Abisambra Socarras JF, Bedi M, Ness GC. Activation of the hepatic LDL receptor 

promoter by thyroid hormone. Biochim Biophys Acta 2007;1771:1216-1225.

38) O'Brien T, Dinneen SF, O'Brien PC, Palumbo PJ. Hyperlipidemia in patients with primary and 

secondary hypothyroidism. Mayo Clin Proc 1993;68:860-866.

39) Thompson GR, Soutar AK, Spengel FA, Jadhav A, Gavigan SJ, Myant NB. Defects of receptor-

mediated low density lipoprotein catabolism in homozygous familial hypercholesterolemia and 

hypothyroidism in vivo. Proc Natl Acad Sci U S A 1981;78:2591-2595.

40) Bonde Y, Breuer O, Lutjohann D, Sjoberg S, Angelin B, Rudling M. Thyroid hormone reduces 

PCSK9 and stimulates bile acid synthesis in humans. J Lipid Res 2014;55:2408-2415.

41) Ladenson PW, Kristensen JD, Ridgway EC, Olsson AG, Carlsson B, Klein I, et al. Use of the 

thyroid hormone analogue eprotirome in statin-treated dyslipidemia. N Engl J Med 2010;362:906-

916.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

42) Fazaeli M, Khoshdel A, Shafiepour M, Rohban M. The influence of subclinical hypothyroidism 

on serum lipid profile, PCSK9 levels and CD36 expression on monocytes. Diabetes Metab Syndr 

2019;13:312-316.

43) Rader DJ, Alexander ET, Weibel GL, Billheimer J, Rothblat GH. The role of reverse cholesterol 

transport in animals and humans and relationship to atherosclerosis. J Lipid Res 2009;50 Suppl:S189-

194.

44) Sinha RA, Bruinstroop E, Singh BK, Yen PM. Nonalcoholic Fatty Liver Disease and 

Hypercholesterolemia: Roles of Thyroid Hormones, Metabolites, and Agonists. Thyroid 

2019;29:1173-1191.

45) Tan KC, Shiu SW, Kung AW. Effect of thyroid dysfunction on high-density lipoprotein 

subfraction metabolism: roles of hepatic lipase and cholesteryl ester transfer protein. J Clin 

Endocrinol Metab 1998;83:2921-2924.

46) Mooradian AD, Wong NC, Shah GN. Age-related changes in the responsiveness of 

apolipoprotein A1 to thyroid hormone. Am J Physiol 1996;271:R1602-1607.

47) Tan KC, Shiu SW, Kung AW. Plasma cholesteryl ester transfer protein activity in hyper- and 

hypothyroidism. J Clin Endocrinol Metab 1998;83:140-143.

48) Johansson L, Rudling M, Scanlan TS, Lundasen T, Webb P, Baxter J, et al. Selective thyroid 

receptor modulation by GC-1 reduces serum lipids and stimulates steps of reverse cholesterol 

transport in euthyroid mice. Proc Natl Acad Sci U S A 2005;102:10297-10302.

49) Lammel Lindemann JA, Angajala A, Engler DA, Webb P, Ayers SD. Thyroid hormone induction 

of human cholesterol 7 alpha-hydroxylase (Cyp7a1) in vitro. Mol Cell Endocrinol 2014;388:32-40.

50) Berkenstam A, Kristensen J, Mellstrom K, Carlsson B, Malm J, Rehnmark S, et al. The thyroid 

hormone mimetic compound KB2115 lowers plasma LDL cholesterol and stimulates bile acid 

synthesis without cardiac effects in humans. Proc Natl Acad Sci U S A 2008;105:663-667.

51) Cai Q, Wang ZQ, Cai Q, Li C, Chen EZ, Jiang ZY. Relationship between CYP7A1 -204A>C 

polymorphism with gallbladder stone disease and serum lipid levels: a meta-analysis. Lipids Health 

Dis 2014;13:126.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

52) Iwanicki T, Balcerzyk A, Niemiec P, Nowak T, Ochalska-Tyka A, Krauze J, et al. CYP7A1 gene 

polymorphism located in the 5' upstream region modifies the risk of coronary artery disease. Dis 

Markers 2015;2015:185969.

53) Graf GA, Yu L, Li WP, Gerard R, Tuma PL, Cohen JC, et al. ABCG5 and ABCG8 are obligate 

heterodimers for protein trafficking and biliary cholesterol excretion. J Biol Chem 2003;278:48275-

48282.

54) Yu L, Gupta S, Xu F, Liverman AD, Moschetta A, Mangelsdorf DJ, et al. Expression of ABCG5 

and ABCG8 is required for regulation of biliary cholesterol secretion. J Biol Chem 2005;280:8742-

8747.

55) Bonde Y, Plosch T, Kuipers F, Angelin B, Rudling M. Stimulation of murine biliary cholesterol 

secretion by thyroid hormone is dependent on a functional ABCG5/G8 complex. Hepatology 

2012;56:1828-1837.

56) Eaton S, Bartlett K, Pourfarzam M. Mammalian mitochondrial beta-oxidation. Biochem J 

1996;320 ( Pt 2):345-357.

57) Felig P, Wahren J. Fuel homeostasis in exercise. N Engl J Med 1975;293:1078-1084.

58) Pirahanchi Y, Sharma S: Biochemistry, Lipase. In: StatPearls. Treasure Island (FL), 2020.

59) Kihara S, Wolle J, Ehnholm C, Chan L, Oka K. Regulation of hepatic triglyceride lipase by 

thyroid hormone in HepG2 cells. J Lipid Res 1993;34:961-970.

60) Valdemarsson S, Hansson P, Hedner P, Nilsson-Ehle P. Relations between thyroid function, 

hepatic and lipoprotein lipase activities, and plasma lipoprotein concentrations. Acta Endocrinol 

(Copenh) 1983;104:50-56.

61) Brenta G, Berg G, Miksztowicz V, Lopez G, Lucero D, Faingold C, et al. Atherogenic 

Lipoproteins in Subclinical Hypothyroidism and Their Relationship with Hepatic Lipase Activity: 

Response to Replacement Treatment with Levothyroxine. Thyroid 2016;26:365-372.

62) Cingolani F, Czaja MJ. Regulation and Functions of Autophagic Lipolysis. Trends Endocrinol 

Metab 2016;27:696-705.

63) Sinha RA, You SH, Zhou J, Siddique MM, Bay BH, Zhu X, et al. Thyroid hormone stimulates 

hepatic lipid catabolism via activation of autophagy. J Clin Invest 2012;122:2428-2438.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

64) Berg JM, Tymoczko JL, Stryer L, Stryer L. Biochemistry. 5th ed. New York: W.H. Freeman, 

2002.

65) Harper ME, Seifert EL. Thyroid hormone effects on mitochondrial energetics. Thyroid 

2008;18:145-156.

66) Jackson-Hayes L, Song S, Lavrentyev EN, Jansen MS, Hillgartner FB, Tian L, et al. A thyroid 

hormone response unit formed between the promoter and first intron of the carnitine 

palmitoyltransferase-Ialpha gene mediates the liver-specific induction by thyroid hormone. J Biol 

Chem 2003;278:7964-7972.

67) Thakran S, Sharma P, Attia RR, Hori RT, Deng X, Elam MB, et al. Role of sirtuin 1 in the 

regulation of hepatic gene expression by thyroid hormone. J Biol Chem 2013;288:807-818.

68) Mullur R, Liu YY, Brent GA. Thyroid hormone regulation of metabolism. Physiol Rev 

2014;94:355-382.

69) Mynatt RL, Park EA, Thorngate FE, Das HK, Cook GA. Changes in carnitine 

palmitoyltransferase-I mRNA abundance produced by hyperthyroidism and hypothyroidism parallel 

changes in activity. Biochem Biophys Res Commun 1994;201:932-937.

70) Djouadi F, Riveau B, Merlet-Benichou C, Bastin J. Tissue-specific regulation of medium-chain 

acyl-CoA dehydrogenase gene by thyroid hormones in the developing rat. Biochem J 1997;324 ( Pt 

1):289-294.

71) Holness MJ, Bulmer K, Smith ND, Sugden MC. Investigation of potential mechanisms regulating 

protein expression of hepatic pyruvate dehydrogenase kinase isoforms 2 and 4 by fatty acids and 

thyroid hormone. Biochem J 2003;369:687-695.

72) Jekabsons MB, Gregoire FM, Schonfeld-Warden NA, Warden CH, Horwitz BA. T(3) stimulates 

resting metabolism and UCP-2 and UCP-3 mRNA but not nonphosphorylating mitochondrial 

respiration in mice. Am J Physiol 1999;277:E380-389.

73) Videla LA, Fernandez V, Cornejo P, Vargas R, Morales P, Ceballo J, et al. T(3)-induced liver 

AMP-activated protein kinase signaling: redox dependency and upregulation of downstream targets. 

World J Gastroenterol 2014;20:17416-17425.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

74) Singh BK, Sinha RA, Tripathi M, Mendoza A, Ohba K, Sy JAC, et al. Thyroid hormone receptor 

and ERRalpha coordinately regulate mitochondrial fission, mitophagy, biogenesis, and function. Sci 

Signal 2018;11.

75) Wang Y, Viscarra J, Kim SJ, Sul HS. Transcriptional regulation of hepatic lipogenesis. Nat Rev 

Mol Cell Biol 2015;16:678-689.

76) Zhang Y, Yin L, Hillgartner FB. Thyroid hormone stimulates acetyl-coA carboxylase-alpha 

transcription in hepatocytes by modulating the composition of nuclear receptor complexes bound to a 

thyroid hormone response element. J Biol Chem 2001;276:974-983.

77) Yin L, Zhang Y, Hillgartner FB. Sterol regulatory element-binding protein-1 interacts with the 

nuclear thyroid hormone receptor to enhance acetyl-CoA carboxylase-alpha transcription in 

hepatocytes. J Biol Chem 2002;277:19554-19565.

78) Jayakumar A, Tai MH, Huang WY, al-Feel W, Hsu M, Abu-Elheiga L, et al. Human fatty acid 

synthase: properties and molecular cloning. Proc Natl Acad Sci U S A 1995;92:8695-8699.

79) Smith S, Witkowski A, Joshi AK. Structural and functional organization of the animal fatty acid 

synthase. Prog Lipid Res 2003;42:289-317.

80) Stoops JK, Arslanian MJ, Oh YH, Aune KC, Vanaman TC, Wakil SJ. Presence of two 

polypeptide chains comprising fatty acid synthetase. Proc Natl Acad Sci U S A 1975;72:1940-1944.

81) Stapleton SR, Mitchell DA, Salati LM, Goodridge AG. Triiodothyronine stimulates transcription 

of the fatty acid synthase gene in chick embryo hepatocytes in culture. Insulin and insulin-like growth 

factor amplify that effect. J Biol Chem 1990;265:18442-18446.

82) Radenne A, Akpa M, Martel C, Sawadogo S, Mauvoisin D, Mounier C. Hepatic regulation of 

fatty acid synthase by insulin and T3: evidence for T3 genomic and nongenomic actions. Am J 

Physiol Endocrinol Metab 2008;295:E884-894.

83) Xiong S, Chirala SS, Hsu MH, Wakil SJ. Identification of thyroid hormone response elements in 

the human fatty acid synthase promoter. Proc Natl Acad Sci U S A 1998;95:12260-12265.

84) Oppenheimer JH, Kinlaw WB, Wong NC, Schwartz HL, Mariash CN. Regulation of gene S-14 by 

triiodothyronine in liver. Horm Metab Res Suppl 1987;17:1-5.

85) Seelig S, Liaw C, Towle HC, Oppenheimer JH. Thyroid hormone attenuates and augments 

hepatic gene expression at a pretranslational level. Proc Natl Acad Sci U S A 1981;78:4733-4737.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

86) Kinlaw WB, Church JL, Harmon J, Mariash CN. Direct evidence for a role of the "spot 14" 

protein in the regulation of lipid synthesis. J Biol Chem 1995;270:16615-16618.

87) Chou WY, Cheng YS, Ho CL, Liu ST, Liu PY, Kuo CC, et al. Human spot 14 protein interacts 

physically and functionally with the thyroid receptor. Biochem Biophys Res Commun 2007;357:133-

138.

88) Campbell MC, Anderson GW, Mariash CN. Human spot 14 glucose and thyroid hormone 

response: characterization and thyroid hormone response element identification. Endocrinology 

2003;144:5242-5248.

89) Wu J, Wang C, Li S, Li S, Wang W, Li J, et al. Thyroid hormone-responsive SPOT 14 homolog 

promotes hepatic lipogenesis, and its expression is regulated by liver X receptor alpha through a sterol 

regulatory element-binding protein 1c-dependent mechanism in mice. Hepatology 2013;58:617-628.

90) Salati LM, Ma XJ, McCormick CC, Stapleton SR, Goodridge AG. Triiodothyronine stimulates 

and cyclic AMP inhibits transcription of the gene for malic enzyme in chick embryo hepatocytes in 

culture. J Biol Chem 1991;266:4010-4016.

91) Hodnett DW, Fantozzi DA, Thurmond DC, Klautky SA, MacPhee KG, Estrem ST, et al. The 

chicken malic enzyme gene: structural organization and identification of triiodothyronine response 

elements in the 5'-flanking DNA. Arch Biochem Biophys 1996;334:309-324.

92) Yin L, Wang Y, Dridi S, Vinson C, Hillgartner FB. Role of CCAAT/enhancer-binding protein, 

histone acetylation, and coactivator recruitment in the regulation of malic enzyme transcription by 

thyroid hormone. Mol Cell Endocrinol 2005;245:43-52.

93) Dentin R, Girard J, Postic C. Carbohydrate responsive element binding protein (ChREBP) and 

sterol regulatory element binding protein-1c (SREBP-1c): two key regulators of glucose metabolism 

and lipid synthesis in liver. Biochimie 2005;87:81-86.

94) Hashimoto K, Ishida E, Matsumoto S, Okada S, Yamada M, Satoh T, et al. Carbohydrate 

response element binding protein gene expression is positively regulated by thyroid hormone. 

Endocrinology 2009;150:3417-3424.

95) Gauthier K, Billon C, Bissler M, Beylot M, Lobaccaro JM, Vanacker JM, et al. Thyroid hormone 

receptor beta (TRbeta) and liver X receptor (LXR) regulate carbohydrate-response element-binding 

protein (ChREBP) expression in a tissue-selective manner. J Biol Chem 2010;285:28156-28163.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

96) Amemiya-Kudo M, Shimano H, Yoshikawa T, Yahagi N, Hasty AH, Okazaki H, et al. Promoter 

analysis of the mouse sterol regulatory element-binding protein-1c gene. J Biol Chem 

2000;275:31078-31085.

97) Horton JD, Goldstein JL, Brown MS. SREBPs: activators of the complete program of cholesterol 

and fatty acid synthesis in the liver. J Clin Invest 2002;109:1125-1131.

98) Hashimoto K, Yamada M, Matsumoto S, Monden T, Satoh T, Mori M. Mouse sterol response 

element binding protein-1c gene expression is negatively regulated by thyroid hormone. 

Endocrinology 2006;147:4292-4302.

99) Zhang Y, Yin L, Hillgartner FB. SREBP-1 integrates the actions of thyroid hormone, insulin, 

cAMP, and medium-chain fatty acids on ACCalpha transcription in hepatocytes. J Lipid Res 

2003;44:356-368.

100) Gnoni GV, Rochira A, Leone A, Damiano F, Marsigliante S, Siculella L. 3,5,3'triiodo-L-

thyronine induces SREBP-1 expression by non-genomic actions in human HEP G2 cells. J Cell 

Physiol 2012;227:2388-2397.

101) Mantovani A, Nascimbeni F, Lonardo A, Zoppini G, Bonora E, Mantzoros CS, et al. Association 

Between Primary Hypothyroidism and Nonalcoholic Fatty Liver Disease: A Systematic Review and 

Meta-Analysis. Thyroid 2018;28:1270-1284.

102) Guo Z, Li M, Han B, Qi X. Association of non-alcoholic fatty liver disease with thyroid 

function: A systematic review and meta-analysis. Dig Liver Dis 2018;50:1153-1162.

103) Perra A, Simbula G, Simbula M, Pibiri M, Kowalik MA, Sulas P, et al. Thyroid hormone (T3) 

and TRbeta agonist GC-1 inhibit/reverse nonalcoholic fatty liver in rats. FASEB J 2008;22:2981-

2989.

104) Iannucci LF, Cioffi F, Senese R, Goglia F, Lanni A, Yen PM, et al. Metabolomic analysis shows 

differential hepatic effects of T2 and T3 in rats after short-term feeding with high fat diet. Sci Rep 

2017;7:2023.

105) Assadi-Porter FM, Reiland H, Sabatini M, Lorenzini L, Carnicelli V, Rogowski M, et al. 

Metabolic Reprogramming by 3-Iodothyronamine (T1AM): A New Perspective to Reverse Obesity 

through Co-Regulation of Sirtuin 4 and 6 Expression. Int J Mol Sci 2018;19.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

106) Sinha RA, Singh BK, Yen PM. Direct effects of thyroid hormones on hepatic lipid metabolism. 

Nat Rev Endocrinol 2018;14:259-269.

107) Dimitriadis GD, Raptis SA. Thyroid hormone excess and glucose intolerance. Exp Clin 

Endocrinol Diabetes 2001;109 Suppl 2:S225-239.

108) Cavallo-Perin P, Bruno A, Boine L, Cassader M, Lenti G, Pagano G. Insulin resistance in 

Graves' disease: a quantitative in-vivo evaluation. Eur J Clin Invest 1988;18:607-613.

109) Park EA, Song S, Vinson C, Roesler WJ. Role of CCAAT enhancer-binding protein beta in the 

thyroid hormone and cAMP induction of phosphoenolpyruvate carboxykinase gene transcription. J 

Biol Chem 1999;274:211-217.

110) Sinha RA, Singh BK, Yen PM. Thyroid hormone regulation of hepatic lipid and carbohydrate 

metabolism. Trends Endocrinol Metab 2014;25:538-545.

111) Harrison SA, Bashir MR, Guy CD, Zhou R, Moylan CA, Frias JP, et al. Resmetirom (MGL-

3196) for the treatment of non-alcoholic steatohepatitis: a multicentre, randomised, double-blind, 

placebo-controlled, phase 2 trial. Lancet 2019;394:2012-2024.

112) Taub R, Chiang E, Chabot-Blanchet M, Kelly MJ, Reeves RA, Guertin MC, et al. Lipid 

lowering in healthy volunteers treated with multiple doses of MGL-3196, a liver-targeted thyroid 

hormone receptor-beta agonist. Atherosclerosis 2013;230:373-380.

113) Angelin B, Kristensen JD, Eriksson M, Carlsson B, Klein I, Olsson AG, et al. Reductions in 

serum levels of LDL cholesterol, apolipoprotein B, triglycerides and lipoprotein(a) in 

hypercholesterolaemic patients treated with the liver-selective thyroid hormone receptor agonist 

eprotirome. J Intern Med 2015;277:331-342.

114) Sjouke B, Langslet G, Ceska R, Nicholls SJ, Nissen SE, Ohlander M, et al. Eprotirome in 

patients with familial hypercholesterolaemia (the AKKA trial): a randomised, double-blind, placebo-

controlled phase 3 study. Lancet Diabetes Endocrinol 2014;2:455-463.

115) Loomba R, Neutel J, Mohseni R, Bernard D, Severance R, Dao M, et al. LBP-20-VK2809, a 

Novel Liver-Directed Thyroid Receptor Beta Agonist, Significantly Reduces Liver Fat with Both 

Low and High Doses in Patients with Non-Alcoholic Fatty Liver Disease: A Phase 2 Randomized, 

Placebo-Controlled Trial. J Hepatol 2019;70:e150-e151.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

116) Lian B, Hanley R, Schoenfeld S. A Phase 1 Randomized, Double-Blind, Placebo-Controlled 

Multiple Ascending Dose Study to Evaluate Safety, Tolerability, and Pharmacokinetics of the Liver-

Selective TR-Beta Agonist VK2809(MB07811) in Hypercholesterolemic Subjects. JACC. 2016;67;13 

Supplement:1932.

117) Bruinstroop E, Dalan R, Cao Y, Bee YM, Chandran K, Cho LW, et al. Low-Dose Levothyroxine 

Reduces Intrahepatic Lipid Content in Patients With Type 2 Diabetes Mellitus and NAFLD. J Clin 

Endocrinol Metab 2018;103:2698-2706.

118) Liu L, Yu Y, Zhao M, Zheng D, Zhang X, Guan Q, et al. Benefits of Levothyroxine 

Replacement Therapy on Nonalcoholic Fatty Liver Disease in Subclinical Hypothyroidism Patients. 

Int J Endocrinol 2017;2017:5753039.

119) Brenta G, Schnitman M, Fretes O, Facco E, Gurfinkel M, Damilano S, et al. Comparative 

efficacy and side effects of the treatment of euthyroid goiter with levo-thyroxine or triiodothyroacetic 

acid. J Clin Endocrinol Metab 2003;88:5287-5292.

120) Sherman SI, Ringel MD, Smith MJ, Kopelen HA, Zoghbi WA, Ladenson PW. Augmented 

hepatic and skeletal thyromimetic effects of tiratricol in comparison with levothyroxine. J Clin 

Endocrinol Metab 1997;82:2153-2158.

121) Mollica MP, Lionetti L, Moreno M, Lombardi A, De Lange P, Antonelli A, et al. 3,5-diiodo-l-

thyronine, by modulating mitochondrial functions, reverses hepatic fat accumulation in rats fed a 

high-fat diet. J Hepatol 2009;51:363-370.

Author names in bold designate shared co-first authorship

A
cc

ep
te

d 
A

rt
ic

le



Table 1: TR agonists that have been studied for use in the treatment of serum lipid disorders and NAFLD. Specifically targeting 

TRß by selecting drugs with higher TRß affinity has been a common strategy to target TH signaling in the liver. 

MGL-3196 (Resmetirom) - TR-selective agonist (Binding affinity: TRβ>TR⍺.)  

 Study Findings Adverse Events Source 

 

Adults with biopsy proven NASH (fibrosis stages 1 – 

3) randomly assigned resmetirom had relative and 

absolute hepatic fat reduction and 

reduction/resolution in NAS and NASH features on 

liver biopsy. Improvement in markers of liver injury 

and fibrosis (AST, ALT, GGT, PRO-C3) 

Reduction in serum LDL, TAG, apoB levels. 

Diarrhea and nausea. (111) 

Multiple dose, two-week study of healthy adults 

showed reduction in LDL, HDL beginning at 50 mg 

dose and TAG and apoB beginning at 80 mg dose.  

No change to blood pressure or heart rate. 

No increases in liver enzymes.  

(112) 

KB2115 (eprotirome) – Hepatic specific, TR-selective agonist (Binding affinity: TRβ>TR⍺). 

h
u
m

an
 



 Study Findings Adverse Events  Source 

 

Reduction in serum TC, LDL, apoB in patients with 

hyperlipidemia.  Serum TAG reduction on 200 mg 

dose but not 100 mg dose.  

Transient increase in ALT.  

No change in heart rate or markers of bone 

turnover. 

(113) 

Reduction in serum TC, LDL, TAG in patients with 

familial hypercholesteremia.  

Dose-dependent increase in ALT and AST. 

Increase in GGT, ALP, conjugated bilirubin.  

(114) 

Reduction in serum TC, LDL, HDL, TAG in statin-

treated patients. 

Transient, reversible increase in ALT which 

did not meet statistical significance.  

(41) 

Short term safety study. Reduction in serum TC, 

LDL in overweight patients with total cholesterol 

>5.0 mmol/liter.  

Mild, non-significant increase in serum 

hepatic enzymes.  

(50) 

GC-1 (sobetirome) – TR-selective agonist (Binding affinity: TRβ>TR⍺). Has not been studied in humans.  

 Study Findings Adverse Events  Source 

h
u
m

an
 



 

Reduction in serum LDL, increase in serum HDL, 

and no change to serum or hepatic TAG in 

cholesterol-fed mice.  

None reported.  (48) 

 

Fisher rats treated with diet-induced fatty liver and 

steatohepatitis saw reduction in liver TAGs. 

Increase in ALT and AST levels. No side 

effects on heart rate. 

(103) 

MB07811 (VK2809) - Prodrug that undergoes first pass intrahepatic activation. Selective TRβ agonist.   

 Study Findings Adverse Events Source 

 Phase 2 randomized, double-blind trial of patients 

with NAFLD and elevated LDL levels showed 

reduction of hepatic fat content by at least 30% and 

reduction in LDL.   

No serious adverse events reported.  (115) 

Phase 1 double-blind, randomized control trial 

assessing safety and tolerability in patients with 

mildly elevated cholesterol levels. Dose dependent 

reduction of LDL, TAG, Lp(a), apoB levels.  

No serious adverse events reported. Trial 

lasted 14 days.  

(116) 
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Table 2: TH and TH metabolites have been studied in the treatment of hyperlipidemia and NAFLD.  

Levothyroxine (LT4) - The inactive form of thyroid hormone, and preferred treatment of hypothyroidism.    

 Study Findings Adverse Events Source 

 

Euthyroid, diabetic men with steatosis as measured 

by magnetic resonance spectroscopy were treated 

with low dose LT4 to achieve TSH 0.34-1.70 mIU/L. 

After 16 weeks, intrahepatic lipid content was 

reduced without change to TC, LDL, HDL. 

3 men experienced chest discomfort, 

classified as grade 1 (mild).  

(117) 

Hypothyroid patients with TSH > 10 mIU/L were 

treated with LT4 showed a reduction in the 

prevalence of NAFLD as measured by ultrasound. 

Also had reduction in TC, LDL, TAG.  

None reported.  (118) 
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Diiodothyronine (T2) – Naturally occurring TH metabolite.  

 Study Findings Adverse Events Source 

 

Rats on HFD treated with T2 showed reduction in 

hepatic fat accumulation, serum and liver TAG 

accumulation, and less body weight gain compared to 

controls on HFD without T2 treatment.  

None reported.  (121) 

Triiodothyroacetic acid (Triac) – Naturally occurring TH metabolite and analogue with high TR affinity.  

 Study Findings Adverse Events Source 

 

Euthyroid women with a goiter had a drop in HDL 

and no change to LDL and TAG serum levels.  

Non-significant trend towards reduced bone 

density at the hip. 

(119) 

Reduction in serum TC, LDL, and apoB levels in 

patients who were surgically hypothyroid s/p total 

thyroidectomy for thyroid cancer.  

Increase ALP and increase excretion of 

pyridinoline and deoxypyridinoline thought 

to reflect increase skeletal turnover.  

(120) 
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Rats on HFD treated with T2 had a reduction in 

hepatic TAG and ceramide accumulation with 

induction in autophagy/lipophagy.  

None reported.  (104) 

3-iodothyronamine (T1AM) – Naturally occurring TH metabolite.  

 Study Findings Adverse Events Source 

 

Spontaneously overweight female mice treated with 

low and high dose T1AM showed reduction in body 

weight and TC but an increase in serum TAG on high 

dose T1AM compared to controls.  

None reported.  (105) 
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