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Esta tese segue o formato proposto pelo Programa de Pós- Graduação em Ciências 

Médicas: Endocrinologia, Faculdade de Medicina, Universidade Federal do Rio Grande 

do Sul. Ela será constituída de: 1) Introdução; 2) Artigo original: Influence of altered 

thyroid hormone mechanisms in the progression of metabolic dysfunction associated 

with fatty liver disease (MAFLD): A systematic review; 3) Artigo original Role of Type 3 

Deiodinase in the progression of non-alcoholic liver disease: Interconnections between 

Oxidative Stress, Respiratory Changes and Macrophage Activation; 4) Perspectivas; 5) 

Produção cientifica 
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RESUMO 

Nas últimas décadas, com o aumento do consumo de alimentos industrializados, (ricos 
em gordura) somados com a falta da pratica de exercício físico obtivemos um aumento 
exponencial da prevalência de obesidade mundial. Relacionado a isso, doenças 
secundarias a obesidade vem ganhando destaque, esse é o caso da doença hepática 
gordurosa associada à disfunção metabólica (MAFLD), uma das formas mais comuns 
de doenças hepáticas crônicas. Nos últimos anos houve um incremento da sua 
prevalência, estima-se que em torno de 20-30% na população ocidental e 5-18% no 
Oriente tenham algum estagio da MAFLD, na América do Sul ela é estimada em 30%. A 
etiologia da doença inicia-se com a obesidade, resistência insulínica, diabetes mellitus 
do tipo 2 (DM-2) e dislipidemia sendo essas as causas primárias para o seu 
desenvolvimento. A história natural da MAFLD começa com a deposição de gordura no 
fígado, seguido dos primeiros estagio da esteatose hepática, ocasionando inflamação 
crônica e reparação compensatória do tecido podendo progredir a esteato-hepatite 
não-alcoólica (EHNA). Posteriormente ocorre o acúmulo de colágeno levando a cirrose 
e a longo prazo carcinoma hepatocelular (CHC). Embora já exista um grande 
conhecimento sobre a fisiopatologia da doença e seus fatores predisponentes, ainda 
existem mecanismos envolvidos no desenvolvimento e na progressão da MAFLD que 
foram pouco explorados. Neste sentido, o metabolismo dos hormônios tireoidianos 
(HTs) podem ter papel importante associado à doença. Os HTs são essenciais para o 
crescimento, desenvolvimento e metabolismo em praticamente todos os sistemas do 
corpo. Apesar da Tiroxina (T4) ser o principal produto, o triiodotironina (T3) é o 
biologicamente ativo. Sendo regulados pela atividade da família das iodotironinas 
desiodases. As do tipo 1 (Dio1) e 2 (Dio2) convertem T4 intracelular em T3, enquanto a 
do tipo 3 (Dio3) converte T3 em rT3 (T3 inativo). No fígado o papel dos HTs influenciam 
diretamente o metabolismo de lipídios e carboidratos, via lipogênese hepática, 
oxidação lipídica, homeostase do colesterol. Em situações normais os hepatócitos 
apresentam uma grande expressão de Dio1 e baixa expressão de Dio3, mantendo a 
conversão dos HTs adequada e sua atividade hepática preservada. Recentemente, 
alteração na disponibilidade dos T3 vem sendo observadas, apresentando uma 
possível associação com a progressão MAFLD. Contudo, pouco se sabe sobre os 
mecanismos envolvidos no metabolismo dos HTs na fisiopatologia da MAFLD. 
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ABSTRACT 

In the last decades, with the increase in the consumption of industrialized foods, (rich in 

fat) added to the lack of physical exercise, we obtained an exponential increase in the 

prevalence of obesity worldwide. Related to this, diseases secondary to obesity have 

been gaining prominence, this is the case of metabolic dysfunction associated with fatty 

liver disease (MAFLD), one of the most common forms of chronic liver disease. In 

recent years there has been an increase in its prevalence, it is estimated that around 20-

30% in the western population and 5-18% in the East have some stage of MAFLD, in 

South America it is estimated at 30%. The etiology of the disease begins with obesity, 

insulin resistance, type 2 diabetes mellitus (DM-2) and dyslipidemia, which are the 

primary causes for its development. The natural history of MAFLD begins with the 

deposition of fat in the liver, followed by the first stages of hepatic steatosis, causing 

chronic inflammation and compensatory tissue repair that can progress to nonalcoholic 

steatohepatitis (NASH). Subsequently, collagen accumulation occurs leading to 

cirrhosis and long-term hepatocellular carcinoma (HCC). Although there is already a 

great knowledge about the pathophysiology of the disease and its predisposing factors, 

there are still mechanisms involved in the development and progression of MAFLD that 

have been little explored. In this sense, the metabolism of thyroid hormones (THs) may 

play an important role associated with the disease. THs are essential for growth, 

development and metabolism in virtually every system in the body. Although thyroxine 

(T4) is the main product, triiodothyronine (T3) is the biologically active one. Being 

regulated by the activity of the iodothyronine deiodases family. Types 1 (Dio1) and 2 

(Dio2) convert intracellular T4 to T3, while type 3 (Dio3) converts T3 to rT3 (inactive 

T3). In the liver, the role of THs directly influence the metabolism of lipids and 

carbohydrates, via hepatic lipogenesis, lipid oxidation, cholesterol homeostasis. In 

normal situations, hepatocytes show a high expression of Dio1 and low expression of 

Dio3, maintaining the adequate conversion of THs and their hepatic activity preserved. 

Recently, changes in the availability of T3 have been observed, showing a possible 

association with MAFLD progression. However, little is known about the mechanisms 

involved in the metabolism of THs in the pathophysiology of MAFLD.  
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LISTA DE ABREVIATURAS E SIGLAS 

ALT: alanina aminotransferase 

AST: aspartato aminotransferase 

CHC: carcinoma hepatocelular 

DDC: dieta deficiente em colina 

DDMC: dieta deficiente em metionina e colina  

DCV: doença cardiovascular 

DHDC: dieta hiperlipídica deficiente em colina 

MAFLD: doença hepática gordurosa associada à disfunção metabólica 

NAFLD: non-alcoholic fatty liver disease  

NASH: non-alcoholic steatohepatitis  

EHNA: esteato-hepatite não-alcoólica 

DM-2: diabetes mellitus tipo-2 

SM: síndrome metabólica 

ELSA: Estudo Longitudinal de Saúde do Adulto 

GLP-1: glucagon-1 

GSH: glutationa reduzida 

GR: glutationa redutase 

GPx: glutationa peroxidase 

GST: glutationa S-transferase 

SOD: superóxido dismutase 

MDA: malondialdeído 

SUIT: substrate-uncoupler inhibitor titration protocol 

GDH: glutamato desidrogenase 

α-KGDH: alfa-cetoglutarato desidrogenase 

MAPK: proteína quinase ativada por mitógeno 

ERK1: extracellular signal related kinase 1 

p-ERK1: phosphorylated-extracellular signal related kinase 1 

p38: cell differentiation and apoptosis 
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p-p38: phosphorylated-cell differentiation and apoptosis 

UCP-2: proteína desacopladora mitocondrial 2 

NAC: N-acetilciesteina 

THR-β: receptor do hormônio tireoidiano beta 

Dio1: deiodinase 1 

Dio2: deiodinase 2 

Dio3: deiodinase 3 

T3: tri-iodotironina 

T4: tiroxina 

HTs: hormônios tireoidianos 

HCPA: Hospital de Clínicas de Porto Alegre 

HDL: lipoproteína de alta densidade  

H&E: hematoxilina e eosina 

IL: interleucina 

IMC: índice de massa corporal 

LDL: lipoproteína de baixa densidade  

LOLA: L-ornitina L aspartato 

TCA: ácido tricloroacético 

TNF-α: fator de necrose tumoral-α 

UAMP: Unidade de Análises Moleculares e de Proteínas 

UEA: Unidade de Experimentação Animal  

VLDL: lipoproteínas de muito baixa densidade 

G1: Group 1 

G2: Group2 

G3: Group 3 

G4: Group 4 

G5: Group 5 

FFA: free fatty acid 

HTLG: Hepatic triacyiglycerol lipase 
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PGC-1α: Peroxisome proliferator-activated receptor-gamma coactivator-alpha  

CPT-1α: Carnitine palmitoyltransferase-1alpha 

CAT: catalase 

CYP7A1: cholesterol 7-alpha-monooxygenase  

G6PC: glucose-6-phosphatase 

PCK1: Phosphoenolpyruvate Carboxykinase 1 

LXR-α: Liver X receptor-alpha 

PPAR-α: Peroxisome proliferator-activated receptor-alpha 

FGF21: Fibroblast growth factor 21 

ROS: reactive oxygen species 

GSSG: Oxidized glutathione 

TGF- β: transforming growth factor-beta 

Akt: Protein kinase B 

THRβ: Thyroid Hormone Receptor-Beta 

Me1: Malic Enzyme 1 

NO: nitric oxide 

↑:  increases 

↓:  decreases  
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1. REVISÃO BIBLIOGRÁFICA  

1.1 Doença Hepática Gordurosa Associada à Disfunção Metabólica 

Durante muito tempo o abuso de álcool e as hepatites virais crônicas foram as 

principais causas de morbimortalidade por doenças hepáticas em todo o mundo, 

entretanto, nas últimas décadas, em decorrência do aumento da prevalência de 

obesidade, a doença hepática gordurosa associada à disfunção metabólica (MAFLD) 

tem sido reconhecida como uma das formas mais comuns de doenças hepáticas 

crônicas, particularmente nos países industrializados [1, 2]. A MAFLD abrange um 

amplo espectro de doenças hepáticas em indivíduos que não consomem álcool em 

quantidades consideradas danosas ao fígado, ou seja, inferior a 20g de etanol/dia para 

mulheres e 30g/dia para os homens [1, 2].  

A história natural da MAFLD envolve desde a simples deposição de gordura no 

fígado, a esteatose hepática, podendo progredir para esteato-hepatite não-alcoólica 

(EHNA), cirrose e carcinoma hepatocelular (CHC) [2-4]. Os estádios iniciais da doença 

podem ocasionar inflamação crônica e reparação compensatória do tecido, 

posteriormente ocorre o acúmulo de colágeno e cicatriz (fibrose e/ou cirrose) [5-7]. A 

cirrose está associada à perda progressiva da função orgânica e constitui a base para o 

desenvolvimento do CHC, embora o tumor possa ocorrer em fígado não-cirrótico [5, 8, 

9]. A MAFLD é assintomática até o surgimento de complicações em seu estádio final, 

podendo as alterações tornarem-se irreversíveis, quando o transplante hepático passa 

a ser a única opção terapêutica  [3, 5, 10, 11]. Assim, a identificação dos fatores de 

risco, diagnóstico precoce e intervenções são fundamentais para o manejo clínico da 

doença [2, 11]. 

A MAFLD tem distribuição mundial com prevalência variada, dependendo da 

população estudada e do método diagnóstico empregado [1, 6]. Ela ocorre em 

indivíduos de todas as idades, entretanto, é mais comum nos adultos e tende a 

aumentar com a idade [1, 12]. Estima-se que a prevalência da MAFLD seja algo em 

torno de 20-30% na população ocidental e 5-18% no Oriente [13]. Sua prevalência na 

América do Sul tem sido estimada em 30% [14]. Ademais, Goulart et al. relataram uma 
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frequência de 34,4% de MAFLD em 195 sujeitos de pesquisa avaliados por 

ultrassonografia no Estudo Longitudinal de Saúde do Adulto (ELSA)-Brasil [15]. 

Atualmente, a MAFLD é a segunda causa de transplante hepático nos Estados Unidos 

[16], e é notável que seja ainda a causa que mais cresce nos últimos anos, naquele país 

[17, 18]. Estimativas recentes dão conta que nos próximos anos a MAFLD vai se tornar 

mais frequente e mais grave, não só nos Estados Unidos, mas em todo o mundo [19, 

20]. De fato, até 2030 estima-se um incremento no número de casos de cirrose 

descompensada em 168%, de CHC em 137% e de 178% nos casos de morte hepática 

relacionados à MAFLD [19].  

Em indivíduos com peso normal, a prevalência de MAFLD é de aproximadamente 

16%, aumentando para 43 a 60% em pacientes com diabetes mellitus tipo-2 (DM-2) e 

91% em pacientes obesos submetidos à cirurgia bariátrica [1]. Devido à alta 

prevalência na população obesa, a MAFLD tem sido considerada uma manifestação 

hepática da síndrome metabólica (SM), além de ser considerada um fator de risco 

independente para o desenvolvimento de doença cardiovascular (DCV) [3, 21-23]. Do 

ponto de vista etiológico, obesidade, resistência insulínica, DM-2 e dislipidemia são as 

causas primárias para o desenvolvimento dessa doença [1, 7, 13]. Já o aparecimento 

secundário, inclui a exposição à xenobióticos, nutrição parenteral prolongada e 

algumas intervenções cirúrgicas, como transplante hepático e derivação jejunoileal 

[12, 13, 22].  

Neste sentido, algumas hipóteses têm sido levantadas na fisiopatologia da MAFLD 

e em sua evolução para EHNA, destacando a teoria dos múltiplos golpes propostos por 

Day & James [24, 25]. A resistência à insulina seria a condição inicial para o acúmulo de 

ácidos graxos nos hepatócitos, uma vez que favorece a lipogênese e inibe a lipólise, 

aumentando significativamente o aporte de ácidos graxos a esse órgão (primeiro 

golpe), enquanto que o acúmulo progressivo de gordura atua como um sinalizador 

para o estresse oxidativo, disfunção mitocondrial, processo inflamatório e 

endotoxemia crônica (segundo golpe), mecanismos fundamentais para a progressão 

da doença hepática [24, 25]. Contudo, embora se conheçam os fatores 
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predisponentes, ainda existem mecanismos que foram pouco explorados e que podem 

contribuir para a progressão da doença [7, 21, 26]. Neste aspecto, damos destaque 

para a função dos hormônios tireoidianos no fígado, que ainda não possui uma 

associação com o desenvolvimento e a progressão da MAFLD. 

 

1.2 Metabolismo Tireoidiano 

Como descrito, a MAFLD é uma doença complexa, por tratar-se de uma 

doença multifatorial outros fatores genéticos, epigenéticos e ambientais podem estar 

envolvidos na sua patogênese. Neste sentido, existem condições metabólicas 

associadas à MAFLD que foram pouco exploradas até o momento, dentre elas 

destacamos o metabolismo dos hormônios tireoidianos (HTs) que podem ter papel 

fundamental na progressão para outros estágios da doença. 

Os HTs são essenciais para o crescimento, desenvolvimento e metabolismo 

em praticamente todos os sistemas do corpo. Apesar da Tiroxina (T4) ser o principal 

produto da tireoide, o hormônio biologicamente ativo é o triiodotironina (T3). Ambos 

HTs entram nas células através de um transportador especifico, posteriormente são 

regulados pela atividade da família das iodotironinas desiodases tipo 1, 2 e 3. As 

desiodases tipos 1 (Dio1) e 2 (Dio2) tem função de converter o T4 intracelular em T3 

[27], enquanto a do tipo 3 (Dio3) converte o T3 em rT3 (T3 inativo) [28].  

A função desempenhada pelos HTs no fígado é de suma importância. Seu 

papel influencia diretamente o metabolismo de lipídios e carboidratos, pelos processos 

de lipogênese hepática, oxidação lipídica, homeostase do colesterol e gliconeogênese 

[29, 30]. Grande parte destas vias metabólicas envolvem genes que são regulados 

pelos HTs via receptor do hormônio da tireóide-β (THR-β), sendo essa a principal 

isoforma expressa no fígado [31]. Além disso os HTs também demonstram ter papel na 

estimulação da lipofagia hepática, mobilizando os triglicerídeos hepáticos e liberando 

ácidos graxos livres para a β-oxidação mitocondrial. Essa funcionalidade dos HTs no 

fígado parece gerar de forma aguda um mecanismo de hidrolise de triglicerídeos, 

enquanto em situações crônicas aumenta genes ligados a lipase hepática [32]. 
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A importância dos HTs no fígado já está bem estabelecida, sendo de 

conhecimento geral que em situações normais (¨fígado saudável¨) os hepatócitos 

apresentam uma grande expressão de Dio1 e baixa expressão de Dio3, mantendo a 

conversão dos HTs adequada e sua atividade hepática preservada. Mais recentemente, 

evidencias tem demonstrando alteração na disponibilidade dos T3, tendo uma possível 

associação com a progressão MAFLD [33-35]. Além disso, estudos em modelos animais 

tem demostrado o papel do T3 na organização da rede microtubular hepática, 

renovação mitocondrial e autofagia, que são comprometidas na MAFLD [36, 37]. 

Outro aspecto importante a ser falado são os recentes dados demonstrando 

uma associação macrocitaria com a atividade das desiodases. Como descrito, a MAFLD 

induz inflamação o que gera uma sinalização e mobilização do sistema imune ao local 

de lesão. Recentemente, estudos tem mostrado uma co-localização da Dio2 e Dio3 em 

macrófagos após situações de lesão [38-40]. Esses dados demonstram uma visão 

inédita do crosstalk na disponibilidade de T3, dando uma nova perspectiva de 

tratamento para doenças agudas e crônicas, incluindo a MAFLD. 

Neste contexto, compreender melhor os mecanismos envolvidos no 

metabolismo dos HTs na doença podem trazer uma ¨luz¨ na compreensão da 

fisiopatologia da MAFLD, abrindo a possibilidade para potencias terapêuticos 

relacionados a atividade dos HTs no fígado.  
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Influence of altered thyroid hormone mechanisms in the progression of metabolic 

dysfunction associated with fatty liver disease (MAFLD): A systematic review. 
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Abstract: We performed a systematic review of the mechanisms of thyroid hormones (THs) associated
with metabolic dysfunction associated with fatty liver disease (MAFLD). This systematic review was
registered under PROSPERO (CRD42022323766). We searched the MEDLINE (via PubMed) and
Embase databases from their inception to March 2022. We included studies that assessed thyroid
function by measuring the serum level of THs and those involved in MAFLD. We excluded reviews,
case reports, editorials, letters, duplicate studies and designed controls. Forty-three studies included
MAFLD, eleven analyzed THs, and thirty-two evaluated the mechanisms of THs in MAFLD. Thyroid
hormones are essential for healthy growth, development and tissue maintenance. In the liver, THs
directly influence the regulation of lipid and carbohydrate metabolism, restoring the homeostatic
state of the body. The selected studies showed an association of reduced levels of THs with the
development and progression of MAFLD. In parallel, reduced levels of T3 have a negative impact on
the activation of co-regulators in the liver, reducing the transcription of genes important in hepatic
metabolism. Overall, this is the first review that systematically synthesizes studies focused on the
mechanism of THs in the development and progression of MAFLD. The data generated in this
systematic review strengthen knowledge of the impact of TH changes on the liver and direct new
studies focusing on therapies that use these mechanisms.

Keywords: thyroid hormones; liver; MAFLD

1. Introduction

Thyroid hormones (THs) are crucial for of all systems through the human body
to work properly. Although thyroxine (T4) is the main product of the thyroid, the bio-
logically active hormone is triiodothyronine (T3). Both THs enter cells through specific
transporters and are subsequently regulated by the activity of the type 1, 2 and 3 iodothyro-
nine deiodinases family [1], which activates (D1 and D2) and inactivates (D3) both T3 and
T4 [2]. THs play a fundamental role in liver metabolism through a well-known metabolic
network [3]. They directly influence lipid and carbohydrate metabolism in hepatocytes,
maintaining plasma levels of triglycerides (TG), low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) cholesterol [4], leading to hepatic lipogenesis, lipid oxidation
and gluconeogenesis [5,6]. The circulating levels of THs are directly associated with liver
metabolism [7]. Evidence has shown that lower availability of T3 or dysfunction of thy-
roid hormone receptors (THRs) leads to a reduction in free fatty acid (FFA) uptake by
hepatocytes, lower mitochondrial β-oxidation and changes the lipogenesis processes.
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In recent decades, MAFLD was recognized as the most common form of chronic
liver disease, particularly in industrialized countries due to increased obesity in this
population [8,9]. It is estimated that the prevalence of MAFLD is around 20–30% in the
Western countries and 5–18% in the East [10]. MAFLD is a complex and multifactorial dis-
ease, with genetic, epigenetic and environmental factors involved in its pathogenesis. The
alterations begin with the deposit of fat in the liver (secondary to a high fat diet (HFD)). The
excess of fat leads to lipotoxicity, generating chronic inflammation. MAFLD then progress
to more advanced stages such as non-alcoholic steatohepatitis (NASH), characterized by
high levels of oxidative stress and increased damage to liver tissue. Next, the hepatic
tissue deposits collagen in the injured cells in an attempt to reduce the damage generated,
leading to the fibrosis phase. If there is no change, the next stage is cirrhosis and sometimes
hepatocellular carcinoma (HCC) [9,11,12].

Previous studies showed that serum levels of THs are associated with the start and
progression of metabolic dysfunction associated with fatty liver disease (MAFLD) [11–13].
The main association was between hypothyroidism and MAFLD, leading to increased risk
of hepatic fibrosis in the long term. However, the exact mechanisms that orchestrate thyroid
hormone regulation of hepatic metabolism are still unclear when related to the progression
to more severe cases of the disease. Thus, this systematic review aimed to better understand
the newly recognized mechanisms involved in the dysfunctional metabolism of THs in
MAFLD progression.

2. Results
2.1. Identified Records

Our search initially identified 480 titles and abstracts of potentially eligible studies
through database searching. After duplicate removal, 411 records were screened, and m
texts were assessed for eligibility. Of these, 133 did not provide information about the
outcome of interest. Forty-three studies were included in the analysis, eleven related to
changes in serum levels of THs and the liver, and thirty-two evaluating alterations in the
metabolism of THs in relation to the progression of MAFLD (Figure 1).

2.2. Altered Circulating Levels of Thyroid Hormone and the Liver

The studies selected in Table 1 verified the effect of serum levels of thyroid hormones
on the liver, mainly related to the progression of MAFLD. Eleven articles evaluated the
serum levels of THs in the context of MAFLD. Of these, one developed an experimental
model [14] and the other ten were clinical studies. Among the clinical studies, most had a
cross-sectional or retrospective design; only one study was of a prospective cohort [15].

The selected clinical articles used two types of MAFLD assessment technique. Seven
were based on imaging tests, while three studies performed biopsies, considered the gold
standard for the diagnosis of the disease. The TH groups were separated into euthyroid,
hypothyroid or hyperthyroid. With respect to the liver profile, groups were divided into
with or without MAFLD, fibrosis or steatosis. One study also verified the action of type 2
diabetes (DM2) on MAFLD and levels THs [16]. All studies demonstrated an association
between hypothyroidism with the development of MAFLD.

One study verified the hepatic effects of hyperthyroidism [14]. Interestingly, the
authors suggest that increasing the availability of T3 protects, to some extent, the liver
from disease progression. However, as it is an experimental study it is not possible to
draw definitive conclusions, and further studies are necessary to assess this hypothesis.
Another study evaluated gene mutation of the TH receptor, THR-β [17]. A decrease in the
availability of the receptor in the liver tissue also increased the risk of developing MAFLD.

The data in Table 1 is a compilation of these results and demonstrates an overall direct
association between hypothyroidism and MAFLD. Fat deposition in the liver increases
in situations of low serum T3 levels. A long-term, increased risk for MAFLD progression
to more severe stages, such as fibrosis, cirrhosis, and hepatocellular carcinoma can be
considered when the hormone is not supplemented to euthyroid levels.
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Table 1. Changes in thyroid hormones and their effects on the liver.

Manuscript Sample Study Design MAFLD
Assessment Technique Groups Serum Levels of THs Effect on Liver

Klieverik et al. [14]
(2009) Rats — —

G1: Euthyroid
G2: Hypothyroidism

G3: Thyrotoxic

G2: ↓ THs
G3: ↑ THs

Hypothyroidism
↓ Absorption of FFAs in

oxidative tissues
↑ FFAs WAT absorption

Thyrotoxic
↑ Absorption of oxidative

tissue FFAs

Liangpunsakul et al. [18]
(2003) Human Retrospective

study
Biopsies and

imaging
G1: Control
G2: NASH G2: ↓ T3 Increased risk to

NASH development

Chung et al. [19]
(2012) Human Cross

sectional Imaging

G1: Euthyroidism
with NAFLD

G2: Subclinical
hypothyroidism

with NAFLD

G2: ↓ T3 ↑ NAFLD prevalence

Bano et al. [15]
(2016) Human Prospective

cohort Imaging

G1: NAFLD
Euthyroidism
G2: NAFLD

Hypothyroidism
G3: NAFLD

Hyperthyroidism

G2: ↓ THs ↑ Fibrosis
↑ Risk for NAFLD progression

Kim et al. [20]
(2018) Human Cross

sectional Biopsies

G1: NAFLD
strict-normal

thyroid function
G2: NAFLD low
thyroid function

G2: ↓ THs ↑ Fibrosis
↑ Risk of progression to NASH

Manka et al. [21]
(2019) Human Retrospective

study Imaging

G1: NAFLD grade 1
G2: NAFLD grade 2
G3: NAFLD grade 3
G4: NAFLD grade 4

G1: ↓ T3
G2: ↓↓ T3
G3: ↓↓ T3

G4: ↓↓↓ T3

↑ Risk of Fibrosis
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Table 1. Cont.

Manuscript Sample Study Design MAFLD
Assessment Technique Groups Serum Levels of THs Effect on Liver

Kim et al. [22]
(2020) Human Retrospective

study Imaging

G1: NAFLD
strict-normal

thyroid function
G2: NAFLD low
thyroid function

G2: ↓ THs
↑ Fibrosis

↑ Risk for all-cause and
cardiovascular mortality

D’Ambrosio et al. [23]
(2021) Human

Retrospective
Single-Center

study
Biopsies

G1: NASH
G2: Fibrosis
G3: Steatosis

G1: ↓ T3
G2: ↓↓ T3

G3: ↓↓↓ T3
↑ Risk of NAFLD progression

Du et al. [16]
(2021) Human Retrospective

study Imaging

G1: DM2 with NAFLD
without Fibrosis

G2: DM2 + NAFLD
+ Fibrosis

G2: ↓ T3 ↑ Fibrosis

Chaves et al. [17]
(2021) Human Cross

sectional Imaging

G1: R243Q mutation of
the THR-β gene

G2: Their wild-type
first-degree relatives

G1: ↓ THR-β ↑ Risk for NAFLD progression

Wang et al. [24]
(2021) Human Cross

sectional Imaging
G1: Hypothyroidism
G2: Hypothyroidism

+ NAFLD
G2: ↓ T3 ↑ Liver FFAs

G1 (Group 1); G2 (Group2); G3 (Group 3); G4 (Group 4); FFA (free fatty acid); NAFLD (non-alcoholic fatty liver disease); NASH (non-alcoholic steatohepatitis); ↑ increases; ↓ decreases;
↓↓ greater decreases; ↓↓↓ severe decreases.
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2.3. Metabolic Action of Thyroid Hormone in Liver with MAFLD

The publications that aimed to understand the mechanisms involved in thyroid
hormones implicated in the progression of MAFLD were selected and organized into
two tables: Table 2 (clinical studies) and Table 3 (experimental studies).

Table 2 presents the selected clinical studies that verified the altered mechanisms of
THs metabolism and their effects on the liver and on the progression of MAFLD. Designs
included a cross-sectional study [25], a cohort [26], a randomized controlled trial [27] and
an extension study [28]. The selected works used two MAFLD evaluation techniques.
One study used imaging tests [25], while the other three performed biopsies. Regard-
ing the study groups, we observe that all were composed of patients with or without
MAFLD. Of the selected works, two studies carried out the use of MGL-3196, an analogue
of THR-β [27,28] as proposed treatment. Serum THs levels were measured by biochemi-
cal tests. Interestingly, the studies demonstrated an alteration in the REDOX state and a
reduction in the expression of genes positively stimulated by T3 and linked to metabolic
functions in the liver [25,26]. When the THR-β analog treatment was used, the mitochon-
drial capacity improved, reducing liver fat and decreasing the risk of progression to other
stages of MAFLD [27,28].

The selected experimental studies are shown in Table 3; these studies explore the
mechanisms of TH metabolism and its relationship with MAFLD. The selection features
different experimental designs. Four studies used a cell model [29–32], while the oth-
ers used an animal model, demonstrating different ways of inducing MAFLD. The cell
studies used the administration of FFAs [29] or palmitic and oleic acid [30]. The an-
imal models show heterogeneity regarding the induction of the model, but the vast
majority used ae high fat diet (HFD) [33–40]; one study used a pork-derived diet [41],
while other models did not induce MAFLD but induced situations of hypo and hyper-
thyroidism [42–49], subsequently evaluating its effects on the liver. Most of the selected
articles included some type of hormone supplementation. Some studies used T2, T3 and T4
hormones [29–32,34,35,38,39,42,45,46,50,51], while others used THR analogs [35,38,39,52].
One study used soy oil and fish oil supplements [48] and one study used an antioxidant
compound [40], whereas other studies worked with gene mutations [52–54].

We observe that the data described in these studies relates to three main mechanisms.
The first is the inflammatory process, which is due to a high-fat diet and low levels of
physical exercise. An excess of fat in hepatocytes generates a signaling cascade of pro-
inflammatory factors such as IL-6 and TNF-α. At the same time, an imbalance between
antioxidant defenses and reactive oxygen species generates an altered (pro-oxidative)
REDOX state, characterizing the second process. These disorders negatively affect the
activity of enzymes capable of activating THs, decreasing the activity of type 1 deiodinase
(Dio1), responsible for converting T4 to T3, and increasing the activity of type 3 deiodinase
(Dio3), responsible for inactivating T3. This results in all mechanisms dependent on T3
levels in the liver being suppressed. This reduced signaling process decreases the activation
of genes responsible for the metabolism of lipids and carbohydrates in the liver and causes
systemic changes such as increased serum levels of cholesterol and triglycerides, and
hepatic changes such as reduced lipid catabolism, reduced β- oxidation and increased
lipid synthesis. The set of metabolic imbalances in the liver, secondary to these altered
mechanisms, significantly increases the risk of developing MAFLD, leading to fibrosis,
cirrhosis and, in more severe cases, hepatocarcinoma.
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Table 2. Metabolic action modulated by thyroid hormone signaling in clinical studies.

Manuscript Sample Study Design NAFLD
Assessment Technique Groups Treatment Dose THs TH Target Effect on Liver

Mustafa et al. [25]
(2009) Human Cross

sectional Imaging G1: Control
G2: NASH — — G2: ↓ T3

↑ serum MDA
↑ serum NO
↓ serum GSH
↓ serum GPx

↑ Risk NASH
progression

Krause et al. [26]
(2018) Human Cohort

Study Biopsies G1: NAFLD — — G1: ↓ T3 ↓ Dio1 mRNA
↓ THR-β mRNA

↑ Hyperlipidemia
↑ Risk NASH
progression

Harrison et al. [27]
(2019) Human Randomized

Controlled Trial Biopsies G1: NASH + Placebo
G2: NASH + MGL-3196 MGL-3196 80 mg G2: ↑ THR-β THR-β

↓ Hepatic fat
Restoration of
Mitochondrial

function

Harrison et al. [28]
(2021) Human Extension

Study Biopsies G1: NASH MGL-3196 80 or
100 mg G1: ↑ T3 and ↓ rT3 THR-β ↓ Risk NASH

progression

G1 (Group 1); G2 (Group2); G3 (Group 3); G4 (Group 4); G5 (Group 5); FFA (free fatty acid); NAFLD (non-alcoholic fatty liver disease); NASH (non-alcoholic steatohepatitis); Dio1
(iodothyronine deiodinase 1); GSH (reduced glutathione); THRβ (thyroid hormone receptor-beta); MDA (malondialdehyde); GPx (glutathione peroxidase); NO (nitric oxide); ↑ increases;
↓ decreases.

Table 3. Metabolic actions modulated by thyroid hormone signaling in experimental studies.

Manuscript Sample Groups Treatment Dose THs TH Target Effect on Liver

Nozaki et al. [31]
(1992) Cells HepG2 cells T3

0.1/µg/mL
0.2/µg/mL
0.3/µg/mL

↑ T3 ↑ HTGL mRNA
↑ Hepatic lipid hydrolysis ↑ Lipogenesis

Zhang et al. [32]
(2004) Cells

HepG2 cells with
Luciferase

Vectors-CPT-1
T3 100 nM ↑ T3 ↑ PGC-1α mRNA

↑ CPT-1α mRNA ↑ Fatty acid β-oxidation

Grasselli et al. [29]
(2011) Cells

G1: Control
G2: FFAs

G3: FFAs + T2
G4: FFAs + T3

T2
T3

10−7 to 10−5 M
10−7 to 10−5 M

G3: ↑ T2
G4: ↑ T3

↓ PPAR-δ and -γ mRNA
↓ SOD
↓ CAT

↓ Excess fat
↓ TAG

Grasselli et al. [30]
(2014) Cells

G1: Control cells
G2: Hepatoma cell +

oleate/palmitate

T2
T3 10−6 M to 10−5 M G2: ↑ T3

↑ UCP2 mRNA
↑ CPT-1 mRNA
↑ UCP2 protein
↑ CPT1 protein
↑ ROS
↓ CAT
↓ GSH

↓ Extracellular TAG
↑ Fatty-acid oxidation
↓ NAFLD progression
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Table 3. Cont.

Manuscript Sample Groups Treatment Dose THs TH Target Effect on Liver

Ness et al. [46]
(1990) Rats G1: Normal

G2: Hypophysectomized T3 10 µg/100 g G2: ↑ T3 ↑ CYP7A1 mRNA ↑ Cholesterol
metabolism

Huang et al. [44]
(1998) Rats

G1: Hypothyroidism
G2: Hyperthyroidism

G3: Euthyroidism
— — G1: ↓ THs

G2: ↑ THs

Hyperthyroid
↑ Acetyl-CoA

carboxylase mRNA
Hypothyroid
↓ Acetyl-CoA

carboxylase mRNA

Hyperthyroid
↑ Hepatic lipogenesis

Hypothyroidism
↓ Hepatic lipogenesis

Feng et al. [43]
(2000) Mice G1: Control

G2: Hyperthyroid — — G2: ↑ T3 + THR ↑ G6PC
↑ PCK1

↑ Glycogenolysis
↑ Gluconeogenesis

Jackson-Hayes et al. [53]
(2003) Mice

Transgenics
(CPT-1α-luciferase)

with/without the 1st intron
of the CPT-1α gene

— — ↑ T3 + THR ↑ CPT-1α gene ↑ Fatty acid β-oxidation

Noguchi-Yachide et al. [49]
(2007) Mice

G1: Euthyroidism
G2: Thyrotoxic

G3: Hypothyroidism
— — G2: ↑ T3 + THR ↑ LXR-α mRNA

↑ CYP7A1 mRNA Lipid homeostasis

Liu et al. [52]
(2007) Mice G1: WT control

G2: Mutation in THR — — G2: ↓ T3 + THR ↓ PPARα protein ↓ Fatty acid β-oxidation

Lopez et al. [45]
(2007) Rats

G1: Normal
G2: Hypophysectomized

G3: Thyroidectomy
T3 10 µg/100 g G3: ↑ T3 ↑ LDL receptor mRNA ↑ FFA absorption

Cable et al. [55]
(2009) Rats

G1: NASH + Vehicle
G2: NASH + T3

G3: NASH + MB07811
MB07811

T3
1–50 mg/kg/day
650 µg/kg/day

G2: ↑ T3
G3: ↑ T3 + THR

↑ CPT-1 mRNA
↑ PGC-1α mRNA

↑Mitochondrial
β-oxidation

Mollica et al. [38]
(2009) Rats

G1: Control
G2: HFD

G3: HFD + T2
T2 25 µg/100 g G3: ↑ T2 ↑ PPAR-α

↑ CPT-1

↑mitochondrial
respiration

↓ degree of steatosis

Adams et al. [50]
(2010) Mice G1: C57BL/6 control

G2: C57BL/6 with T3
PBS
T3 500 µg/kg G2: ↑ T3 ↑ FGF21 mRNA

↑ lipolysis
↑ hepatic fatty acid

oxidation

Sousa et al. [48]
(2011) Rats G1: Euthyroidism

G2: Hypothyroidism
Soybean oil

Fish oil 0.5 mL G2: ↓ T3 ↑ PPARα protein
↓ D1 mRNA

↓ Serum triglycerides
↓ Hepatic TAG levels

Grasselli et al. [34]
(2012) Rats

G1: DP
G2: HFD

G3: HFD + T2
G4: DP + T2

T2 25 µg/100 g G3: ↑ T2
G4: ↑ T2

↑ PPARγ mRNA
↑ acyl-CoA oxidase mRNA

↓ Inflammation
↓ Adipose triglyceride

lipase
↑ FFA oxidation
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Table 3. Cont.

Manuscript Sample Groups Treatment Dose THs TH Target Effect on Liver

Santana-Farré et al. [47]
(2012) Rats

G1: Neonatal
Hypothyroidism

G2: Age-matched euthyroid
G3: Euthyroid weight paired

— — G1: ↓ T3
↑ PPARα mRNA
↓ LXR mRNA
↓ CD36 mRNA
↓ genes uptake Ags

↓ Absorption of FFAs in
the liver

Cavallo et al. [42]
(2013) Rats

G1: Euthyroid
G2: Hypothyroid

G3: Hypothyroid + T2
T2 150 µg/100 g G3: ↑ T2 ↑ CPT-1 protein

↑ OXPHOS

↑ Fatty acid β-oxidation
↓ Adiposity
↓ Dyslipidemia

Alonso-Merino et al. [51]
(2016)

Cells
Rats

G1: Euthyroid
G2: Hyperthyroid

T4
T3

T4 7 ng/g
T3 35 ng/g G2: ↑ T3 + THR ↓ TGF-β mRNA ↓ Fibrosis progression

Iannucci et al. [35]
(2017) Rats

G1: Control
G2: HFD

G3: HFD + T2
G4: HFD + T3

T2
T3

25 µg/100 g
2.5 µg/100 g

G3: ↑ T3 + THR
G4: ↑ T3 + THR

↑ CPT-1α protein
↑ UCP2 protein
↑ p-ERK protein
↑ p-Akt protein

↑ Lipolysis
↑ Autophagy

↑ Fatty acid β-oxidation

Senese et al. [39]
(2017) Rats

G1: Control
G2: HFD

G3: HFD + T2
G4: HFD + T3

T2
T3

25 µg/100 g−1

2.5 µg/100 g−1
G3: ↑ T2
G4: ↑ T3

↑ Dio1 mRNA
↑ THRβ mRNA

↓ TAG
↓ Lipogenesis

↑ Fatty acid oxidation

Bruinstroop et al. [56]
(2018) Rats G1: Control

G2: MCD diet — — G2: ↓ T3 ↓ T3 hepatic
↓ Dio1 mRNA ↑ NAFLD progression

Xia et al. [40]
(2019) Mice

G1: C57BL/6 control
G2: C57BL/6 HFD

G3: C57BL/6 HFD + Myr
Myricetin 100 mg/kg−1 G3: ↑ T4 and ↑ T3

↑ Dio1 mRNA
↑ Dio1 protein
↑ Dio1 activity
↑ THRβ mRNA
↑ THRβ protein

↓ Hepatic steatosis
↑ Lipid metabolism

Luong et al. [37]
(2020) Rats

G1: Control
G2: HFD

G3: HFD + MGL-3169
(5.0 mg/kg)

G4: HFD + MGL-3169
(1.5 mg/kg)

G5: HFD + MGL-3169
(0.5 mg/kg)

G6: HFD + T3 (0.5 mg/kg)

MGL-3196
T3 0.5–5.0 mg/kg

G3: ↑ T3 and ↑ THR
G4: ↑ T3 and ↑ THR
G5: ↑ T3 and ↑ THR
G6: ↑ T3 and ↑ THR

↑ Dio1 mRNA
↑Me1 mRNA

↓ Serum lipid profile
↑ FFA oxidation

Bruinstroop et al. [54]
(2021) Mice

G1: Control NCD
G2: Control WDF

G3: Dio1 LKD WDF
— — G3: ↓ T3 ↓ Dio1 mRNA

↓ Dio1 activity

↑ TAG
↑ Cholesterol

↑ Risk for NAFLD
progression
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Table 3. Cont.

Manuscript Sample Groups Treatment Dose THs TH Target Effect on Liver

Caddeo et al. [33]
(2021) Mice

G1: C57BL/6
G2: C57BL/6 + HFD
G3: C57BL/6 + HFD

+ MGL-3196
G4: C57BL/6 + HFD + TG68

MGL-3196
TG68

3 mg·kg−1

2.8 mg·kg−1
G3: ↑ T3
G4: ↑ T3

↑ Dio1 mRNA
↑ THRsp mRNA

↓ liver weight
↓ Serum TAG
↓ Plasma ALT
↓ Plasma AST

Kannt et al. [36]
(2021) Mice

G1: C57BL/6J + DP
G2: C57BL/6J + HFD
G3: C57BL/6J + HFD

+ Resmetirom
Resmetirom 3 mg·kg−1 G3: ↑ THR

↑ Dio1 mRNA
↑ CYP7A1 mRNA
↑Me1 mRNA

↓ Serum lipid profile
↓ Liver weight
↓ NAFLD Score

Ge et al. [41]
(2022) Mice

G1: C57BL/6 control
G2: C57BL/6 LOP
G3: C57BL/6 HOP

G4: C57BL/6 LOP + Dityr
G5: C57BL/6 Dityr

— —
G2: ↓ T3
G3: ↓ T3
G4: ↓ T3
G5: ↓ T3

↓ Dio1 mRNA
↓ THRβ mRNA
↓ CPT-1α mRNA
↓ PPARα mRNA
↓ PGC-1α mRNA
↓ CYP7A1 mRNA

↑MDA
↑ ROS
↓ CAT

↓ GSH/GSSG

↑ Risk NAFLD
↑ Inflammation
↑ Oxidative stress
↓ Hepatic energy

metabolism
↑ Hepatic lipid

synthesis
↓ Hepatic lipid

catabolism
↓ Fatty-acid oxidation

G1 (Group 1); G2 (Group2); G3 (Group 3); G4 (Group 4); G5 (Group 5); FFA (free fatty acid); NAFLD (non-alcoholic fatty liver disease); NASH (non-alcoholic steatohepatitis); HTLG
(hepatic triacyiglycerol lipase); PGC-1α (peroxisome proliferator-activated receptor-gamma coactivator-1alpha); CPT-1α (carnitine palmitoyltransferase-1alpha); SOD (superoxide
dismutase); CAT (catalase); CYP7A1 (cholesterol 7-alpha-monooxygenase); G6PC (glucose-6-phosphatase); PCK1 (phosphoenolpyruvate carboxykinase 1); LXR-α (liver X receptor-alpha);
PPAR-α (peroxisome proliferator-activated receptor-alpha); FGF21 (fibroblast growth factor 21); Dio1 (iodothyronine deiodinase 1); UCP2 (uncoupling protein 2); ROS (reactive oxygen
species); GSH (reduced glutathione); GSSG (oxidized glutathione); TGF- β (transforming growth factor-beta); ERK (extracellular signal-regulated kinases); Akt (protein kinase B); THRβ
(thyroid hormone receptor-beta); Me1 (malic enzyme 1); MDA (malondialdehyde); GPx (glutathione peroxidase); NO (nitric oxide); ↑ increases; ↓ decreases.
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3. Discussion
3.1. THs Dependent Mechanisms in Hepatic Metabolism

The processes involving hepatic metabolism occur through the action of several genes,
and the modulation of these genes is performed by the signaling of THs via THR-β isoform
in the liver, generating signaling of coactivators and corepressors, co-regulators of gene
transcription [3,57–59] (Figure 2A).
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Figure 2. (A): In the normal liver, circulating adipose tissue enters the hepatocyte via specific
receptors, FATPs and CD36 (A-I). At the same time, the circulating hormone T4 is converted into T3
by the enzyme Dio1, making it biologically active and enabling its binding to its THRβ receptor (A-I).
This attachment generates the activation of co-regulators, which could stimulate the transcription of
genes in the hepatocyte (A-II). The main genes activated in this process are CPT-1α, UCP2, PGC-1α
and PPARs, increasing hepatic lipolysis and β-oxidation, and ATP production (A-III). Other genes
that are indirectly stimulated are HTLG linked to the process of lipogenesis and genes linked to
glycogenolysis and gluconeogenesis, G6PC and PCK-1, using the serum glucose that entered the
hepatocyte via the specific transporter GLUT (A-II). (B): In the MAFLD liver, the process is changed.
Circulating adipose tissue enters the hepatocyte via FATPs and CD36 (B-I). However, circulating T4
does not convert into T3, but into rT3 or T2, due to the reduction of Dio1 activity and the increase of
Dio3, decreasing the binding of the hormone to the THRβ (B-I) receptor. With lower availability of
T3, the activation of co-regulators does not occur effectively, reducing the transcription of genes in
the hepatocyte (B-II). Among the affected genes are CPT-1α, UCP2, PGC-1α and PPARs, decreasing
hepatic lipolysis and β-oxidation, reducing ATP production and increasing reactive oxygen species
(ROS) (B-III). Other genes also affected alter the process of lipogenesis and decrease glycogenolysis
and gluconeogenesis (B-II). This imbalance of hepatic metabolism is one of the main factors involved
in the progression of MAFLD, with a high risk of fibrosis.

The signaling generated by THs is one of the central mechanism of changes in liver
functions. The mobilization of proteins responsible for the absorption of free fatty acids
(FFAs) is an important source of lipids in the liver. Its absorption is carried out via specific
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transport proteins, such as fatty acid transport proteins (FATPs) and translocase protein
(CD36) [60]. Studies have suggested that normal amounts of circulating THs facilitate
the absorption of FFAs by tissues, thus establishing a direct association between FFA
transporters and THs [16,61,62].

In addition, THs stimulate gene transcription of mitochondrial β-oxidation-linked
proteins, such as carnitine palmitoyltransferase-1 (CPT-1), coactivator 1 α (PGC1-α) and per-
oxisome proliferator-activated receptor gamma (PPARs) [63–65]. Changes in T3 availability
directly impact the ability to metabolize FFAs, reducing the mRNA of these proteins and
increasing the risk of developing metabolic dysfunction associated with fatty liver disease
(MAFLD). It is suggested that T3 plays a central role in the regulation of mitochondrial
β-oxidation, which is an important step in energy (Tables 2 and 3). The hepatic glycolytic
pathway is also regulated by THs, involving gluconeogenesis and glycogenolysis [61]. In
this context, changes in hepatic glucose metabolism are observed with altered circulating
levels of THs [62]. In situations of hyperthyroidism, there is a resistance to insulin status,
probably due to increased expression of CPT-1 and reduced malonyl-CoA. It is known
that malonyl-CoA in the liver, has the ability to inhibit CPT-1 by increasing circulating
glucose-stimulated insulin release [66].

Another factor that may explain the increase in circulating glucose levels is the action
of serum T3 in the activation of genes involved in gluconeogenesis. Increased activity
of enzymes such as glucose-6-phosphatase (G6PC), along with phosphoenolpyruvate
carboxykinase 1 (PCK1) and pyruvate carboxylase (PC) are associated with increased
gluconeogenesis activity. Studies have shown that higher levels of serum T3 increase the
transcription of the G6PC and PCK1 genes, involved in the homeostatic control of glucose
levels via gluconeogenesis (Tables 2 and 3).

Some limitations were observed in this systematic review. First, clinical studies aimed
at verifying the risk of developing MAFLD in patients with thyroid dysfunction that is
already established. Well-designed studies on euthyroid patients can bring new answers
about the role of THs on euthyroid and the possible causes of the onset of MAFLD. Another
important point seen here is the lack of studies exploring the complexity of the involvement
of THs on the progression of MAFLD, especially clinical studies that performed a biopsy
for the diagnosis of the disease.

The data compiled in this systematic review may suggest that the availability of THs
directly impacts hepatic metabolic capacity, given the importance of THs signaling in the
regulation of metabolic pathways. The key role played by THs seems to be fundamental to
the understanding of the triggering and progression of liver metabolic diseases and could
be involved as part in the treatment of this disease.

3.2. Thyroid Hormone Metabolism Alterations and MAFLD

It is known that in normal situations hepatocytes show high expression of Dio1 and
low expression of Dio3, maintaining adequate TH function and hepatic metabolism activity
(Figure 2A). Recently, evidence has shown that alterations in these enzymes results in
changes in the availability of hepatic T3 (Figure 2B). The study by He et al. (2017) found,
in a meta-analysis, evidence of a direct and significant association of low T3 levels with a
higher risk of developing MAFLD, when compared with normal thyroid function [13].

Table 2 presents the clinical studies selected for review. The design used in the studies
is mainly cross-sectional or cohort. Studies with this design answer specific questions,
generating limited data related to the mechanisms involved in thyroid metabolism in
MAFLD. Randomized clinical trials [27,28] are more robust. However, studies that used
the biopsy technique for the diagnosis of MAFLD somehow drew attention. The tissue
fragment collected could have been better explored, answering questions at the molecular
level that have not yet been answered in clinical studies. We believe that new studies using
this approach should evaluate gene expression and quantification of proteins related to the
mechanisms involved in the disease, thus creating new data related to this topic.
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In general, all studies reached the same conclusion. All, including our work, confirmed
a direct association between serum T3 levels and MAFLD progression. However, our study
advances knowledge, bringing different insight from the selected studies. Our work was
able to better understand and correlate the mechanisms that are influenced by a lower
availability of T3 in the liver.

Our findings show that alterations in the expression of genes involved in T3 activation
have a negative impact on hepatic metabolic capacity. A reduction of Dio1 expression [26]
reduces the availability of T3, affecting the binding of the hormone with its THR-β recep-
tor, which decreases the activation of other genes involved in hepatic metabolism. These
changes generate a reduction in mitochondrial capacity and, consequently, a dysfunction in
hepatic lipid metabolism, increasing fat deposits and increasing the risk of MAFLD progres-
sion. In contrast, other studies found that an increase in the amount of the THR-β receptor
increases the sensitivity of the liver tissue to the T3 hormone, improving mitochondrial
function, β-oxidation, and slowing the progression of the disease.

The findings of the studies listed in Table 3 present similar results. They reiterate the
association between liver T3 availability and MAFLD development and progression. THs
regulate genes linked to the functionality of several metabolic pathways, such as lipoge-
nesis, lipid oxidation and hepatic gluconeogenesis [6]. Table 3, together with Figure 2B,
clearly demonstrates that the reduction of T3-stimulated genes favors MAFLD progression.
Reduced expression of PPAR-α reduces the transcription of genes involved in lipid home-
ostasis and, together with lower expression of CPT-1, generates a reduction in the translo-
cation of FFA from the cytosol to the mitochondrial matrix, decreasing the metabolism of
fat and the mitochondrial capacity [67]. In addition, other genes that are inhibited by T3
inactivity stimulate disease progression, as the Me1 gene, that decreases the encoding of
cytosolic enzymes linked to fatty acid biosynthesis and the reduction of UCP2, decreases
the decoupling of oxygen consumption from ATP synthesis.

The findings of this review support the hypothesis that as the disease progresses
to more severe conditions such as NASH and fibrosis, Dio1 expression decreases while
Dio3 expression increases, decreasing the availability of active T3 (Figure 2B-I). Local
T3 reduction has a negative impact on the activation of co-regulators released by THRs,
causing a cascade effect on genes involved in lipolytic processes: lower transcription of
PPARs, CPT-1 and PGC1-α (genes involved in β-oxidation processes) (Figure 2B-II). In
addition to the lipolytic pathway, the glycolytic pathway undergoes changes, with reduced
transcription of G6PC and PCK1 (Figure 2B-II). It leads to an increase in the accumulation
of triglycerides by hepatocytes and the reuptake of LDL, due to an impairment of the
breakdown of triglycerides and a lower capacity for β-oxidation of FFAs, reducing energy
production (Figure 2B-III).

Nevertheless, there are still several gaps in knowledge about MAFLD. For example,
knowing that the pathophysiology of MAFLD is characterized by inflammatory changes
and the REDOX state, it is possible to think that the use of antioxidants could improve
the dysfunction in thyroid hormone metabolism, improving mitochondrial capacity and
consequently lipid metabolism, probably stabilizing MAFLD.

4. Methods
4.1. Protocol and Registration

This systematic review adheres to the PRISMA guidelines and was registered in the
International Prospective Register of Systematic Reviews (PROSPERO CRD42022323766).

4.2. Study Objectives

Our objective was to investigate the role of thyroid hormone metabolism in MAFLD.
We focused on the following research question:

What are the mechanisms of THs that are associated with MAFLD progression?
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4.3. Eligibility Criteria

We included only cohort studies (prospective or retrospective), clinical trials and
experimental studies that related THs levels and/or mechanisms with MAFLD. Exclusion
criteria were age younger than 18 years and articles that were not a cohort study, clinical
trial or experimental. Only articles written in English were considered. No restrictions on
publication date were applied.

4.4. Search Strategy and Study Selection

We performed a systematic search of the MEDLINE (via PubMed) and Embase
databases from their inception to March 2022. Comprehensive search queries included text
words and descriptors (MeSH and Entree) based on the phrases ‘non-alcoholic fatty liver
disease’ and ‘thyroid hormones’.

The complete search strategy for Embase and Pubmed was: Pubmed Exposition:
(“Thyroid hormones” [Mesh] OR “Thyroid Hormone Receptors beta” [Mesh]) OR (“iodothy-
ronine deiodinase type I” [Supplementary Concept] OR “iodothyronine de-iodinase type
II” [Supplementary Concept] OR “iodothyronine deiodinase type III” [Supplementary Con-
cept]) AND (“Non-alcoholic Fatty liver disease” [Mesh] OR “Fatty liver” [Mesh] OR “Diet,
High-Fat” [Mesh]) AND (“Clinical Trial” [Publication Type] OR “Clinical Study” [Publica-
tion Type] OR “Observation” [Mesh] OR “Randomized controlled trial” [Publication Type]
OR “Rats” [Mesh] OR “Mice” [Mesh] OR “Cells” [Mesh]) NOT (“Review” [Publication
Type] OR “Systematic review” [Publication Type] OR “Meta-Analysis” [Publication Type]).
Embase: Exposition: ‘Thyroid hormones’ OR ‘Thyroid Hormone Receptors beta’ OR ‘deio-
dinase type 1’ OR ‘de-iodinase type 2’ OR ‘deiodinase type 3’ AND ‘Nonalcoholic Fatty
liver/exp’ OR ‘Non-alcoholic Fatty liver’ OR ‘Fatty liver’ OR lipid diet’ AND ‘Clinical Trial’
OR ‘Clinical Study’ OR ‘Observation study’ OR ‘Randomized controlled trial’ OR ‘Rat’ OR
‘Mouse’ OR ‘Cells’.

Three independent reviewers (RAM, FA and RTR) assessed records for inclusion
based on titles and abstracts. Abstracts that did not meet the inclusion criteria or that
met the exclusion criteria were discarded. The remaining records and abstracts that did
not provide enough information to decide on their exclusion were selected for full-text
evaluation, which was performed by the same reviewers independently. A fourth reviewer
(SW) resolved the disagreements.

4.5. Data Collection and Extraction

Independent reviewers extracted the data using a standardized system. The following
information was obtained: first author, year of publication, sample, study design, NAFLD
assessment technique, groups, treatment, dose, THs, TH target, effect in liver. The research
team verified and discussed the results of the extraction.

5. Conclusions

There have been advances in the understanding of the mechanisms involving THs
and THRs in the maintenance of liver homeostasis in recent years. The interrelationship
between the availability of tissue T3 and the signaling of THRs in the metabolic processes
involved in liver diseases seems to be the key to better understand the disease. Recent
findings have given us a basis of knowledge on lipid metabolism and its complexity in the
processes of FFA regulation, although its relationship with THs in the disease is still unclear.
Deepening knowledge of the mechanisms involved in MAFLD related to THs seems to be
the focus for future studies.
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Role of Type 3 Deiodinase in the progression of non-alcoholic liver disease: 

Interconnections between Oxidative Stress, Respiratory Changes and Macrophage 

Activation 
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2. PERSPECTIVAS 

Tendo em vista os resultados encontrados nos estudos apresentados, é possível 

acrescentar o metabolismo dos hormônios tireoidianos e seus respectivos mecanismos 

como fatores contribuintes na fisiopatologia da MAFLD. Além disso, os achados 

obtidos nesses estudos abrem novas possibilidades terapêuticas no tratamento da 

doença, visto que ainda não existe um tratamento farmacológico liberado para o 

controle da mesma e que ainda são utilizados mudanças no estilo de vida (alimentação e 

exercício físico) no combate a MAFLD. 

Avaliar abordagens que visem melhorar o estado REDOX, no fígado, parece ser 

uma boa alternativa para reestabelecer a função das desiodases e consequentemente a 

disponibilidade do T3 no fígado. Em estudos anteriores do nosso grupo [41-43] 

verificamos que em situações de injuria aguda o uso de medicamentos com capacidade 

antioxidante mostraram bons resultados, tanto no tecido alvo quanto nos periféricos, 

reequilibrando o estado REDOX e aumentando a atividade do hormônio T3. 

Neste sentindo, realizar estudos com este enfoque de tratamento pode trazer 

novos avanços junto ao controle da MAFLD como também potencializar tratamento que 

já estão em teste. 
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Abstract

Aims

We assessed the effects of a short-term exercise training on cardiac function, oxidative

stress markers, and type 3 iodothyronine deiodinase (D3) activity in cardiac tissue of spon-

taneously hypertensive rats (SHR) following experimental myocardial infarction (MI).

Methods

Twenty-four SHR (aged 3 months) were allocated to 4 groups: sham+sedentary, sham

+trained, MI+sedentary and MI+trained. MI was performed by permanent ligation of the cor-

onary artery. Exercise training (treadmill) started 96 hours after MI and lasted for 4 weeks

(~60% maximum effort, 4x/week and 40 min/day). Cardiac function (echocardiography),

thioredoxin reductase (TRx), total carbonyl levels, among other oxidative stress markers

and D3 activity were measured. A Generalized Estimating Equation was used, followed by

Bonferroni’s test (p<0.05).

Results

MI resulted in an increase in left ventricular mass (p = 0.002) with decreased cardiac out-

put (~22.0%, p = 0.047) and decreased ejection fraction (~41%, p = 0.008) as well as an

increase in the carbonyl levels (p = 0.001) and D3 activity (~33%, p<0.001). Exercise train-

ing resulted in a decrease in left ventricular mass, restored cardiac output (~34%, p = 0.048)

and ejection fraction (~20%, p = 0.040), increased TRx (~85%, p = 0.007) and reduced car-

bonyl levels (p<0.001) and D3 activity (p<0.001).
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Abstract

Imbalances in redox status modulate type 3 deiodinase induction in nonthyroidal 
illness syndrome. However, the underlying mechanisms that lead to D3 dysfunction 
under redox imbalance are still poorly understood. Here we evaluated D3 induction, 
redox homeostasis, and their interrelationships in the liver, muscle, and brain in an 
animal model of NTIS. Male Wistar rats were subjected to left anterior coronary artery 
occlusion and randomly separated into two groups and treated or not (placebo) with the 
antioxidant N-acetylcysteine. Sham animals were used as controls. Animals were killed 
10 or 28 days post-MI induction and tissues were immediately frozen for biochemical 
analysis. D3 activity, protein oxidation and antioxidant defenses were measured in liver, 
muscle, and brain. Compared to those of the sham group, the levels of D3 expression 
and activity were increased in the liver (P = 0.002), muscle (P = 0.03) and brain (P = 0.01) 
in the placebo group. All tissues from the placebo animals showed increased carbonyl 
groups (P < 0.001) and diminished sulfhydryl levels (P < 0.001). Glutathione levels were 
decreased and glutathione disulfide levels were augmented in all examined tissues. 
The liver and muscle showed augmented levels of glutathione peroxidase, glutathione 
reductase and thioredoxin reductase activity (P = 0.001). NAC prevented all the 
alterations described previously. D3 dysfunction in all tissues correlates with post-MI-
induced protein oxidative damage and altered antioxidant defenses. NAC treatment 
prevents D3 dysfunction, indicating that reversible redox-related remote D3 activation 
explains, at least in part, the thyroid hormone derangements of NTIS.

Introduction

Nonthyroidal illness syndrome (NTIS), also known as 
low T3 syndrome, is a clinical condition observed in 
ill patients characterized by a rapid decrease in serum 
triiodothyronine (T3) levels accompanied by increased 
reverse T3 (rT3) and a subsequent decrease in plasma 
thyroxine (T4), without alteration in thyroid stimulating 
hormone (TSH) levels (Wajner & Maia 2012). NTIS is 
observed in patients with several diseases, and low 

serum T3 levels are inversely correlated with mortality 
in this condition (Iervasi et  al. 2003, Peeters et  al. 
2005, Alevizaki et  al. 2007). The pathophysiology of 
NTIS includes profound changes in peripheral thyroid 
hormone metabolism. This process is carried by a set of 
enzymes, deiodinase type 1, 2 and 3 (D1, D2 and D3, 
respectively). D1 and D2 convert T4 to T3, while D3 
exclusively inactivates both T4 and T3. Deiodinases are 
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Different exercise training 
modalities produce similar 
endothelial function improvements 
in individuals with prehypertension 
or hypertension: a randomized 
clinical trial Exercise, endothelium 
and blood pressure
Marinei L. pedralli  1, Rafael A. Marschner2, Daniel P. Kollet1, Salvador G. neto1,  
Bruna eibel  1, Hirofumi tanaka3 & Alexandre M. Lehnen  1 ✉

Endothelial dysfunction is a characteristic of systemic arterial hypertension (SAH) and an early marker 
of atherosclerosis. Aerobic exercise training (AT) improves endothelial function. However, the effects 
of resistance training (RT) and combined training (CT) on endothelial function remain controversial 
in individuals with SAH. We determined the effects of AT, RT, and CT on endothelial function and 
systolic (SBP)/diastolic blood pressure (DBP) in individuals with prehypertension or hypertension. 
Forty-two participants (54 ± 11 y, resting SBP/DBP 137 ± 9/86 ± 6 mmHg) were randomly allocated 
into AT (n = 14, 40 min of cycling, 50–75% heart rate reserve), RT (n = 14, 6 resistance exercises, 4 × 
12 repetitions, 60% maximum strength) and CT (n = 14, 2 × 12 repetitions of RT + 20 min of AT). All 
participants performed a 40-minute exercise session twice a week for 8 weeks. Endothelial function 
was evaluated by brachial artery flow-mediated dilation (FMD). Blood pressure was evaluated through 
ambulatory monitoring for 24 hours. After 8 weeks of exercise training, blood pressure was reduced in 
all 3 groups: −5.1 mmHg in SBP (95%CI –10.1, 0.0; p = 0.003) in AT; −4.0 mmHg in SBP (95%CI −7.8, 
−0.5; p = 0.027) in RT; and −3.2 mmHg in DBP (95%CI −7.9, 1.5; p = 0.001) in CT. All 3 exercise training 
modalities produced similar improvements in FMD: + 3.2% (95%CI 1.7, 4.6) (p < 0.001) in AT; + 4.0% 
(95%CI 2.1, 5.7) (p < 0.001) in RT; and +6.8% (95%CI 2.6, 11.1) (p = 0.006) in CT. In conclusion, different 
exercise training modalities were similarly effective in improving endothelial function but impacts on 
ambulatory blood pressure appear to be variable in individuals with prehypertension or hypertension.

Systemic arterial hypertension (SAH) is a highly prevalent cardiovascular risk factor1 and is associated with 
endothelial dysfunction2,3. Endothelial dysfunction is a phenotypic alteration in the endothelium characterized 
by prothrombotic, pro-inflammatory, and pro-constrictor conditions4. A reduction of 0.62% in endothelial func-
tion quantified by flow-mediated dilation (FMD) is associated with an increase of 20 mmHg in systolic blood 
pressure (SBP)2. Thus, given the relationship between SAH and endothelial dysfunction and high cardiovascular 
risk associated with SAH5, improving endothelial function and decreasing blood pressure (BP) are crucial for 
management and prevention strategies in individuals with prehypertension and hypertension5.

1Institute of Cardiology of Rio Grande do Sul/University Foundation of Cardiology, Porto Alegre, Brazil. 2Thyroid 
Section, Endocrine Division, Hospital de Clínicas de Porto Alegre, Federal University of Rio Grande do Sul, Porto 
Alegre, Brazil. 3Cardiovascular Aging Research Laboratory, Department of Kinesiology & Health Education, The 
University of Texas at Austin, Austin, TX, USA. ✉e-mail: amlehnen@gmail.com
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Individuals with controlled 
hypertension show endothelial 
integrity following a bout 
of moderate‑intensity exercise: 
randomized clinical trial
Gustavo Waclawovsky1, Liliana F. C. Boll1, Bruna Eibel1, Ana Paula Alegretti2, 
Fabiane Spagnol2, Juliana De Paoli2, Simone Wajner3, Rafael A. Marschner3, 
Maximiliano I. Schaun1 & Alexandre Machado Lehnen 1*

To examine the acute effects of aerobic exercise (AE), resistance exercise (RE) or combined 
exercise (CE) on flow‑mediated dilation (FMD), progenitor cells (PCs), endothelial progenitor cells 
(EPCs), oxidative stress markers and endothelial‑cell derived microvesicles (EMVs) in patients with 
hypertension. This is a randomized, parallel‑group clinical trial involving an intervention of one session 
of three different modalities of exercise. Thirty‑three males (43 ± 2y) were randomly divided into three 
groups: a session of AE (n = 11, 40 min, cycle ergometer, 60% HRR); a session of RE (n = 11, 40 min, 
4 × 12 lower limb repetitions, 60% 1‑RM); or a session of CE (n = 11, 20‑min RE + 20‑min AE). FMD was 
assessed 10 min before and 10, 40 and 70 min post‑intervention. Blood samples were collected at 
the same time points (except 40 min). FMD were similar in all groups and from baseline (within each 
group) after a single exercise bout (AE, RE or CE). At 70 min, RE group showed higher levels of PCs 
compared to the AE (81%) and CE group (60%). PC levels were reduced from baseline in all groups (AE: 
32%, p = 0.037; RE: 15%, p = 0.003; CE: 17%, p = 0.048). The levels of EPCs, EMVs and oxidative stress 
were unchanged. There were no acute effects of moderate‑intensity exercise on FMD, EPCs, EMVs and 
oxidative stress, but PCs decreased regardless of the exercise modality. Individuals with controlled 
hypertension do not seem to have impaired vascular function in response to a single exercise bout.

Systemic arterial hypertension is a multifactorial clinical condition characterized by sustained high blood pres-
sure (BP)  levels1. An increase of 20 mmHg in systolic blood pressure (SBP) has been associated with a two-fold 
increased risk of death from ischemic heart disease due to vascular  disease2. It has been proposed that exacerbated 
sympathetic activity plays an important role in the development and maintenance of  hypertension3.

The endothelium plays a central role in the modulation of angiogenesis, inflammatory response, regulation 
of vascular tone and peripheral vascular  resistance4. It is well known that cardiovascular events are directly 
associated with impaired endothelial  function5 characterized by decreased production and bioavailability of 
nitric oxide (NO) and/or insufficient vasomotor response. Flow-mediated dilation (FMD) is an important non-
invasive method for measuring vascular  function6, and FMD results from a single exercise session may predict 
adaptive training  changes7.

Endothelial-cell derived microvesicles (EMVs) are located in the membrane of endothelial cells and are 
released after cellular activation or apoptosis of these cells. Thus, EMVs are biomarkers of endothelial damage 
by increased circulating EMVs. In the long term, aerobic exercise training may decrease resting levels of EMVs 
in healthy individuals, which may reflect reduced vascular  injury8. In an acute setting (i.e., short-term after a 
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Abstract

We performed a systematic review and meta-analysis to comprehensively determine the 
prevalence and the prognostic role of non-thyroidal illness syndrome (NTIS) in critically 
ill patients. We included studies that assessed thyroid function by measuring the serum 
thyroid hormone (TH) level and in-hospital mortality in adult septic patients. Reviews, case 
reports, editorials, letters, animal studies, duplicate studies, and studies with irrelevant 
populations and inappropriate controls were excluded. A total of 6869 patients from 25 
studies were included. The median prevalence rate of NTIS was 58% (IQR 33.2–63.7). In 
univariate analysis, triiodothyronine (T3) and free T3 (FT3) levels in non-survivors were 
relatively lower than that of survivors (8 studies for T3; standardized mean difference 
(SMD) 1.16; 95% CI, 0.41–1.92; I2 = 97%; P < 0.01). Free thyroxine (FT4) levels in non-
survivors were also lower than that of survivors (12 studies; SMD 0.54; 95% CI, 0.31–0.78; 
I2 = 83%; P < 0.01). There were no statistically significant differences in thyrotropin levels 
between non-survivors and survivors. NTIS was independently associated with increased 
risk of mortality in critically ill patients (odds ratio (OR) = 2.21, 95% CI, 1.64–2.97, I2 = 65%  
P  < 0.01). The results favor the concept that decreased thyroid function might be 
associated with a worse outcome in critically ill patients. Hence, the measurement of TH 
could provide prognostic information on mortality in adult patients admitted to ICU.

Introduction

Thyroid hormones (TH) are essential for cellular growth, 
differentiation, and energetic regulation. Critical illness is 
frequently associated with alterations in TH metabolism 
not caused by abnormalities of the hypothalamic–
pituitary–thyroid function. These changes, collectively 
known as ‘non-thyroidal illness syndrome‘ (NTIS) or ‘low T3 
syndrome’ are characterized by low plasma concentrations 
of the biologic active hormone triiodothyronine (T3), low 
or normal plasma concentrations of thyroxine (T4), and 
elevated plasma levels of the inactive hormone reverse T3 

(rT3) in the presence of normal thyrotropin (TSH) levels 
(1). The pathophysiology of NTIS is multifactorial. In the 
early phase, the peripheral TH metabolism is impaired, 
with reduced hormonal bioavailability consequent to the 
consumption of carrier proteins, as acute-phase proteins, 
and changes in the expression of transmembrane hormone 
transporters. Additionally, deranged iodothyronine 
deiodinases function causes a decrease of T4 to T3 
conversion with a further raise in the inactivation of T4 to 
rT3. In the chronic course of the disease, inhibition of the 
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Modulation of Deiodinase Types 2 and 3 during Skeletal
Muscle Regeneration
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Ann Marie Zavacki 1 and Simone Magagnin Wajner 1,2,*
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Boston, MA 02115, USA; anogawa05@gmail.com (A.O.-W.); ccarmody46@gmail.com (C.C.);
katherine_le@meei.harvard.edu (K.L.); plarsen@partners.org (P.R.L.); annmarie.zavacki@gmail.com (A.M.Z.)
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Universidade Federal do Rio Grande do Sul, Porto Alegre 9000335, Brazil; rafamarschner@gmail.com

* Correspondence: simone.wajner@ufrgs.br

Abstract: The muscle stem-cell niche comprises numerous cell types, which coordinate the regenera-
tion process after injury. Thyroid hormones are one of the main factors that regulate genes linked to
skeletal muscle. In this way, deiodinase types 2 and 3 are responsible for the fine-tuning regulation
of the local T3 amount. Although their expression and activity have already been identified during
muscle regeneration, it is of utmost importance to identify the cell type and temporal pattern of
expression after injury to thoroughly comprehend their therapeutic potential. Here, we confirmed
the expression of Dio2 and Dio3 in the whole tibialis anterior muscle. We identified, on a single-cell
basis, that Dio2 is present in paired box 7 (PAX7)-positive cells starting from day 5 after injury. Dio2 is
present in platelet derived growth factor subunit A (PDGFA)-expressing fibro-adipogenic progenitor
cells between days 7 and 14 after injury. Dio3 is detected in myogenic differentiation (MYOD)-positive
stem cells and in macrophages immediately post injury and thereafter. Interestingly, Dio2 and Dio3
RNA do not appear to be present in the same type of cell throughout the process. These results
provide further insight into previously unseen aspects of the crosstalk and synchronized regulation
of T3 in injured muscle mediated by deiodinases. The set of findings described here further define
the role of deiodinases in muscle repair, shedding light on potential new forms of treatment for
sarcopenia and other muscular diseases.

Keywords: skeletal muscle; thyroid hormone; deiodinases; muscle injury; FAPs

1. Introduction

Tissue regeneration allows damaged tissues to repair and remodel upon injury. Skeletal
muscle is composed of multinucleated mature muscle cells (myofibers), a resident pool of
muscle stem cells (MuSCs, also called muscle satellite cells), and other populations such
as fibro-adipogenic progenitors (FAPs), endothelial cells, tenocytes, and resident immune
cells [1–3]. Mammalian skeletal muscle exhibits the capacity for extensive regeneration in
response to injury [4]. It is critical to understand the cell types and processes that mediate
skeletal muscle healing to improve regenerative efficiency while limiting scar formation.
Muscle repair, which mainly depends on satellite cells, counteracts skeletal muscle loss and
supplies new myofibers [5,6].

Muscle is a major target of TH action [7,8]. T3 potentiates satellite cell differentiation
and muscle regeneration upon injury [9,10]. THs also regulates oxygen consumption, fiber
composition, calcium mobilization, and glucose uptake [11,12]. While the role of thyroid
hormones is well established as part of muscle recovery after injury [7], the precise cells
in which types 2 and 3 deiodinases are located, as well as the time course of their expres-
sion during regeneration, are still not well defined. Type 2 deiodinase (Dio2) converts
thyroxine to 3,3,5-triiodothyronine (T3), while type 3 deiodinase (Dio3) inactivates T3, thus
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Disruption of mitochondrial functions involving mitochondrial 
permeability transition pore opening caused by maleic acid in rat 
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Abstract
Propionic acid (PA) predominantly accumulates in tissues and biological fluids of patients affected by propionic acidemia 
that may manifest chronic renal failure along development. High urinary excretion of maleic acid (MA) has also been 
described. Considering that the underlying mechanisms of renal dysfunction in this disorder are poorly known, the present 
work investigated the effects of PA and MA (1–5 mM) on mitochondrial functions and cellular viability in rat kidney and 
cultured human embryonic kidney (HEK-293) cells. Mitochondrial membrane potential (∆ψm), NAD(P)H content, swell-
ing and ATP production were measured in rat kidney mitochondrial preparations supported by glutamate or glutamate plus 
malate, in the presence or absence of  Ca2+. MTT reduction and propidium iodide (PI) incorporation were also determined in 
intact renal cells pre-incubated with MA or PA for 24 h. MA decreased Δψm and NAD(P)H content and induced swelling 
in  Ca2+-loaded mitochondria either respiring with glutamate or glutamate plus malate. Noteworthy, these alterations were 
fully prevented by cyclosporin A plus ADP, suggesting the involvement of mitochondrial permeability transition (mPT). MA 
also markedly inhibited ATP synthesis in kidney mitochondria using the same substrates, implying a strong bioenergetics 
impairment. In contrast, PA only caused milder changes in these parameters. Finally, MA decreased MTT reduction and 
increased PI incorporation in intact HEK-293 cells, indicating a possible association between mitochondrial dysfunction 
and cell death in an intact cell system. It is therefore presumed that the MA-induced disruption of mitochondrial functions 
involving mPT pore opening may be involved in the chronic renal failure occurring in propionic acidemia.

Keywords Maleic acid · Propionic acid · Propionic acidemia · Chronic renal failure · Mitochondrial permeability transition

Introduction

Maleic acid (MA) is a dicarboxylic organic acid, the cis iso-
mer of the citric acid cycle intermediate fumaric acid, that 
has been largely demonstrated to be nephrotoxic. Several 
studies have demonstrated that in vitro and in vivo treat-
ments of proximal tubules with MA provoke acute renal 
dysfunction (Roth et al. 1978; Al-Bander et al. 1982), resem-
bling Fanconi syndrome, which is associated with global 
dysfunction of the proximal tubule, leading to high urinary 
excretion of amino acids, glucose, phosphate, bicarbonate, 
uric acid, among others (Roth et al. 1981; Foreman 2019).

Of note, besides the predominant excretion of propi-
onic (PA), 3-hydroxypropionic and 2-methylcitric acids, 
the presence of MA was observed in the urine of patients 
affected by propionic acidemia (PAcidemia, OMIM 
#606,054) (Bergstrøm et al. 1981). This disease is caused 
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Improved Functional Capacity and Modulated Vascular  

Function of Individuals Undergoing Coronary Artery Bypass  
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Abstract: Background: Cardiac rehabilitation with aerobic exercises is the first strategy for non-

pharmacological treatment in the postoperative period of individuals undergoing coronary artery 

bypass grafting (CABG) to improve functional capacity and vascular health. However, other exer-

cise modalities remain uncertain regarding the same benefits. Objectives: Evaluation of the effect of 

different modalities of exercise, such as early cardiac rehabilitation on subjects submitted to CABG 

in the six-minute walk test (6-MWT) and on the percentage of flow-mediated dilatation (FMD) of 

the brachial artery. Methods: A randomized clinical trial in which 15 patients (62.7 ± 6.7 years) who 

underwent CABG were randomly assigned to the following groups: isometric (IG, Handgrip 

Jamar®), ventilatory muscle training (VG, PowerBreathe®) and control (CG, conventional respir-

atory and motor physiotherapy). All patients were attended to physically twice a day (20 

min/session) for a consecutive week after the CABG (hospital admission). Functional capacity was 

assessed by 6-MWT and endothelial function was assessed through the technique of FMD, before 

and after (~7 days) admission to CABG. The doppler ultrasound videos were analyzed by Cardi-

ovascular Suite® software (Company’s name, City, Country) to measure %FMD. Statistics: Gener-

alized estimation equation, followed by Bonferroni post hoc (p < 0.05). Results: Systolic, diastolic 

and mean arterial pressure (SBP/DBP/MAP, respectively) were 133, 76 and 95 mmHg. The groups 

presented walking meters (m) distance before and after intervention of: IGbasal 357.80 ± 47.15 m vs. 

IGpost 306.20 ± 61.63 m, p = 0.401 (+51 m); VGbasal 261.50 ± 19.91 m vs. VGpost 300.75 ± 26.29 m, p = 

0.052 (+39 m); CG basal 487.83 ± 83.23 m vs. CGpost 318.00 ± 31.08, p = 0.006 (−169 m). %FMD before 

and after intervention was IGbasal 10.4 ± 4.8% vs. IGpost 2.8 ± 2.5%, p = 0.152; VGbasal 9.8 ± 5.1% vs. 

VGpost 11.0 ± 6.1%, p = 0.825; CGbasal 9.2 ± 15.8% vs. CGpost 2.7 ± 2.6%, p = 0.710 and resting mean basal 

blood flow was IGbasal 162.0 ± 55.0 mL/min vs. IGpost 129.9 ± 63.7 mL/min, p = 0.662; VGbasal 83.74 ± 

12.4 mL/min vs. VGpost 58.7 ± 17.1 mL/min, p = 0.041; CGbasal 375.6 ± 183.7 mL/min vs. CGpost 192.8 ± 

115.0 mL/min, p = 0.459. Conclusions: Ventilatory muscle training for early cardiac rehabilitation 

improved acute functional capacity and modulated mean flow of individuals undergoing CABG. 
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