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ABSTRACT 
 

Non-alcoholic fatty liver disease (NAFLD) is a public health concern affecting 24% 

of the population worldwide. Non-alcoholic steatohepatitis (NASH), one of the deleteri-

ous stages of non-alcoholic fatty liver disease, remains a significant cause of liver-related 

morbidity and mortality worldwide. NAFLD is a multifactorial disease and is considered 

the hepatic component of metabolic syndrome. Although mechanisms underlying dis-

ease pathophysiology are not fully clarified, mitochondrial dysfunction and oxidative 

stress (OxS) are potential key players. Mitochondria are key organelles involved in cellu-

lar survival, differentiation, and death induction. In this regard, mitochondrial morphol-

ogy and/or function alterations are involved in stress-induced adaptive pathways, prim-

ing mitochondria for mitophagy or apoptosis induction.  

In this context and driven by the lack of effective pharmacological therapies, we 

propose a new approach using a mitochondria-targeted antioxidant (AntiOxCIN4) to pre-

vent non-alcoholic fatty liver (NAFL) development. 

Previously studies shown that the mitochondriotropic antioxidant AntiOxCIN4 

(100 μM; 48 h) presented significant cytoprotective effect without affecting the viability 

of human hepatoma-derived (HepG2) cells. Moreover, AntiOxCIN4 (12.5 μM; 72 h) 

caused a mild increase of reactive oxygen species (ROS) levels without toxicity to primary 

human skin fibroblasts (PHSF). As Nrf2 is a master regulator of the OxS response induc-

ing antioxidant-encoding gene expression, we hypothesized that AntiOxCIN4 could in-

crease the resistance of human hepatoma-derived HepG2 to oxidative by Nrf2-depend-

ent mechanisms, in a process mediated by mitochondrial ROS (mtROS). In fact, in chap-

ter 7, we showed that after an initial decrease in oxygen consumption paralleled by a 

moderate increase in superoxide anion levels, AntiOxCIN4 led to a time-dependent Nrf2 

translocation to the nucleus. This was followed later by an increase in basal respiration 

(150 %) and extracellular acidification (120 %). AntiOxCIN4 treatment enhanced mito-

chondrial quality by triggering the clearance of defective organelles by autophagy 

and/or mitophagy, coupled with increased mitochondrial biogenesis. AntiOxCIN4 also 

up-regulated the cellular antioxidant defense system. AntiOxCIN4 seems to have the 

ability to maintain hepatocyte redox homeostasis, regulating the 
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electrophilic/nucleophilic tone, and preserve cellular physiological functions. The ob-

tained data in chapter 7 opened a new avenue to explore the effects of AntiOxCIN4 in 

the context of preserving hepatic mitochondrial function in disorders, such as 

NASH/NAFLD and type II diabetes. 

In agreement with that hypothesis, we next characterized the human HepG2 

cells as an in vitro model for steatosis (chapter 8), in order to screen mitochondriotropic 

antioxidants lipid lowering ability. Using an exploratory data analysis, we investigate 

time-dependent cellular and mitochondrial effects of different supra-physiological fatty 

acids (FA) overload strategies, in the presence or absence of fructose (F), on human he-

patoma-derived HepG2 cells. We measured intracellular neutral lipid content and reac-

tive oxygen species (ROS) levels, mitochondrial respiration and morphology, and caspa-

ses activity and cell death. FA-treatments induced a time-dependent increase in neutral 

lipid content, which was paralleled by an increase in ROS. Fructose, by itself, did not 

increase intracellular lipid content nor aggravated the effects of palmitic acid (PA) or 

free fatty acids mixture (FFA), although it led to an increased expression of hepatic fruc-

tokinase. Instead, F decreased mitochondrial phospholipid content, as well as OXPHOS 

subunits levels. Increased lipid accumulation and ROS in FA-treatments preceded mito-

chondrial dysfunction, comprising altered mitochondrial membrane potential (ΔΨm) 

and morphology, and decreased oxygen consumption rates, especially with PA. Conse-

quently, supra-physiological PA alone or combined with F prompted the activation of 

caspase pathways leading to a time-dependent decrease in cell viability. Exploratory 

data analysis methods support this conclusion by clearly identifying the effects of FA 

treatments. Unsupervised learning algorithms created homogeneous and cohesive clus-

ters, with a clear separation between PA and FFA treated samples to identify a minimal 

subset of critical mitochondrial markers in order to attain a feasible model to predict cell 

death in NAFLD or for high throughput screening of possible therapeutic agents, with 

particular focus in measuring mitochondrial function. 

Finally, to validate the beneficial effects of hydroxycinnamic-derived mitochon-

driotropic antioxidant AntiOxCIN4, C57BL/6J mice daily supplemented with 2.5 mg Anti-

OxCIN4 were fed with standard diet (SD) or Western diet (WD) (30% high-fat, 30% high-

sucrose) for 16 weeks to induce simple steatosis in vivo. Additionally, we treated HepG2 

cells with AntiOxCIN4 (100 μM, 48 h) before the exposure to bovine serum albumin (BSA) 
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alone or free fatty acids (FFAs) mixture (250 µM, 24 h) to induce lipid accumulation in 

vitro (chapter 9). In WD-fed mice, AntiOxCIN4 supplementation decreased body (by 43 

%), liver weight (by 39 %) and plasma hepatocyte damage markers. The improvement in 

hepatic-related parameters was associated with a reduction of fat liver accumulation 

(600 %) and the remodeling of fatty acyl chain composition compared with the WD-fed 

group. Data on human HepG2 cells confirmed a lower lipid accumulation by the evident 

reduction of lipid droplets size and number in AntiOxCIN4-treated cells. AntiOxCIN4 sup-

plementation induced mitochondrial metabolism remodeling by upregulating oxidative 

phosphorylation (OXPHOS) subunits, mediated by the PGC-1α-SIRT3. Accordingly, hu-

man HepG2 data corroborated that AntiOxCIN4 pre-treatment stimulated fatty acid ox-

idation-linked oxygen consumption rates and OXPHOS gene expression remodeling. An-

tiOxCIN4 also upregulated hepatic antioxidant defense system in WD-fed mice and coun-

teracted cellular ROS exacerbation in FFA-treated human HepG2 cells. Finally, AntiOx-

CIN4 supplementation prevented lipid accumulation-driven autophagic flux impairment, 

by increasing lysosomal proteolytic capacity as observed both in vivo and in vitro 

Overall, the results obtained in this dissertation added novel and relevant 

knowledge by showing that AntiOxCIN4 improved NAFL in vivo, via three main mecha-

nisms: a) increasing mitochondrial function (fatty acid oxidation); b) regulating antioxi-

dant capacity (enzymatic and non-enzymatic) and; c) preventing the impairment in au-

tophagy. Together, the findings support the potential use of AntiOxCIN4 in the preven-

tion/ treatment of NAFLD. 
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RESUMO 
 

A síndrome do fígado gordo não-alcoólico (FíGNA) é um problema de saúde 

pública que afeta 24% da população mundial. A esteatohepatite não-alcoólica (EHNA), 

um dos estadios nefastos da síndrome do fígado gordo não-alcoólico, é uma causa 

significativa de morbidade e mortalidade relacionadas com fígado em todo o mundo. A 

FíGNA é uma doença multissistémica, sendo considerada o componente hepático da 

síndrome metabólica. Embora os mecanismos subjacentes à fisiopatologia da doença 

não sejam totalmente conhecidos, a disfunção mitocondrial e o stress oxidativo (OxS) 

são importantes mediadores. As mitocôndrias são organelos envolvidos na 

sobrevivência celular, diferenciação e indução de morte. De facto, a morfologia 

mitocondrial e/ou alterações nas sua função estão envolvidas em vias adaptativas 

induzidas por stress, direccionando as mitocôndrias para a indução de mitofagia ou 

apoptose. 

Nesse contexto, e impulsionado pela falta de terapias farmacológicas eficazes, 

propomos uma nova abordagem usando um antioxidante direcionado à mitocôndria 

(AntiOxCIN4) para prevenir o síndrome do fígado gordo não-alcoólico (FíGNA). 

Estudos anteriores mostraram que o antioxidante mitocondriotrópico 

AntiOxCIN4 (100 μM; 48 h) tem efeito protector significativo sem afetar a viabilidade das 

células derivadas do hepatoma humano (HepG2). Além disso, o AntiOxCIN4 (12,5 μM; 72 

h) aumentou ligeiramente os níveis de espécies reactivas de oxigénio (ERO) sem 

provocar toxicidade em fibroblastos primários da pele humana (FPPH). Uma vez que o 

Nrf2 é um regulador crucial na indução da expressão de genes que codificam para 

proteínas antioxidantes, formulamos a hipótese de que AntiOxCIN4 poderia aumentar a 

resistência as células HepG2 à oxidação através de mecanismos dependentes do Nrf2, 

num processo mediado por ERO mitocondriais (mtROS). De fato, no capítulo 7, 

mostramos que, após uma diminuição inicial no consumo de oxigénio, acompanhada 

por um aumento moderado nos níveis do anião superóxido, o AntiOxCIN4 levou a uma 

translocação, em função do tempo, do Nrf2 para o núcleo. A isto foi juntou-se um 

aumento na respiração basal (150%) e na acidificação extracelular (120%). A incubação 

com o AntiOxCIN4 melhorou a qualidade mitocondrial em células HepG2 ao desencadear 
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a eliminação de organelos disfuncionais por autofagia e/ou mitofagia, juntamente com 

um acréscimo na biogénese mitocondrial. O AntiOxCIN4 também regulou positivamente 

o sistema de defesa antioxidante celular. O AntiOxCIN4 parece ter a capacidade de 

manter a homeostase redox dos hepatócitos, regular o potencial eletrofílico/nucleofílico 

e preservar as funções fisiológicas celulares. Os dados obtidos no capítulo 7 abriram um 

novo caminho para explorar os efeitos do AntiOxCIN4 no contexto da preservação da 

função mitocondrial hepática em doenças, como a FíGNA e a diabetes tipo II. 

De acordo com essa hipótese, caracterizamos a seguir as células HepG2 como 

um modelo in vitro para a esteatose (capítulo 8), a fim de rastrear a capacidade de 

redução de lipídios dos antioxidantes mitocondriotrópicos. Usando uma análise 

exploratória de dados, investigamos os efeitos celulares e mitocondriais em função do 

tempo de diferentes ácidos gordos em concentrações suprafisiológicos, na presença ou 

ausência de frutose (F), em células derivadas de hepatoma humano HepG2. Nesta 

secção do trabalho, medimos o conteúdo intracelular de lipídos neutros, os níveis de 

ERO, a respiração mitocondrial e a sua morfologia, a atividade das caspases e a morte 

celular. Os tratamentos com ácidos gordos induziram a um aumento em função do 

tempo do teor de lipídos neutros, que foi acompanhado por um aumento nas ERO. A 

frutose, por si só, não aumentou o conteúdo lipídico intracelular, nem agravou os efeitos 

do ácido palmítico (PA) ou da mistura de ácidos gordos livres (FFA), embora tenha levado 

a uma expressão aumentada da frutocinase hepática. Em vez disso, a fructose diminuiu 

o conteúdo de fosfolipídios mitocondriais, bem como os níveis de subunidades da cadeia 

fosforilativa mitocondrial (OXPHOS). A acumulação lipídica e dos níveis de ERO em 

tratamentos com FA precedeu a disfunção mitocondrial, caracterizada pela alteração do 

potencial de membrana mitocondrial (ΔΨm) e da morfologia mitocondrial, assim como 

taxas de consumo de oxigénio diminuídas, especialmente com o PA. 

Consequentemente, concentrações suprafisiológicas de PA, por si só, ou em 

combinação com o F induziu a activação da via das caspases, levando a uma diminuição 

em função do tempo da viabilidade celular. Métodos de análise exploratória de dados 

apoiam esta conclusão ao identificar claramente os efeitos dos tratamentos com FA. Na 

verdade, algoritmos de aprendizagem não supervisionados criaram clusters 

homogéneos e coesos, com uma separação clara entre amostras tratadas com PA e FFA 

para identificar um subconjunto mínimo de marcadores mitocondriais críticos, a fim de 
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atingir um modelo credível para prever a morte celular em NAFLD ou para selecção de 

possíveis agentes terapêuticos, com particular foco na medição da função mitocondrial. 

Finalmente, para validar os efeitos benéficos do antioxidante mitocon-

driotrópico derivado do ácido hidroxicinámico AntiOxCIN4, ratinhos C57BL/6J 

suplementados diariamente com 2,5 mg de AntiOxCIN4 foram alimentados com dieta 

normal (SD) ou dieta ocidental (WD) [com alto teor de gordura (30 %) e sacarose (30 %)] 

durante 16 semanas para induzir esteatose simples nos ratinhos. Além disso, incubamos 

células HepG2 com AntiOxCIN4 (100 μM, 48 h) antes da exposição a albumina sérica 

bovina (BSA) ou à mistura de ácidos gordos livres (FFA) (250 µM, 24 h) como forma de 

induzir a acumulação lipídica nas células (capítulo 9). Nos ratinhos alimentados com WD, 

a suplementação com AntiOxCIN4 diminuiu o peso corporal (cerca de 43%) do animal, 

assim com o peso do fígado (cerca de 39 %), e dos marcadores de dano hepático no 

plasma. A melhoria nos parâmetros hepáticos caracterizou-se por uma redução na 

acumulação de gordura no fígado ( 600 %) e à remodelação da composição da cadeia de 

ácidos gordos livres em comparação com o grupo alimentado apenas com WD. Os dados 

em células HepG2 confirmaram uma menor acumulação lipidíca, evidenciada pela 

redução clara do tamanho e do número de gotículas lipídicas em células incubadas com 

AntiOxCIN4. A suplementação com o AntiOxCIN4 induziu a remodelação do metabolismo 

mitocondrial pela regulação positiva das subunidades da OXPHOS, mediada pela via 

PGC-1α-SIRT3. Consequentemente, os dados em células HepG2 corroboraram que a 

pré-incubação com AntiOxCIN4 estimula as taxas de consumo de oxigénio associado à 

oxidação de ácidos gordos e à remodelação da expressão de genes da OXPHOS. 

AntiOxCIN4 também regulou positivamente o sistema de defesa antioxidante hepático 

em ratinhos alimentados com WD e neutralizou a exacerbação de espécies reativas de 

oxigénio (ERO) em células HepG2 incubadas com FFA. Finalmente, a suplementação com 

AntiOxCIN4 evitou o bloqueio do fluxo autofágico impulsionado pela acumulação 

lipídica, devido a um aumento da capacidade proteolítica lisossomal tanto in vivo, como 

in vitro. 

No geral, os resultados obtidos nesta dissertação agregaram novo e, relevante, 

conhecimento ao mostrar que o AntiOxCIN4 melhora o fenótipo de simples esteatose 

em ratinhos maioriatariamente por três mecanismos: a) aumentando da função 

mitocondrial (oxidação de ácidos gordos); b) regulação da capacidade antioxidante 
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(enzimática e não enzimática) e; c) prevenção do bloqueio do fluxo autofáfico. Juntos, 

os resultados apoiam o uso potencial de AntiOxCIN4 na prevenção/tratamento da 

FíGNA. 
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1. Chapter  
Non-alcoholic Fatty Liver Disease (NAFLD) 
______________________________________________ 
 

1.1. Historical background 

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of fatty liver syndromes 

that do not result from excessive alcohol intake (≤ 30 g alcohol/day in men; ≤ 20 g alco‐

hol/day in women), viral, autoimmune, drug exposure-related, or genetic etiologies.  

Liver Steatosis, a pathological accumulation of intra-hepatic fat content, was 

initially mentioned in 1836 by Thomas Addison [1]. Carrol Leevy later graded steatosis 

seriousness in different categories: normal - total liver fat <5%; irregular but no clinically 

meaningful - 5–9%; mild steatosis - 10–30%; moderate steatosis - 30–70% and severe 

fatty live - >70% [2]. Subsequently, in 1964, Mario Dianzani described the pathogenesis 

of fat accumulation in the liver [1, 3]. An association between fatty liver with 

inflammation, fibrosis or cirrhosis, unrelated to alcohol but associated with diabetes or 

obesity, was then reported by Michael Adler and Fenton Schaffner in 1979 [4]. Soon 

after, Jurgen Ludwig and colleagues introduced in 1980 the denomination non-alcoholic 

steatohepatitis (NASH) for the first time [5], but the terminology nonalcoholic fatty liver 

disease was only accepted by the scientific community in 1986 [6]. In 1999, Christi 

Matteoni reported a histological spectrum of NAFLD severity comprising grading of 

steatosis, lobular inflammation, ballooning degeneration and Mallory hyaline (inclusion 

of damaged intermediate filaments within the liver cells) or fibrosis [7]. In the same year, 

Elizabeth Brunt created a consistent histological grading and staging method for NASH 

diagnosis [8]. Alongside, Helena Cortez-Pinto and Picard Marceau related NAFL with the 

metabolic syndrome [9, 10]. Hilla Knobler stated a high potential for fatty liver 

reversibility through dietary interventions [11]. Three years later, Stefano Romeo 

reported increased NAFLD susceptibility from genetic variations in the PNPLA3 allele 

[12]. More recently, due to common fatty liver-associated metabolic dysfunction a new 

term was suggested – metabolic dysfunction associated with disease (MAFLD) [13]. 

However, NAFLD will still be the standard denomination in this document. 
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1.2. Epidemiology  

NAFLD englobes a spectrum of diseases, ranging from non-alcoholic fatty liver 

(NAFL) or simple steatosis, a more benign stage, to non-alcoholic steatohepatitis (NASH), 

which can evolve to cirrhosis and hepatocellular carcinoma (HCC) [14, 15]. The 

progression through stages is a slow process and can take many years. Patients 

diagnosticated with simples steatosis take on average 14.3 years to reach the fibrosis 

stage, while NASH patients take 7.1 years [16].  

The incidence and prevalence of NAFLD are alarmingly rising worldwide. 

Statistically, the global prevalence of NAFLD is around 25-29%, with the lowest rate in 

Africa (13%) and the highest in Southeast Asia (42%) [17, 18]. In Europe, the prevalence 

of NAFLD is approximately 24%, with notorious higher rates in Southern Europe 

compared with Northern Europe [19], peaking at 41% in Greece [20]. Additionally, a 

time-dependent uptrend in NAFLD prevalence is documented [from 25% between 1999 

and 2005, to 28 % between 2006 and 2011, and 34% between 2012 and 2017] [20]. In 

Portugal, the incidence is around 17% [21]. NAFLD incidence is higher in men than in 

women (37% vs. 23%) and rising in older populations (age ≥45 years) than in younger 

populations (age <45 years; 32% vs 27%) [20].  

Although NAFLD is strongly associated with obesity, lean NAFLD is also a health 

concern. Studies showed that in the NAFLD population, 19% of people were lean and 

41% were non-obese [22]. A prevalence rate of 7% of normal-weight (lean) NAFLD 

patients in the USA, while a range between 25-30 % in rural areas of some Asian 

countries [19, 23] was shown. 

From the world population with NAFL, 15-30 % progresses to NASH (among 

biopsied NAFL patients increase to 59 %), therefore 15-25 % develops fibrosis. From the 

ones that reach fibrosis stage, around 7 % advance to hepatocarcinoma stage [17]. From 

2007 to 2017, cirrhosis-related disability-adjusted life years (DALYs) due to NAFLD/NASH 

increased by 23.4%, while the increment was 37.5% for liver cirrhosis and liver cancer-

related DALYs due to NAFLD/NASH [24]. NASH has a global prevalence estimated 

between 3% to 5%, and recent projections estimate an increase of 56% in NASH 

incidence amongst 2016 and 2030 in developed countries [25]. Still, NASH is responsible 

for 18% of all HCC cases in the USA, corresponding to an 8-fold increase from 2002 to 
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2017 [26] (Figure 1). In Canada, NAFLD and alcohol-related liver disease will cause 

practically all new cirrhosis cases by 2040 [27]. More recently, a study on Swedish 

children and young adults (≤25 years) showed that the 20-year absolute risk of overall 

mortality was higher in NAFLD patients than the general population (7.7% vs 1.1%) [28]. 

 

Figure 1. NAFLD spectrum and the estimated proportion of HCC attributed to NAFLD. (A) Different stages 

of nonalcoholic fatty liver disease (NAFLD), comprising non-alcohol fatty liver (NAFL), non-alcoholic 

steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma (HCC). (B) The proportion of HCC 

attributable to NAFLD is high in the UK, India, Germany, and the Middle East. Image 1B is available: 

https://www.nature.com/articles/s41575-020-00381-6?proof=t 

NAFLD-related HCC rates will follow the obesity increase curve. For instance, 35% of the 

USA population in 2012 was obese and the percentage is expected to increase to 48.9% 

by 2030. 
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1.3. Risk factors 

NAFLD is intrinsically related to the metabolic syndrome, including obesity, 

dyslipidemia, hypertension, and a higher incidence of developing type 2 diabetes 

mellitus (T2DM). A meta-analysis noticed that 51% of patients with NAFLD were obese, 

23% had T2DM, 69% had hyperlipidemia, 39% had hypertension, and 42% had metabolic 

syndrome [29]. 

The prevalence of NAFLD is proportional to the rise in body mass index BMI [29]. 

The World Health Organization (WHO) defined overweight as a BMI higher or equal to 

25 and obesity as a BMI higher or equal to 30. Although BMI has been used as general 

tool to access overweight and obesity, the population diversity (especially in Asia) 

required a more precise approach. Since the BMI does not account for visceral obesity, 

the measurement of waist circumference should also be part of assessing the risk and 

progression of NAFLD [30]. 

Dyslipidemia, which is characterized by exacerbated triglycerides (TG) and low-

density lipoprotein cholesterol (LDL-C) levels and by diminished high-density lipoprotein 

cholesterol (HDL-C) concentrations, is also a risk factor for NAFLD. The overall 

hyperlipidemia/dyslipidemia prevalence estimates among NAFLD and NASH patients are 

69 % and 72 %, respectively [17] 

T2DM is another critical risk factor for NAFLD and NASH. The prevalence of NAFLD 

among diabetic patients is 56%, whereas the overall prevalence of NASH in people who 

have diabetes is around 37% [31]. Although T2DM incidence in children is scarce, the 

risk of T2DM increases with age, especially at puberty. Concernedly, T2DM accelerates 

NAFLD progression and can predict advanced fibrosis and mortality [31] 

Hypertension is also a major (cardio-)metabolic risk for NAFLD, since 50% of 

hypertensive patients have NAFLD [31]. Moreover, the incidence of prevalent 

hypertension and high-normal systolic blood pressure (BP) in nonhypertensive 

individuals is higher in NAFLD patients than in the overall population [32, 33]. In fact, 

uncontrolled hypertension contributes as an increased factor of cardiovascular disease 

(CVD)-related mortality [34]. 

Although NAFLD is associated with unhealthy dietary habits such as excessive 

caloric intake, high fructose consumption, and a sedentary lifestyle [35], genetic 
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contributions to NAFLD development have been documented. The heritability 

component was suggested in NAFLD development [35]. In the last decade, the role of 

genetic variations in the pathophysiology of NAFLD has been a focus of research, 

specifically the finding of single nucleotide polymorphisms (SNPs), [36]. So far, at least 

five major variants in exclusive genes associated with NAFLD were described: PNPLA3 

(patatin-like phospholipase domain containing 3); TM6SF2 (transmembrane 6 

superfamily member 2); GCKR (glucokinase regulator); MBOAT7 (Membrane Bound O-

Acyltransferase Domain Containing 7) and HSD17B13 (Hydroxysteroid 17-Beta 

Dehydrogenase 13). Expression patterns and function of genes associated with NAFLD 

risk are described in Table 1.  

More recently, other rare variants of protein phosphatase 1 regulatory subunit 3B 

(PPP1R3B, rs4240624), immunity-related GTPase M (IRGM, rs10065172), Lipin 1 (Lpin1, 

rs13412852), superoxide dismutase 2 (SOD2, rs4880) and kruppel like factor 6 (KFL6, 

rs3750861) were also identified in NAFLD patients [37].  
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Table 1. Expression patterns and function of genes associated with NAFLD risk. 

Gene Function Variant Outcomes in NAFLD 

PNPLA3 
Lipid remodeling; 

 Lipogenesis 
rs738409  

Decreased lipolysis, phospholipase and retinyl-plamitate lipase activity; [38] 

Increased hepatic fat content, elevated liver enzymes, hepatic fibrosis, and cirrhosis.[39] 

GCKR 
Glucose uptake;  

Lipogenesis 
rs1260326  

Inhibition of glucokinase; [40]  

Increased glycolytic flux and malonyl-CoA levels; [41] 

Increased hepatic fat storage and decreased β-oxidation.[42] 

TM6SF2 VLDL secretion rs58542926 

Increased hepatic TG content and higher risk of advanced fibrosis in NAFLD;[43] 

Lower concentration of hepatic-derived TG-rich lipoproteins; [44] 

Impaired incorporation of polyunsaturated fatty acids into hepatic TGs, phospholipids, and 

cholesterol ester.[45] 

HSD17B13 
Lipid droplet remodeling; 

Retinol metabolism 
rs72613567 

Decreased risk of chronic liver damage in NAFLD patients;[46] 

Increased hepatic phospholipids and downregulation of inflammation-related genes.[47] 

MBOAT7 Remodeling of PI rs641738 

Increased liver damage;[48] 

Decreased PI species with arachidonoyl side chains; [49] 

Increased PI species with monounsaturated fatty acids;[49] 

Elevated plasma levels of LPI. [48] 

Abbreviations: LPI, lysophosphatidylinositol; TG, triglyceride; PI, phosphatidylinositol. VL
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1.4. Clinical diagnosis  

The diagnosis of NAFLD requires evidence of an excessive accumulation of TG in 

the hepatocytes, while excluding other factors of hepatic steatosis. 

The gold standard for NAFLD diagnosis is liver biopsy, an invasive technique that 

provides information about hepatic steatosis, hepatocellular inflammation, and fibrosis 

[50]. Liver biopsy can grade (severity of the disease) and stage (degree of progression to 

cirrhosis) liver illness. NAFLD activity score (NAS), a well-established scoring system for 

the histological diagnosis of NAFLD, provides a composite score based on the degree of 

steatosis, lobular inflammation, hepatocyte ballooning, and fibrosis. Due to the 

complexity and invasiveness of liver biopsy, most patients with NAFLD are tentatively 

diagnosed and staged using noninvasive strategies (Table 2) [51]. 

The most common outcomes in NAFLD patients are high serum TG and low HDL 

levels. Moreover, a mild increase of ALT and AST (3-times higher than the upper limit of 

a healthy person) can result from NAFLD [52]. [53]. Besides that, the diagnostic utility of 

ALT activity is still poor in NAFLD, with a sensitivity of 45% [54]. In fact, 25% to 50% of 

NAFLD patients revealed normal transaminase levels. NAFLD is also associated with 

increased serum ferritin levels [55]. Additionally, inflammatory markers are being 

identified in NASH pathogenesis. Adiponectin, an anti-inflammatory cytokine, is 

decreased while cleaved cytokeratin-18 (CK-18) fragment (released during apoptosis) is 

significantly elevated in the serum of patients with biopsy-proven NASH [56, 57]. 

Because no single biomarker is sufficient to diagnose NASH, a combination of clinical 

features with serum markers are being used to estimate NASH. Within these methods, 

we can find NASHTest, NASH Clinical Research Network (CRN) model, National Institute 

for Health Care Excellence (NICE) model, NAFLD diagnostic panel, and oxNASH risk score 

[51, 58].  In patients in later stages of NAFLD, which show fibrosis already, it is quite 

important to stage the level of fibrosis for future prognosis and guiding management. 

There are several methods to estimate the fibrosis before the need for liver biopsy 

(Table 2).  
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Table 2. Biochemical markers as predictors of non-alcoholic steatohepatitis and 
advanced fibrosis 

Test Predictors 

NAFLD fibrosis 

score 
Age, blood glucose, BMI, platelet count, albumin, and AST/ALT ratio 

BAAT BMI, age, ALT and TGs 

BARD BMI, AST/ALT ratio and diabetes 

ELF Hyaluronic acid, TIMP-1, and PIIINP 

Hepascore Bilirubin, γ-GTP, α2-macroglobulin and hyaluronic acid levels 

FIBROSpect hyaluronic acid, TIMP-1 and α2-macroglobulin 

Fibrometer 
Prothrombin index, platelet count, AST, urea, α2-macroglobulin and 

hyaluronic acid 

NashTest 
Age, sex, height, weight, serum TGs, cholesterol, α2-macroglobulin, 

apolipoprotein A1, haptoglobin, γ-GTP, ALT, AST and total bilirubin 

Abbreviations: ALT, alanine aminotransferase; AST, aspartate transaminase; BMI, body mass index; 
PIIINP, procollagen III amino terminal peptide (PIIINP); TGs, triglycerides; TIMP-1, tissue inhibitor of 
metalloprotein 1; γ-GTP, gamma-glutamyl transpeptidase. 
 

Besides biochemical markers, ultrasound techniques should be used as the first-

line diagnostic test to access NAFLD. The most common imaging tool is the conventional 

ultrasound (e.g., grayscale abdominal ultrasound evaluation of the liver), which present 

good sensitivity and specificity in detecting moderate to severe levels of steatosis [59]. 

Ultrasound has several advantages compared to other imaging modalities, including 

ease of use, portability, accessibility, real-time capability, and low cost. Nevertheless, 

simple grayscale ultrasound has reduced sensitivity in detecting mild hepatic steatosis 

[60]. To overcome these limitations, quantitative ultrasound-based (QUS) techniques 

have been used to improve the diagnosis and classification of hepatic steatosis in NAFLD, 

such as: 

o Controlled attenuation parameter (CAP), in which liver fat quantification is 

measured by the ultrasound attenuation rate using a vibration-controlled 

transient elastography (TE) device, commercially available as FibroScan [61].  

o  Attenuation (AC) coefficient, in which acoustic waves are attenuated 

differently by steatotic when compared with normal liver parenchyma. This 
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approach allows a robust discerning between grade ≥ 1, grade ≥ 2 and ≥ 3 of 

steatosis [62]. 

o  Backscatter coefficients (BSC), in which backscattered signals from liver 

tissue are used to detect intra-hepatocyte fat. Repeatability and 

reproducibility studies of AC and BSC techniques showed similar results [63]; 

o Computerized calculation of hepatorenal index (HRI), in which the 

assessment of hepatic steatosis is calculated by drawing regions of interest 

in the liver parenchyma and right kidney at similar depths, and extrapolating 

ultrasound-beam parameters [60]. 

o Ultrasound envelop statistic parametric imaging, in which the passive 

parametrization of ultrasonic speckle patterns establishes statistical 

distributions/models that can be relate to the structural and acoustic 

properties of tissues (scatterer density and size) [64]  

 

Other techniques such as magnetic resonance spectroscopy (MRS), magnetic 

resonance imaging (MRI) or computed tomography (CT) can be used for NAFLD 

diagnosis. However, the need of centers with MRS expertise and the high-cost demand 

limits its widespread in clinical use. 

In summary, the pathogenesis of fatty liver NAFLD/NASH is multifactorial, altering 

various serum biomarkers in different stages of the disease, which challenge the 

premature NASH diagnosis. Noninvasive tests should be used to assess NASH and 

advanced fibrosis, using liver biopsy only in undetermined situations. 
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2. Chapter 
Mitochondria in NAFLD 
_______________________________________________ 

 

NAFLD is well-defined as excess fat in the liver where at least 5% of hepatocytes 

exhibit lipid droplets (LD) that surpass 5–10% of total liver weight in patients. FFAs can 

reach the liver from three distinct sources: lipolysis (the hydrolysis of FFA and glycerol 

from triglyceride) within adipose tissue; dietary sources, and de novo lipogenesis (DNL) 

[65]. In order hand, FFA can be metabolized either through β-oxidation, re-esterification 

to TGs and storage as LD, or wrapped and exported as very low-density lipoprotein 

(VLDL) (Figure 2).  

 

Figure 2. Metabolism of saturated fat and free sugars overload. Saturated fatty acyl-CoA can reach 

mitochondria for β-oxidation to generate acetyl-CoA in the liver, where it can further suffer ketogenesis 

or be oxidized to CO2 in the TCA cycle. Otherwise, saturated fatty acyl-CoA can be metabolized into sn-

1,2- diacylglycerols (sn-1,2- DAGs). Sn-1,2- DAGs promote PKCε translocation from cytosol to the plasma 

membrane, inhibiting insulin signaling at insulin receptor (INSR) [66]. This process reduces activation of 
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protein kinase AKT2 and following glycogen synthesis. In addition, sn-1,2- DAGs are precursors of TGs, 

which can be stored in hepatic LD or hydrolyzed and re-esterified in the endoplasmic reticulum (ER) as 

VLDL for secretion. Saturated fatty acyl-CoAs, specially palmitoyl-CoA, can likewise enter the de novo 

ceramide synthetic pathway. Ceramides can also stimulate this pathway via SREBP1and fatty acid uptake 

by PKCζ-mediated stimulation of the lipid transport protein CD36. Finally, ceramides can inhibit distal 

insulin signaling via PP2A-mediated inhibition of AKT2 [67]. Excessive intake of free sugars can stimulate 

DNL, which fully produces saturated fatty acids (SFA). AKT2, AKT Serine/Threonine Kinase 2; PC, pyruvate 

carboxylase; PKCε, protein kinase Cε; PP2A, protein phosphatase 2; SREBP1, sterol regulatory element-

binding protein 1; TCA, tricarboxylic acid cycle. Created with BioRender.com. 

 

Hepatic fat accumulation occurs in response to increased fat synthesis and 

delivery, decreased fat export, and/or diminished fat oxidation. In accordance, NAFLD 

patients exhibited 60% of liver TG content derived from FFA influx from adipose tissue, 

26% from DNL, and 15% from diet, while DNL only contributes to <5% of healthy 

individuals hepatic TG formation [68]. 

Although the process of how fat accumulates in the liver is well-documented, the 

pathogenesis of advanced forms of NAFLD remains unclear. Between the hypotheses 

proposed so far, the one that collected more consensus is the “two-hit” hypothesis. 

According to this, NAFLD is a progressive disease in which increased free fatty acids (FFA) 

flux to the liver (“first hit”), combined with an imbalance in its oxidation or secretion, 

leading to hepato-steatosis [69]. Hepatic steatosis can progress to further stages due to 

“second hits” such as mitochondrial dysfunction, cytokines, adipokines, ER stress and 

bacterial endotoxins, for example, leaking from the gut. The theory suffered some 

alterations as new evidence showed that NAFLD may result from parallel “multi-hits” 

[70]. In this context, insulin resistance leads to enhanced lipogenesis and increased 

uptake of FFAs into the liver, which predispose liver to injury by “multiple parallel hits” 

(oxidative damage, activation of fibrogenic pathways, activation of hepatic stellate cells 

(HSC), altered expression of adipokines) leading to NASH and fibrosis.  

2.1. Mitochondria physiology 

Mitochondrial dysfunction is a crucial driver in NAFLD progression. The amount 

and degree of internal mitochondrial structure diverge from tissue to tissue, reliant on 

their metabolic states. Mitochondrial heterogeneity can occur even within the same 
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tissue. The liver is one of the organs richest in mitochondria, occupying 20–25% of the 

cytoplasm in liver cells (≈2000 mitochondria per cell) [71, 72]. Mitochondria are 

responsible for the cell’s energy supply through adenosine triphosphate (ATP) 

production upon oxidative phosphorylation (OXPHOS). Importantly, this organelle is also 

crucial in calcium homeostasis, biogenesis of iron-sulfur clusters, heme and steroid 

synthesis, fatty acids catabolism, redox regulation of cellular signaling, and cell death 

pathways [73].  

2.1.1. Mitochondrial morphology  

Structurally, mitochondria are surrounded by two lipid bilayer membranes. The 

outer mitochondrial membrane (OMM) contains residues of cholesterol and is highly 

permeable to solutes and small metabolites (≈ 5kDa) by the existence of a non-selective 

channel, a voltage-dependent anion channel (VDAC) [74, 75]. The OMM separates the 

cytoplasm from the intermembrane space (IMS). IMS is a space where the proton 

gradient is accumulated, being also the site for some proteins involved in OXPHOS or in 

mitochondrial-dependent signaling. On the other hand, the inner mitochondrial 

membrane (IMM) is rich in cardiolipin and highly impermeable to the majority of the 

ions, containing only specific transporters (proton pumps or substrate-specific shuttles) 

[74, 75] to maintain metabolite transport as well as the proton gradient and optimal 

thermodynamic conditions for specific biochemical reactions [76]. More recently, intra-

cristae space was also identified as a mitochondrial compartment [77]. The number of 

cristae in mitochondria has been associated with the cell’s energy demand [78]. 

Functionally, the IMM separates IMS from an entirely different compartment, the 

mitochondrial matrix, where enzymes of the tricarboxylic acid cycle (TCA) (also called 

the citric acid cycle or Krebs cycle) are present (Figure 3). 
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Figure 3. Mitochondrial morphology. Structurally, mitochondria are divided into four compartments: the 

mitochondrial outer membrane (OMM), the intermembrane space (IMS), the mitochondrial inner 

membrane (IMM), and the matrix. The respiratory chain is localized at the IMM, whereas mitochondrial 

DNA (mtDNA) is located in the matrix. The TCA cycle (Krebs cycle or citric acid cycle) takes place within 

the mitochondrial matrix. The respiratory chain, also known as the electron transport chain (ETC) is 

composed of approximately 100 proteins, 13 of which are encoded by the mtDNA (located in matrix). The 

oxidative phosphorylation system (OXPHOS) consists of five protein complexes; complex I (NADH 
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dehydrogenase) and complex II (succinate dehydrogenase) receive electrons (e-) from intermediary 

metabolism, which are then transferred to coenzyme Q (Q) and subsequently delivered to complex III 

(cytochrome c reductase). The electron shuttling protein cytochrome c (cytc) transfers the electrons to 

complex IV (cytochrome c oxidase), which constitutes the final step in the ETC in which molecular oxygen 

is reduced to water. The electron transport is coupled to proton pumping across the IMM by complexes 

I, III, and IV. The resulting proton gradient drives ATP synthesis through complex V (ATP synthase). 

Reactive oxygen species (ROS), specifically superoxide (O2
●-), can be generated at complexes I and II. 

Created with BioRender.com. 

 

Mitochondria have their genetic material (mtDNA), a double-stranded circular 

DNA about 16 kbp devoid of introns or histones, which is usually found in 2-10 copies 

per mitochondrion [79] with a ratio lower than 1:100 between mtDNA and total cellular 

deoxyribonucleic acid (DNA) content. Each hepatocyte has around 5000 individual 

copies of mtDNA [80]. Although the mitochondrial genome encodes for 13 polypeptides 

together with 22 transfer RNA (tRNA) and 2 ribosomal RNA (rRNA), most of the 

mitochondrial respiratory chain (MRC) different subunits are encoded by the nuclear 

genome (nDNA) and then translated in the cytoplasm and then imported to the IMS or 

the inner IMM through TIM/TOM machinery complex [81, 82]. More recently, short 

open reading frames (sORF) within the mtDNA's 16S and 12S rRNA regions were 

identified (Figure 3) [83]. Mitochondrial-derived peptides (MDPs) are small bioactive 

peptides encoded by sORF and further copied within the mitochondria. So far, humanin 

[84], MOTSC-c (mitochondrial open reading frame of the 12S rRNA-c) [85] and various 

SHLPs (small humanin-like peptides) have been found [86]. MDPs has been described as 

modulators of mitochondrial bioenergetics and metabolism, playing an important role 

in aging and age-associated disorders [87].  

2.1.2. Mitochondrial ATP production 

The TCA produce reduced molecules (NAD+, NADH and succinate), which are 

crucial to sequential redox reactions and conformational changes in the MRC to produce 

energy [88]. At MRC, the electrons go through several multi-subunit proteins 

(Complexes I-IV) driven by a decrease in its redox potential, ultimately reaching oxygen 

as final acceptor [88](Figure 3). Complex I (EC: 1.6.5.3, NADH dehydrogenase, NADH 
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ubiquinone oxidoreductase) catalyzes the transfer of two electrons from NADH to 

ubiquinone (CoQ) along with proton translocation across the membrane. From each 

two-electron transferred, four protons moved from the matrix to the IMS. Moreover, 

complex II (EC: 1.3.5.1, succinate:ubiquinone oxidoreductase, succinate dehydrogenase) 

can be a second point of entry of electrons into MRC as it can connect directly to TCA 

[88]. Complex II has dual function, since it can oxidize succinate to fumarate as a 

component of the TCA cycle, while it transfers electrons from succinate to CoQ in the 

ETC. The potential energy of succinate oxidation nulls proton translocation. [89]. 

Subsequently, ubiquinone is reduced to ubisemiquinone and then to ubiquinol (CoQH2), 

which transfers the electrons to complex III (EC: 1.10.2.2, ubiquinol:cytochrome-c 

oxidoreductase, cytochrome bc1 complex). Simultaneously, two protons are released to 

the IMS [88]. Finally, electrons flow to Complex IV (EC: 1.9.3.1, Cytochrome-c:oxygen 

oxidoreductase, cytochrome-c oxidase) via reduced cytochrome c (cytc), a process that 

involves a total of four electrons and four protons for the reduction of one molecule of 

oxygen to two of water [90]. The protons that were pumped from the matrix to the IMS 

create an electrochemical gradient (Δp), comprising an electric component (ΔΨm), 

which provides a negative charge inside mitochondria, and a pH component (ΔpH) in the 

matrix. Mitochondrial matrix has a pH of about 7.8, which is higher than the pH of the 

IMS of the mitochondria, which is around 7.0–7.4 [90, 91]. At a physiological stage, the 

proton gradient created by the ETC is used to produce ATP, as protons can re-flow 

through the ATP synthase (EC:3.6.3.14, ATP phosphohydrolase (H+-transporting), FOF1-

ATPase, Complex V) proton channel, phosphorylating ADP into ATP [90, 91].  

Respiratory complexes of MRC can interact throughout a high organized 

supramolecular structure (supercomplexes), the “solid-state model" [92, 93]. 

Supercomplexes increase the catalytic activity of ETC individual complexes to transfer 

electrons due to the reduction of the diffusion distance between respiratory complexes 

[92], contributing to the assembly and stability of OXPHOS complexes monomers[94], 

and reducing electron leakage, which consequently prevents ROS generation into 

mitochondria [95]. Cardiolipin, a phospholipid mainly located in the IMM, is crucial in 

the assembly and stability of supercomplexes alterations, since modifications in 
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cardiolipin can disrupt supercomplexes stability and are associated with reduced 

OXPHOS efficiency [96]. 

2.1.3. Mitochondrial reactive oxygen species, antioxidant system defenses 

and oxidative stress 

Cells maintain their homeostasis by regulating their redox status through 

modulation of oxidant and antioxidant species [97]. In (bio)chemistry, an oxidizing agent 

is a substance that can accept electrons, while antioxidants are molecules that can slow 

or stop the oxidation by scavenging free radicals, chelating prooxidative metals, 

quenching singlet oxygen and photosensitizers, and inactivating lipoxygenase [98]. By 

definition, a free radical is a specie that contains an unpaired electron in an atomic 

orbital [99].Notably, radicals have specific characteristics in biological systems, such as 

a high reactivity and a very short lifespan (≤ 10-6 seconds). Under basal cell metabolism, 

reactive species (RS) are continuously formed, some with normal, and important, 

physiological functions such as regulation of cell proliferation and survival through the 

post-translational modifications of kinases and phosphatases [100]. 

Free radicals containing oxygen are highly reactive molecules that include 

numerous partially reduced oxygen species such as H2O2, hydroxyl radical (●OH) and 

superoxide anion radicals (O2
●-). Although several other redox systems throughout the 

cell showed to be capable of forming significant amounts of ROS [101]: endoplasmic 

reticulum (e.g., cytochrome P450 and b5 and diamine oxidase); peroxisomes (e.g., fatty 

acid oxidation enzymes, D-amino acid oxidase, L-2-hydroxyacid oxidase, and urate 

oxidase); cytosol (e.g., NO synthase, lipoxygenases and prostaglandin H synthase); 

plasma membrane (e.g., NADPH oxidase, lipoxygenase); extracellular matrix (e.g., 

xanthine oxidase), mitochondria are the main generators of cellular ROS in non-

phagocytic human cells [102, 103]. Exacerbated mitochondrial ROS (mtROS) generation 

is particularly active in pathophysiology, playing key molecular functions and signal 

transduction pathways in inflammatory response, growth arrest and cell death [104, 

105].  
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The MRC is most likely the major redox system in the cell and one important 

source of ROS under pathological conditions, as several redox carriers can potentially 

leak single electrons to molecular oxygen producing small amounts of mitochondrial 

ROS (mROS). Under physiological condition, 1-2 % of oxygen consumed is converted to 

O2
●- during OXPHOS in mitochondria [102, 106, 107]. In fact, the one-electron reduction 

of O2 to O2
●- is thermodynamically favored in vivo [108]. While several redox couples in 

mitochondria have enough reduction potential to promote one-electron reduction of 

O2, only some produce RS. The two major sites of O2
●- production in mitochondria are 

complex I and complex III [108, 109].Mitochondria produce O2
●- predominantly at 

complex I level in three distinct reduced components: FMN, FeS clusters, and CoQ 

binding sites [110]. Furthermore, Complex I has two different pathways for O2
●- 

production, namely forward electron transference (FET) and reverse electron 

transference (RET). In FET, the NADH/NAD+ ratio plays a crucial role by controlling the 

proportion of reduced FMN, as increased levels of reduced flavin can de-route electrons 

from their regular route to oxygen [111, 112].  

On the other hand, studies in isolated mitochondria showed that a highly reduced 

CoQ pool, in conjugation with a maximal Δp and the absence of ATP synthesis results in 

O2
●- production at complex I. This mechanism is responsible for most ROS production 

observed and is readily inhibited by rotenone and uncouplers [113]. Moreover, complex 

I is more sensitive to ΔpH component of Δp since an H+/K+ antiporter eliminates O2
●- 

production [114]. 

At Complex III, O2
●- production has the same magnitude as in FET, although 

considerably lower than in RET. In the presence of antimycin A, a complex III inhibitor, 

electrons are still routed to cytochrome b but the half-time of semi-CoQ at the QO site 

is enhanced, which increases the odds of electron slip to O2 producing ROS at a higher 

rate. Although electron transfer can be hampered at high ΔΨm in complex III, by 

increasing the semiCoQ occurrence, complex III-induced ROS production is very low 

under normal conditions [110].  

O2
●- has a very short half-life, cannot cross the IMM, and upon formation is rapidly 

dismutated to hydrogen peroxide (H2O2) by two dismutases including Cu/Zn-superoxide 

dismutase (Cu/ZnSOD) in IMS (although this enzyme is mainly present in cytosol) and 
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manganese-dependent superoxide dismutase (MnSOD) in mitochondrial matrix (Figure 

4) [72]. MnSOD activity is higher in the liver and kidney when compared to heart [115]. 

At low physiological levels (nanomolar range), H2O2 act as a second messenger due to 

its neutral and membrane-permeable capacity, diffusing freely from a site generation 

[104]. H2O2 selectively reacts with cysteine residues in redox-sensitive proteins, 

modifying activities or conformations of the proteins to regulate signal transduction [72, 

116]. The state of low-level H2O2 maintenance and its associated physiological redox 

signaling is called “oxidative eustress” [117].  

Figure 4. Endogenous antioxidant defenses. Oxidative stress (OxS) can be caused by endogenous and 

exogenous agents (see text for details). Production of O2
•− by one-electron reduction of O2 is mainly 

through leakage of electrons from the mitochondrial respiratory chain, particularly from ubisemiquinone 

(QH•−) or NADPH oxidases. Then, the dismutation of O2
•− into H2O2 is guaranteed by superoxide 

dismutases (SOD). MnSOD is located exclusively in the mitochondrial matrix, whereas copper-zinc SOD 

(CuZnSOD) mainly performs this reaction in the cytosol or the intermembrane space. After H2O2 

formation, it can be broken down into H2O and O2 by 15 enzymes, including catalase, the five 

peroxiredoxins (Prx) that use thioredoxin (Trx) or the eight glutathione peroxidases (GSH-Px or GPx). 
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Catalase is mainly localized in peroxisomes, although low amounts were reported in mitochondria. H2O2 

does not readily oxidize most molecules but it can react rapidly with transition metals such as iron to 

produce hydroxyl radical (•OH). H2O2 elimination by Gpx is mediated by glutathione (GSH) with its 

consequent oxidative formation of glutathione disulfide (GSSH). GSH can regenerate vitamins C and E to 

their active form and act as a cofactor for GPx. Moreover, GSH is regenerated from GSSG, a process carried 

out by glutathione reductase (GSH-reductase or GR), which requires NADPH as a cofactor. Finally, H2O2 

can be converted in H2O, involving the formation of oxidized peroxiredoxin (Prx). Then, Prx is back to its 

reduced form by TRx oxidation, a task that requires NADPH and thioredoxin reductase (TRxR). Created 

with BioRender.com. 

 

Subsequently, H2O2 can be converted to ●OH by Fenton reaction (Figure 4). 

Mitochondrial O2
●- can also bind with protons to form uncharged HOO● radicals and 

subsequently react with unsaturated fatty acid of mitochondrial membrane lipids to 

produce lipid radicals. Supraphysiological concentrations of H2O2 (> 100 nM) result in 

unspecific oxidation of proteins and altered response patterns, which reversible and 

irreversible damage biomolecules, causing growth arrest and cell death, with associated 

pathological states ( ‘oxidative distress’) [104]. 

In mitochondria, H2O2 can be degraded by the action of glutathione peroxidases 

(GPx), catalase, peroxiredoxins (Prxs) and thioredoxins (Trxs) (Figure 4). Catalase can 

convert two H2O2 molecules to H2O and O2, being mainly expressed in peroxisomes but 

also found in mitochondria. Moreover, its levels are higher in the liver followed by 

kidneys and heart [115]. Catalase also requires NADPH as a reducing equivalent to 

prevent oxidative inactivation of the enzyme [118]. Alternatively, H2O2 can be 

eliminated by Gpx through conversion of H2O2 to H2O, which requires glutathione (GSH) 

(Figure 4) [115, 119]. GPx is found throughout the cell and its levels are high in the liver, 

kidney and heart [115]. Oxidized GSH (GSSG) is reduced to GSH by glutathione reductase 

(GR) activity, which is crucial since GSSG cannot be transported into cytosol [66]. 

Similarly, oxidized Prx can be reduced by direct reaction with thioredoxin (Trx) which in 

turns can be recycled by the action of Trx reductase (TrxR) in a nicotinamide adenine 

dinucleotide phosphate (NADPH)-dependent manner [115]. These H2O2 scavenging 

system ultimately relies on reduced NADPH, which is regenerated by three 

mitochondrial matrix-located enzymes: NADP+-linked isocitrate dehydrogenase (IDH), 
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malate dehydrogenase (MDH) and nicotinamide nucleotide transhydrogenase (NNT) 

[120]. 

Besides the enzymatic approaches mentioned before, ROS can be eliminated by 

non-enzymatic approaches. Non-enzymatic strategies comprise membrane soluble α-

tocopherol (vitamin E), ascorbic acid (vitamin C), retinol (vitamin A), favonoids and lipoid 

acid (Figure 4) [119]. α-tocopherol is particularly important in restraining lipid 

peroxidation progression due to its high octanol/water partition coefficient [108]. GSH 

is another non-enzymatic molecule, in which thiol group on cysteine residue can reduce 

disulfide bounds. GSH is the major water-soluble antioxidant, being synthesized in 

cytosol, where only ≈ 10% of the total amount is transported into mitochondria in liver 

cells [108, 121]. Interestingly, upon extracellular/plasma membrane insults, cytoplasmic 

GSH pool is consumed while the mitochondrial one remains intact [122], which show 

that mitochondrial GSH pool is the last one to be oxidized even in global stressful events. 

mtROS production can occur even when mitochondria are working normally to 

produce ATP or using the ΔpH for other functions, such as thermogenesis [123]. 

However, the H2O2 efflux from mitochondria in this situation is insignificant compared 

with other mechanisms. Noteworthy, other sources of mitochondrial ROS-, including α-

ketoglutarate dehydrogenase, pyruvate dehydrogenase, glycerol phosphate 

dehydrogenase, and monoaminoxidase have been shown to be quantitatively sizable 

[124–126]. The generation of mROS seems to be affected by certain intrinsic properties 

of mitochondrial energetics. High ΔΨm conditions favor the production of mROS under 

specific conditions, whereas mitochondrial uncoupling agents can dissipate ΔΨm and 

consequently decrease in mROS formation [127, 128]  

Excessive generation of ROS can occur due to a multiplicity of endogenous factor, 

comprising metabolism and inflammation or exogenous environmental factors, 

including pollution or radiation [100]. Mitochondrial antioxidant capacity is not infinite, 

and once consumed, ROS levels will increase progressively. Uncontrolled stimulation of 

basal ROS production or failure of antioxidant defenses to neutralize ROS results in a 

harmful state termed oxidative stress (OxS). Consequences of this state can range from 



 PART I 
General Introduction 

 

 

24    Ricardo Amorim | University of Coimbra 
 

inactivation of different enzymes because of alteration in thiol status to more 

widespread damage as lipid peroxidation, or protein and nucleic acid oxidation [104].  

Oxidative damage products of lipids include malondialdehyde (MDA), 4-hydroxy-

2-nonenal (4-HNE), lipid peroxides, and 8-isoprostane. MDA and 4-HNE are extremely 

reactive aldehydic derivatives generated by the reaction with O2
●- and H2O2 on the 

double bonds of polyunsaturated fatty acids (PUFAs) [129].  

In the case of nucleic acids, oxidation can lead to the fragmentation of single or 

double strands or the modification of bases or sugars, which result in products such as 

8-hydroxy-2′-deoxyguanosine (8-OH-dG) and 8-hydroxyguanine (8- OH-G) [130].  

Proteins also can suffer oxidation, causing protein cross linkage, amino acid 

modification, and protein carbonyl formation [130]. Protein carbonylation is a main 

form of redox-dependent posttranslational modification (PTM). This process induce 

formation of stable protein-lipid Michael adducts, which is known as a mechanistic link 

between OxS and metabolic disorders [131] 

Additionally, several mitochondrial proteins contain Fe–S clusters, which are 

highly reactive towards O2
●-. For instance, matrix aconitase is sensitive to ROS and can 

become inactivated upon oxidation [132]. Also, the assembly of Fe–S clusters is redox 

sensitive [133], in which oxidant insult will inevitably influence mitochondrial functions 

in metabolism, since respiration to subsequent oxidant generation.  

Oxidants also have a tight bidirectional interplay with mitochondrial dynamics, 

markedly by fusion and fission events and cristae remodeling that regulate the 

morphology and the functionality of the mitochondrial network [134, 135]. 

2.1.4. Mitochondrial dynamics and quality control mechanisms 

Mitochondrial morphology differs across cell types and tissues, changing in 

response to external insults and metabolic challenges [136]. Mitochondria have a strict 

relation morphology-function, which is influenced by ongoing events of fusion and 

fission of outer and inner membranes. While fission causes mitochondrial 

fragmentation, which is typically associated with metabolic dysfunction and disease, 

fusion results in a hyperfused network and tends to counteract metabolic insults, keep 

cellular integrity, and protect against autophagy [136]. 
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Both mitochondrial fission and fusion processes require proteins from the 

dynamin family, the guanosine triphosphatases (GTPases) [137]. Fission is mediated by 

a cytosolic dynamin family member (DRP1). On the other hand, mitochondrial outer 

membranes fusion is guaranteed by membrane-anchored dynamin family members 

named MFN1 and MFN2, whereas fusion between mitochondrial inner membranes is 

mediated by a unique dynamin family member called OPA1.  

In the liver, systemic glucose homeostasis relies on hepatic mitochondrial 

function. Sebastián et al. showed that MFN2 deletion in the liver results in mitochondrial 

fragmentation and ER stress, impairs insulin signaling and increases hepatic glucose 

production [138]. Livers with a knockout in DRP1 enlarged hepatic mitochondria and 

disrupted the spatial connection between mitochondria and ER by impairing 

mitochondrial fission [139]. 

As described so far, mitochondria can be damaged by several mechanisms 

(irregular mitochondrial morphology, insufficient ATP production, accumulation of 

mtDNA mutations, increased mtROS production), leading to the buildup of mitochondria 

that cannot develop proper functions. However, mitochondria by themselves can use 

quality-control proteases to eradicate impaired proteins [140] and act in response to 

unfolded protein stress through transcriptional induction of chaperone expression 

[141]. Cells have quality control mechanism, such as autophagy, that can eliminate inapt 

proteins or whole organelles.  

Autophagy (or autophagocytosis) is the well-established and regulated self-

degradation mechanism of the cell that removes unnecessary or dysfunctional 

components to compensate for nutrient depletion, low oxygen levels, decreased energy 

supply, stress, or other insults, contributing to cell homeostasis. Indeed, impaired 

autophagy has been associated with several human pathologies, including 

neurodegeneration, cancer and NAFLD [142–144]. 

Normally, autophagy follows a sequential mechanistic chain of events: initiation 

of the isolation membrane, elongation, closure of the isolation membrane, and 

autophagosome (double-membrane-bounded structures) formation, autophagosome–

lysosome fusion, and lysosomal degradation (Figure 5). However, different forms of 



 PART I 
General Introduction 

 

 

26    Ricardo Amorim | University of Coimbra 
 

autophagy have been identified: macroautophagy, microautophagy, chaperone-

mediated autophagy (CMA), and crinophagy (Figure 5).  

  

Figure 5. Mechanisms of autophagy. Macroautophagy delivers cytoplasmic cargo to the lysosome 

through the autophagosome that fuses with the lysosome to form an autolysosome, microautophagy take 

the cytosolic components direct by the lysosome itself via invagination of the lysosomal membrane. Both 

macro and microautophagy can engulf large structures by selective and non-selective mechanisms. In the 

case of chaperone-mediated autophagy (CMA), the proteins selected for degradation are translocated 

across the lysosomal membrane in a complex with chaperone, leading to their unfolding and degradation. 

Crinophagy is the least known and characterized autophagic process. In this process, secretory granules 

that are not released directly fuse with late endosomes or lysosomes, resulting in rapid digestion and 

reuse of their contents. Created with BioRender.com. 

 

As referred before, autophagy is also required for maintaining a healthy 

mitochondrial network, ensuring the elimination of old and damaged mitochondria in a 

process called mitophagy (Figure 6) [145]. 
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Figure 6. The main mechanisms of canonical mitophagy pathways upon autophagosome recognition of 

the different receptors in a damaged mitochondrion. First, PINK1/Parkin-mediated ubiquitination of 

mitochondrial proteins enables the autophagy cargo receptors p62 and optineurin (OPTN) to bridge the 

mitochondria/autophagosome interaction. Alternatively, BNIP3, NIX, and FUNDC1 can directly bind the 

LC3 molecules decorating the autophagosome, through a mechanism modulated by their phosphorylation 

status. Created with BioRender.com. 

Mitophagy depends highly on the mitochondrial dynamics process and can be 

induced by several pathways. For instance, a dominant-negative mutant of DRP1 inhibits 

mitophagy and results in accumulated oxidized mitochondrial proteins, suggesting an 

importance role of fission in this process. During fission events, a sub-population of 

mitochondria with reduced ΔΨm and diminished levels of OPA1 is generated, decreasing 

their ability to fuse and, subsequent, can be eliminated. Interestingly, overexpression of 

OPA1 decreases mitochondrial autophagy, suggesting that fission followed by selective 

fusion segregates dysfunctional mitochondria and allow their removal by autophagy 

[146]. 
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Among the mechanisms by which mitochondria can be eliminated, the one 

involving PTEN-induce kinase 1 (PINK1) and Parkin is, so far, the best characterized 

(Figure 6) [147]. PINK1 is a mitochondrial serine/threonine-protein kinase that contains 

a mitochondrial target sequence, whose activity allows Parkin, an E3 ubiquitin ligase 

protein, to bind to depolarized mitochondria inducing mitophagy [148]. In healthy 

mitochondria, PINK1 is imported through the outer membrane via the TOM complex 

and partially through the inner mitochondrial membrane via the TIM complex. In the 

IMM, PINK1 (64 KDa) is cleaved by proteases, including mitochondrial-processing 

protease (MPP) and the inner membrane presenilin-associated rhomboid-like protease 

(PARL) in 60 kDa and 52 KDa forms, respectively. Then, PINK1 is proteolytically degraded 

within the mitochondria, which control the PINK1 levels in physiological conditions 

[149]. Dysfunctional mitochondria, in which the IMM turns out to be depolarized, PINK1 

cannot be imported, therefore not cleaved by PARL, which increases PINK1 

concentration in OMM. In this context, PINK1 serves as a sensor for mitochondrial 

damage. Then, PINK1 phosphorylates Parkin ubiquitin ligase at Ser65, which initiates 

Parkin recruitment at the mitochondria [150, 151]. Parkin phosphorylation at Ser65 is 

homologous to the local where ubiquitin is phosphorylated. Parkin suffers dimerization 

upon phosphorylation, which leads to an active state. Moreover, this mechanism allows 

for Parkin-mediated ubiquitination on other proteins [152]. Besides, the recruitment of 

Parkin occurs at the mitochondrial surface, increasing the probability of Parkin 

ubiquitylate proteins in the OMM [153], such as MFN1/MFN2 [150] (Figure 6). The 

ubiquitylation of mitochondrial surface proteins seems to serve as a mitophagy initiating 

factor. Parkin promotes ubiquitin chain linkages to recruit autophagy adaptors 

LC3/GABARAP (markers of autophagosomes), leading to mitophagy (Figure 6). However, 

the precise system and which proteins are necessary to initiate mitophagy is still 

unknown. 

Although the PINK1-Parkin axis is the most mitophagy process studied so far, other 

pathways can induce mitophagy. Receptors in the OMM, such as NIX (BNIP3L), BNIP3 and 

FUNDC1, contain LC3-interacting region (LIR) consensus sequences that bind 

LC3/GABARAP, therefore degrading mitochondria by autophagy (Figure 6). Elimination 

of mitochondria during hypoxia is essential to reduce ROS production and maintain 
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oxygen homeostasis in mammalian cells [154]. BNIP3 is upregulated by hypoxia-

inducible factor 1 α (HIF1α), being later phosphorylated at its serine residues near the 

LIR sequence, promoting LC3 binding. Activation of hypoxia-inducible factor induces 

expression of NIX and BNIP3, which at high levels disturb the interaction between BCL2 

and Beclin-1. Consequently, free-Beclin-1 can nucleate pre-autophagosomal 

membranes and induce ATG5-dependent autophagy [155]. Also, under hypoxia 

conditions, FUNDC1 binds to LC3 through a conserved LIR motif that facilities 

mitochondria's engulfment by autophagosomes, inducing mitophagy (Figure 6) [156].  

However, it is essential to empathize that additional activation of macroautophagy 

could be necessary to efficient clearance during mitophagy. Noteworthy, if events such 

as mitochondrial ROS generation or mitochondrial calcium (Ca2+) are too extensive and 

overload the antioxidant network, besides the removal of damaged mitochondria by 

autophagy, a more drastic solution could be necessary, the triggering of cell death [157].  

2.1.5. Calcium, mitochondrial permeability transition and cell death path-

ways 

It is accepted that mitochondria accumulate and handle Ca2+, participating in 

calcium homeostasis. Although mitochondrial Ca2+ affinity is low, the spatial 

organization of the mitochondrial network close to intracellular Ca2+ stores (e.g., ER) 

allows the mitochondrial calcium uniport (mCU) to sense Ca2+ concentrations much 

higher than those in cytosolic bulk.  

The importance of mitochondrial Ca2+ accumulation is mainly the regulation of 

metabolism. Several enzymes present in the mitochondrial matrix are crucial, providing 

reducing equivalents (NADH and molecules that reduce FADH2) for OXPHOS have 

allosteric Ca2+-dependent activation sites and can be modulated by mitochondrial Ca2+ 

concentration. Mitochondria controls Ca2+ by three distinct and cooperative ways, all 

tightly coupled to its energetic shape: a) Ca2+ uptake from the extra-mitochondrial 

compartment (ΔΨ-dependent); b) Ca2+ buffering in the mitochondrial matrix (ΔpH-

dependent) and; c) Ca2+ efflux to closer areas (Δp-dependent) [158, 159]. 
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Although mitochondria have mechanisms to maintain mitochondrial calcium 

homeostasis, in situations in which [Ca2+]e increases above a specific set-point (≈500 

nM), the Ca2+-dependent mCU is activated and  Ca2+ is accumulated in the mitochondrial 

matrix.  

Supra-physiological accumulation of free mitochondrial Ca2+ can result in 

mitochondrial permeability transition events, which are characterized by an abrupt 

increase in the permeability of the IMM. It occurs by the opening of non-selective pores, 

which permits the free passage of molecules smaller than 1.5 kDa [160]. Abnormal 

swelling of mitochondria induced by mitochondrial permeability transition pore (mtPTP) 

opening was observed upon high calcium overload [161]. Moreover, long-lasting 

episodes of mPTP opening occur when OxS accompanies mitochondrial Ca2+ 

accumulation, mitochondrial depolarization, augmented phosphate concentrations, and 

adenine nucleotide depletion [162–164]. In the continuous opening of mPTP, under 

several circumstances, the alterations in mitochondrial structural can lead to the 

expansion of IMM and consequent mechanical rupture of OMM (Figure 7). This process 

results in the release of several apoptotic initiators usually fenced in the IMS (e.g., cytc, 

the apoptosis-inducing factor (AIF) and the second mitochondria-derived activator of 

caspase/direct inhibitor of apoptosis (IAP)-binding protein with low isoelectric point 

(SMAC/DIABLO) protein) [165].  
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Figure 7. Extrinsic and intrinsic apoptotic pathways. Apoptosis can occur by the binding “death ligands” 

[e.g., Fas ligand (FasL) tumor necrosis factor alpha (TNF-α) and TNF-related apoptosis-inducing ligand 

(TRAIL)] to cell surface receptors (extrinsic pathway) or OMM permeabilization (intrinsic pathway). Both 

processes required caspase cascade activation. A core of B-cell lymphoma 2 (BCL-2) proteins that regulate 

mitochondrial membrane integrity can have a different role in apoptosis. For instance, BCL-2-associated 

protein, BAX, and BCL-2-killer 1 (BAK) have pro-apoptotic functions, while B-cell lymphoma-extra-large 

(BCL-XL), Bcl-2, and others are anti-apoptotic or pro-survival proteins [166]. In mitochondrial-dependent 

apoptosis, pro-apoptotic BCL-2 family proteins induce OMM permeabilization of additional pro-apoptotic 

molecules such as cytc, Omi/HtrA2 or SMAC/DIABLO. Upon translocation to cytosol, cytc binds to 

apoptotic protease activating factor 1 (Apaf-1), originating a  multimeric complex that led to the activation 

of caspases cascades do or the AIF stimulation, which triggers caspase-independent cell death [166]. 

Other proteins from BCL-2 family proteins, the BH-3-only proteins (e.g., Bim, Bid, Puma and Noxa), are 

involved in regulating BAX/BAK activation. Caspases are a family of protease enzymes with specific 

cysteine protease activity. In intrinsic apoptotic pathway, the multimeric complex of cytc-Apaf1 activates 

caspase-9 and, therefore, the apoptosome complex. This process end up in caspase-3 and -7 activation 

[166]. In opposition, anti-apoptotic members can inhibit pro-apoptotic proteins or obstruct the BH-3-only 

activator proteins, preventing mitochondrial outer membrane permeabilization [167]. Created with 

BioRender.com. 
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Exacerbated mPTP opening is associated with several pathologies including 

myocardial ischemia-reperfusion injury, hepatic ischemia-reperfusion injury, traumatic 

brain injury, premature aging, Parkinson’s disease and NAFLD [161, 168, 169]. 

Additionally, ROS-induced activation of c-jun N-terminal kinase (JNK) can also 

stimulate apoptotic signaling [170]. JNK is a member of the mitogen-activated protein 

kinase (MAPK) family, which plays an important role in mitochondrial dysfunction with 

consequent initiation of apoptosis [171]. In cancer cells, the activation of ROS/JNK 

elevated and sustained p53 activity, leading to apoptosis [172]. Apoptosis signal-

regulating kinase 1 (ASK1) is also redox-sensitive, being upregulated by ROS/JNK axis. In 

fact, ASK1 activity is inhibited by interactions with redox proteins such as glutaredoxin 1 

(Grx1) and Trx1. Upon OxS, Trx1 is dissociated from the ASK1-Trx1 complex, which 

recruit TNF receptor-associated factors to the complex [173]. Activated ASK1 can induce 

apoptosis either via mitochondrial signaling or via transcription of AP-1-dependent 

proapoptotic genes [174]. Finally, ROS can disrupt the mitochondrial ASK1/ ASK2/Trx2 

complex, inducing cytochrome c release [175].  

ROS can also be involved in other cell death pathways. Necrosis is a form of cell 

death which results in the unregulated digestion of cell components. On the other hand, 

regulated necrosis induced by TNF is known as necroptosis [176]. In this process, the 

phosphorylation of receptor-interacting serine/threonine protein kinase (RIPK) 1 and 

RIP3K is vital to necrosome assembly, an amyloid-like complex responsible for 

transmission initiation of the pro-necrotic signal, triggering ROS production [177]. RIPK3 

deletion in liver cells reduces ROS levels in necrosis-induced cells, while RIPK3 

overexpression exacerbates ROS production in HK-2 cells [178, 179]. Moreover, mtROS 

production mediated by RIPK1 activation can be regulated by the interaction between 

signal transducer and activator of transcription 3 (STAT3) and the mitochondrial electron 

transport chain complex I subunit GRIM-19 [180–182]. Interactions between RIPK3 and 

enzymes that catalyzes the conversion of glutamate and ammonia to glutamine in 

cytosol [glutamate-ammonia ligase (GLUL)] and glutamate to α-ketoglutarate 

[glutamate dehydrogenase 1 (GLUD1)] in mitochondria as well as a rate-limiting enzyme 

that catalyze glycogenolysis [glycogen phosphorylase (PYGL)], also increase mtROS 

production [183]. Likewise, NADPH oxidase NOX enzyme complexes can interact with 
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the TNF receptor, resulting in death-inducing ROS during necrosis [176]. Noteworthy, 

activated RIPK3 can recruit and phosphorylate mixed lineage kinase domain-like protein 

(MLKL), which oligomerizes and migrates to the cell membrane, creates pores that lead 

to cell death [184].  

2.1.6. Mitochondrial β-oxidation 

The β-oxidation of long-chain fatty acids (LCFA) is essential to obtain energy for 

the organism, vital for cardiac and skeletal muscle. Nevertheless, several other tissues, 

especially the liver, can utilize the products of β-oxidation for ketone body generation, 

which can be employed for energy provision in other tissues. 

Fatty acid uptake into cells is guaranteed by specific proteins such as CD36 and 

plasma membrane fatty acid-binding protein (FABPpm, also known as GOT2), while fatty 

acids (FA) are activated to acyl-coenzyme A (CoA) esters by acyl-CoA synthetases in the 

cytosol. Fatty acid oxidation (FAO) requires mitochondrial import of acyl-CoA, to which 

mitochondrial membranes are impermeable. A carnitine cycle formed by two 

acyltransferases, carnitine palmitoyltransferases 1 and 2 (CPT1 and CPT2), and carnitine 

acylcarnitine translocase (CACT), a member of the mitochondrial carrier family of 

proteins (SLC25A20), allows the acyl-CoA import to mitochondria (Figure 8).  

CPT1, present in OMM catalyzes the acyl-CoA’s transesterification to acylcarnitine, 

while CACT manages the transport of acylcarnitines across the IMM by releasing a free 

carnitine molecule in the cytosol. CPT2, a peripheral IMM protein, ends the cycle by 

reconverting the acylcarnitine into an acyl-CoA inside the mitochondria. Carnitine is 

mainly obtained by diet, although some tissues can synthesize it. Carnitine reaches the 

inside of the cell by the organic cation transporter OCTN2 (SLC22A5) (Figure 8) [185]. 

Then, acyl-CoAs are degraded via β-oxidation, a cyclic process consisting of four 

enzymatic steps inside mitochondria (Figure 8).  
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Figure 8. Mitochondrial fatty acid β-oxidation. In each cycle, acetyl-CoA is formed by the release of two 

carboxy-terminal carbon atoms in the acyl-CoA. The cycle is initiated by dehydrogenation of the acyl-CoA 

to trans-2-enoyl-CoA by an acyl-CoA dehydrogenase. This process is followed by a hydration catalyzed by 

an enoyl-CoA hydratase, which generate (S)-3-hydroxyacyl-CoA. Then, generated (S)-3-hydroxyacyl-CoA 

is dehydrogenated to 3-ketoacyl-CoA in a reaction performed by (S)-3-hydroxyacyl-CoA dehydrogenase. 

Finally, a thiolase cleaves the 3-ketoacyl-CoA into a 2-carbon chain–shortened acyl-CoA and an acetyl-

CoA. The resulting acetyl-CoA is used to fuel the TCA cycle and ketogenesis and reduce flavin adenine 

dinucleotide (FAD) to FADH2 and nicotinamide adenine dinucleotide to NADH [186]. The resulting FADH2 

is then oxidized by the electron transfer flavoprotein (a heterodimer of ETFα and ETFβ) and via ETF 

dehydrogenase (ETFDH) donate electrons to coenzyme Q, feeding the MRC. In the case of NADH, it is 

reoxidized via OXPHOS. The chain-shortened acyl-CoA reenters the fatty acid β-oxidation cycle. CACT, 

carnitine acylcarnitine translocase; CPT1/2, carnitine palmitoyltransferases 1 and 2; ETFDH, ETF 

dehydrogenase; FABPpm, plasma membrane fatty acid-binding protein; FATP, fatty acid transport protein; 

LCEH, long-chain enoyl-CoA hydratase; LCHAD, long-chain (S)-3-hydroxyacyl- CoA dehydrogenase; LCKAT, 



PART I 
Chapter 2 

 

 

PhD in Experimental Biology and Biomedicine  35 
 

long-chain 3-ketoacyl-CoA thiolase; IMM, inner mitochondrial membrane MCAD, medium-chain acyl-CoA 

dehydrogenase; MCKAT, medium-chain 3-ketoacyl-CoA thiolase; OMM, outer mitochondrial membrane; 

SCAD, short-chain acyl-CoA dehydrogenase; SCHAD, short-chain (S)-3-hydroxyacyl-CoA dehydrogenase; 

VLCAD, very long-chain acyl-CoA dehydrogenase. 

Both transcriptional and posttranscriptional mechanisms can regulate FAO. 

Peroxisome proliferator–activated receptor α (PPARα), PPARβ/δ, and PPARγ, a class of 

ligand-activated nuclear receptors, are activated by FA and has precise roles in 

physiology. In the liver, PPARα controls the expression of many genes involved in FAO 

and plays a crucial role in the adaptation of the liver to starvation by also empowering 

the induction of microsomal ω-oxidation, peroxisomal dicarboxylic acid metabolism, 

and ketogenesis [186, 187]. Additionally, PPARγ coactivator-1α (PGC-1α) is a crucial 

transcriptional coactivator in various metabolic processes such as thermogenesis in 

brown adipose tissue (BAT), mitochondrial biogenesis, FAO, and gluconeogenesis [186].  

 

2.2. Mitochondria dysfunction in NAFLD 

2.2.1. Mitochondrial adaptation (Hormesis) vs mitochondrial maladaptation 

to stress  

Mitochondrial dysfunction is a crucial driven force in NAFLD progression. The 

relevant problem is how upregulation of mitochondrial activity precedes and amplifies 

the negative feedback loop of metabolic disruption and OxS, leading to inflammation 

and non-alcoholic steatohepatitis (NASH). 

The term “hormesis” arises to define a “biphasic dose-response”, where a low 

dose of stress can stimulate an adaptive response in cells and organisms to preserve 

homeostasis, promoting health and even longevity, whereas higher doses become can 

be toxic, therefore leading to death. Hormesis has been accepted as the main 

mechanism for the health benefits of various external environmental factors. More 

recently, the “mitohormesis” concept was introduced as the hormetic response that 

promotes health and vitality upon sublethal mitochondrial stress [188]. Mitohormesis 

can involve other cellular mechanisms and requires precise coordination between the 

nucleus and mitochondria. ROS are one of the primary molecules involved in 
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mitochondria-nucleus communication [137], the crucial factor in mitohormesis 

regulation [189]. Low-intensity mtROS production initiates a hormetic response via 

latent feedback mechanism that boosts host-antioxidant defense pathways, including 

antioxidant enzymes as CAT and SOD, reducing OxS [190]. These hormetic responses 

carried out by mtROS were observed in caloric restriction (CR), intermittent fasting, 

exercise, and dietary phytonutrients [189].  

Mitochondrial Ca2+, which is described as having a role in mitonuclear 

communication, can activate mitochondrial biogenesis during exercise [191]. On the 

other hand, insistent mitochondrial Ca2+ uptake can trigger OXPHOS, boost ROS 

production and induce apoptosis. Lack of VDAC 1 phosphorylation, which controls the 

channel’s permeability in response to Ca2+, impacting the OMM permeability was 

observed in liver steatosis in humans [192]. 

ATP can also modulate hormetic responses. The ATP depletion observed in 

mitochondrial dysfunction leads to increased AMP/ATP ratio, which activates AMPK 

[193]. AMPK can then maintain mitochondrial homeostasis by regulating lipid and 

glucose metabolism to promote oxidation and inhibit anabolism, decreasing ATP 

utilization. Intermediaries of mitochondrial metabolism, such as NAD+ or NADH, can also 

be used as signaling molecules. In fact, NAD+ is an essential co-substrate in reactions 

involving sirtuins, poly (ADP-ribose) polymerases, and histone acetyltransferases [194]. 

Activation of SIRT1-PGC-1α pathway can modulate mitochondrial energy metabolism 

and biogenesis, promoting healthspan and lifespan [195]. Interestingly, SIRT1 

overexpression attenuated high fat diet (HFD)‑induced liver steatosis and inflammation 

by inhibiting CD36 expression and the NF‑κB signaling pathway in mice models [196]. At 

the same time, Sirt1LKO mice exhibited hyperglycemia and IR due to increased hepatic 

gluconeogenesis, and are associated with increased intracellular ROS accumulation in 

multiple tissues, including the liver [197].  

Proteotoxic signals are also involved in the hormetic processes. Defects in 

biogenesis, folding, trafficking, and degradation of proteins within the mitochondria 

leads to the accumulation of damaged or dysfunctional proteins in this organelle, which 

triggers the activation of a stress response to recover proteostasis. So far, mitochondrial 

unfolded protein response (UPRmt) is the most documented mitochondrial stress 
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response [198]. Expression of UPRmt target genes encodes for mitochondrial proteases 

and chaperones, mitochondrial transporters, and antioxidant enzymes, as well as 

cytosolic proteins involved in mitochondrial fission, glycolysis, and detoxification [199]. 

Receptors for mitokines such as growth differentiation factor 15 (GDF15) decreased the 

expression of pro-inflammatory cytokines and fibrotic mediators in livers of mice with 

CCl4-induced liver fibrosis [200]. Moreover, the administration of nicotinamide riboside, 

a precursor of NAD+ biosynthesis, protected against hepatic fat accumulation in high fat 

high sugar (HFHS)-fed mice by SIRT1 and SIRT3-mediated UPRmt, triggering a 

mitohormetic pathway that increased hepatic β-oxidation and mitochondrial complex I 

activity [201].  

During aging, mitochondrial function declines, contributing to deleterious 

processes such as inflammation and cell senescence. For example, a reduction in the 

target of rapamycin (TOR) signaling pathway resulted in fewer signs of cellular 

senescence and augmented autophagy. Activation of mTOR suppresses ULK1 activity 

and inhibits lipophagy, which regulates lipid metabolism in healthy cells by the 

autophagic degradation of lipid droplets [202]. Autophagy blockage has already been 

correlated with NAFLD progression. About 40–50% of human HCCs have upregulated 

mTOR activity [203]. 

Nuclear factor erythroid-derived 2-like 2 (Nrf2, NFE2L2), a redox-sensitive 

transcriptional factor that acts as a master regulator of the antioxidant response, also 

contributes to the hormetic induction of increased stress resistance [204]. Upon nuclear 

translocation, Nrf2 binds to the specific consensus cis-element, called the antioxidant 

response element (ARE), or to the electrophilic response element (EpRE) present in the 

promoter region of antioxidant genes. Nrf2 can also connect to other trans-acting 

factors, such as small Maf-F/G/K, the coactivators of ARE, which includes the cAMP 

response element binding protein (CBP) and p300, that can coordinately regulate the 

ARE-driven antioxidant gene transcription [205]. Nrf2 activation can improve the 

function of the ETC and prevent excessive ROS generation in mitochondria by increasing 

mitochondrial biogenesis and the endogenous antioxidant defense system [206]. 

Interestingly, in an initial disease stage, NAFLD patients showed increased serum levels 
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of antioxidant enzymes such as SOD, GPx, and GSH [207], indicating a possible 

adaptation in these patients (Figure 9). Moreover, the specific overexpression of hepatic 

Nrf2 in mice protects against OxS induced by prolonged methionine-and choline-

deficient (MCD) exposure [208], while Nrf2 deletion result in progression from simple 

steatosis to NASH in HFD-fed mice [209]. 

Figure 9. Mitochondrial adaptation and maladaptation in NAFLD progression. During NAFLD 

development, mitochondria increase their function in order to counteract lipotoxic insults. However, 

uncontrolled stimulation of basal ROS production or failure of antioxidant defenses to neutralize ROS 

results in exacerbated ROS levels that lead to oxidative stress and culminate in hepatocyte injury. ROS, 

reactive oxygen species. Created with BioRender.com. 
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Mitochondrial redox homeostasis is guaranteed by successfully removing 

physiological ROS through antioxidant mechanisms and by enabling metabolic 

adaptations that prevent substrate supply to the TCA cycle. However, the mechanisms 

through how cells maintain its ROS levels at a physiological state can be lost in NAFLD, 

resulting in amplified mtROS production and oxidative processes that damage 

mitochondria. This deleterious cycle continuously damages mitochondria as more FA 

reach mitochondria for oxidation and ROS are unchecked by the antioxidant defenses 

(Figure 9) [210]. 

2.2.2. Mitochondrial adaptations and dysfunctions in simples steatosis  

In simples steatosis, the dysregulation of lipid and glucose metabolism occurs in 

the presence of high intake of high-caloric fat diets, which results in accumulation of TGs 

and FFAs in the liver, therefore modifying the mitochondrial proteome [211]. The two 

major metabolic fates of hepatic FFAs are mitochondrial β-oxidation and esterification 

to form TGs [212]. In response to fat overload, hepatocytes increase fatty acid oxidation 

(FAO) processes, followed by induction of the TCA cycle and enhancement of OXPHOS, 

avoid deleterious fat accumulation. AMPK induces catabolic pathways (e.g. fatty acid 

and glucose oxidation pathways) by inducing the activation of PGC-1α (Figure 10) [193]. 

When PGC-1α is activated, it powerfully coordinates gene expression that stimulates 

mitochondrial fatty oxidation. PGC-1α interacts with PPAR-α to induce the expression of 

several enzymes involved in fatty acid metabolism, including CPT-1 and acyl-CoA 

dehydrogenases [213]. The activity of PGC-1α can be also regulated by several post-

transcriptional mechanisms such as reversible acetylation. For instance, 

hyperacetylation of LCAD, which catalyze the first step in oxidation of long-chain fatty 

acids after importation into the mitochondrial matrix, in Sirt3 knockout (KO) results in 

FAO disorders during fasting, as evidenced by the reduced ATP levels and intolerance to 

cold exposure [214]. The carnitine palmitoyltransferase system is an essential step in the 

β-oxidation of long chain fatty acids, as CPT-1 catalyzes the import of FFAs into the 

mitochondria. High carbohydrate consumption results in exacerbated acetyl-CoA levels, 

which increase malonyl-CoA levels, leading to inhibition of CPT-1 and reduced β-
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oxidation [215, 216]. Clinically, CPT-1 activation improved NAFLD biomarkers in patients, 

as demonstrated by the decrease of serum levels of AST, ALT, bilirubin, and mtDNA 

[217]. 

 

Figure 10. Mitochondrial dysfunction in NAFLD. Mitochondria rely on diverse mechanisms to preserve 

their function, including dynamics, redox signaling, mitophagy, and calcium homeostasis. In contrast to a 

healthy liver, mitochondria in NAFLD were reported to be fragmented, overloaded with calcium, with 

decreased oxidative capacity and increased ROS production, which causes JNK activation. JNK activation 

itself can induce these same defects in mitochondrial function, constituting a feed-forward cycle of 

mitochondrial dysfunction. Mitochondrial dysfunction in NAFLD was also explained by defective 

mitophagy. The decrease in fatty acid oxidation (FAO) caused by this compromise in mitochondrial 

function was believed to induce FA accumulation in hepatocytes while impairing insulin signaling. ER, 

endoplasmic reticulum; JNK, c-Jun NH2-terminal Kinase; SAB, SH3 homology associated BTK binding 

protein; ROS, reactive oxygen species. Created with BioRender.com 

 

Alterations in mitochondrial composition mediated by higher FAO and 

mitochondrial function could reflect the adaptation to a chronic rise in gluconeogenesis 
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and intracellular lipid deposition induced by NAFLD, leading to the accumulation of 

mitochondrial ATP and TCA cycle intermediates. 

Studies in human and mice with fatty liver demonstrated that mitochondrial 

pyruvate oxidation and TCA cycle flux are elevated in the fasted stage. However, 

ketogenesis does not follow the same tendency [218]. Because FAO is a major source of 

ketone bodies, the absence of ketosis conflicts with the elevated FAO reported in obese 

humans with IR [219]. Nevertheless, Flecther and colleagues explained this 

contradiction by showing that FAO-derived acetyl-CoA, normally used for ketogenesis, 

is diverted to the TCA cycle in simple steatosis. This result suggests that NAFLD is not a 

consequence of acetyl-CoA production per se, but how acetyl-CoA is later metabolized 

in the liver [220]. 

Mitochondria's ability to maintain high TCA fluxes alongside with high FAO rates 

could be the key pathogenic mechanism in NAFLD. Impaired ketosis can drive elevated 

TCA flux in NAFLD, which increases acetyl-CoA available. Accordingly, deletion of the 

mitochondrial pyruvate carrier 1 (MPC1), which decreases TCA fluxes, led to diminished 

hepatic glucose production and inflammation in HFD-mice [221, 222]. Notwithstanding, 

the hepatic steatosis reversion was not achieved in liver-specific MPC1 or MPC2 KO HFD 

feeding mice [221, 223]. MPC deletion is likely to decrease de novo FA synthesis but not 

dietary FA esterification, suggesting that steatosis occurs by increasing dietary FA 

esterification into intrahepatic TG in HFD fed MPC KO mice [224]. In contrast to what 

observed in HFD-fed mice, up to 38 % of hepatic TG accumulated in obese-NAFLD 

patients driven from DNL [225]. Higher levels mitochondrial acetyl-CoA fuels citrate and 

malonyl-CoA synthesis, stimulating the DNL. In fact, pharmacological inhibition of the 

enzymes responsible for malonyl-CoA synthesis, acetyl-CoA carboxylases (ACC1 and 

ACC2), reversed hepatic TG accumulation in humans (Chapter 3).  

Dyslipidemia has also a strong connection with NAFLD occurrence. The increase in 

plasma lipids is due to upregulation in hepatic TG synthesis directed towards VLDL 

assembly and excretion. Moreover, elevated VLDL assembly results from transcriptional 

upregulation of the rate-limiting enzyme in hepatic TG synthesis, glycerol phosphate 

acyltransferase 1 (GPAT1). This phenomenon occurs as consequence of increased 
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SREBP-1c activity [226]. Furthermore, elevated circulating levels of TG and VLDL upon 

acetyl-CoA carboxylase (ACC) inhibition strongly suggest the presence of a pool of FA 

that leak from fat oxidizing mitochondria and are entirely destined to VLDL synthesis. 

2.2.3. The vicious cycle between mitochondrial OxS and mitochondrial dys-

function 

Continuous supply at respiratory complexes promotes the production of O2
●- 

[227]. While the mitochondrial ETC are the preferential site of ROS production, other 

mitochondrial enzymes such as GPDH and OGDH can participate in mitochondrial redox 

power and contribute to a decline in mitochondrial homeostasis [227], which induces a 

stress signaling response and mitochondrial dysfunction (Figure 9-10). Noteworthy, liver 

mitochondria present a very different pattern of ROS production compared with other 

tissues as FAO-originated ROS can be a vital player in OxS during hepatic FFA overload. 

Mitochondrial flavoproteins such as long and very-long-chain acyl-CoA dehydrogenases 

(LCAD and VLCAD, respectively) are both significant H2O2-generators in mitochondrial 

FAO in the liver, where LCAD showed to have a stronger capacity to generate H2O2 [228]. 

Indeed, these proteins were upregulated in HFD-fed-mice [229].  

Liver tissues from patients with NASH exhibited high mitochondrial levels of ROS 

and mtDNA damage [230]. In accordance, hepatic tissues from obese (ob/ob) mice 

presented augmented formation of mROS, paralleled by higher OxS and lipid 

peroxidation and reduced levels of mitochondrial ETC apparatuses and diminished ATP 

levels [231–233]. Lipid peroxidation products (e.g., MDA and 4-HNE) are associated with 

various histological features of NASH [234, 235]. Patients with NAFLD presented 

plasmatic biomarkers of lipid peroxidation, and their concentrations are positively 

correlated with disease severity [236] 

Steatotic livers from ob/ob mice also showed exacerbated levels of TNF-α and 

FFAs [232, 237, 238], together with decreased ETC coupling as observed by a higher 

degree of proton leak and subsequent decrease in ATP synthesis [239]. Due to the high 

demand for FA, patients with NAFLD have elevated mitochondria FAO and TCA cycle 

turnover, which result in consistent high source of reducing equivalents to the ETC. 

Noteworthy, livers of NAFLD animal models and patients showed increased TCA cycle 
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function [218, 240] but impaired respiratory coupling [241, 242], which explain a high 

ROS production rate.  

Mitochondria dysfunction-associated ROS showed to act at AMPK and JNK level 

(Figure 10) [243, 244]. The activation of pathways involving these MAPKs plays a critical 

role in developing liver diseases and injuries, such as steatosis, NASH, fibrosis and 

hepatocarcinoma [70]. Primary hepatocytes exposed to high levels of FAs activate JNK 

to phosphorylate the mitochondrial protein SH3 homology associated with BTK binding 

protein (SAB), resulting in increased mtROS production and diminished production O2 

consumption [245]. In accordance, hepatocytes with JNK1/2 deletion exhibited enlarged 

mitochondria and elevated mitochondrial FAO, protecting obese mice from hepatic  

steatosis [246] 

Alteration in cardiolipin (CL) content contributes to mitochondria dysfunction by 

decreasing ETC complex activity and promoting the mPTP opening [247]. This process 

seems to involve ALCAT1, a lyso-CL acyltransferase, upregulated by OxS and diet-

induced obesity (DIO). Located at the mitochondria-associated membrane, ALCAT1 

catalyzes remodeling of CL that leads to mitochondrial dysfunction, ROS production, and 

insulin resistance [247]. Furthermore, cytochrome c can be released from cardiolipin 

into the cytosol, initiating a caspase-mediated apoptotic pathway and subsequent cell 

death [247]. Apart from IMM, elevated ROS production has also been reported to be 

associated with OMM permeabilization, altered ΔΨm and loss of mitochondrial integrity 

in NAFLD [241]. 

In addition, the augmented hepatic ceramide synthesis in response to HFD feeding 

resulted in decreased mitochondrial respiration, inducing NASH in mice. Sphingolipid 

ceramide 16:0 directly decreases mitochondrial FAO in hepatocytes from steatotic mice, 

accompanied by reduced hepatic insulin signaling and, therefore, hyperglycemia [248]. 

In human NASH, it was also observed that exacerbated hepatic ceramide content is 

linked to diminished mitochondrial oxidative capacity [249].  

The mtDNA molecules are very vulnerable to deleterious oxidative damage, an 

effect that is exacerbated by the lack of histones and diminished capacity for DNA repair 

when compared to the nuclear DNA [250]. In NAFLD, both mtDNA depletion and 
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augmented levels of 8-OHdG, an oxidized form deoxyguanosine, were reported [251]. 

OxS can compromise the transcription of nuclear-encoded mitochondrial genes by 

damaging nuclear DNA, leading to mitochondrial dysfunction. For instance, critical 

regulators of mitochondrial metabolism and biogenesis such as TFAM, Nrf2, and PGC-

1α showed reduced expression levels in NAFLD [227].  

Although increased mitochondrial FAO characterizes NAFLD, it was recently shown 

that reduced mitochondrial FAO capacity is also associated with steatosis and disease 

progression [211, 252]. Moreover, upregulation of PPARα and ACOX genes and higher 

levels of peroxisomal-related proteins in livers of HFD fed-mice [253, 254] and in NAFLD 

patients [255, 256] were reported. Increased peroxisomal FAO rate protect A/J mouse 

against diet-induced fatty liver [257]. Peroxisomes have an essential role in hepatic FAO, 

specifically when mitochondrial oxidative capacity is overloaded, as observed in high-fat 

diet-induced steatosis [257].  

Mitochondrial and peroxisomal-oxidative pathways have been linked to 

aggravation of ROS production [258, 259]. OxS contributes to pathogenesis, mainly by 

inflammation-associated processes. It can be the triggering factor of some diseases, 

which is the case of NAFLD, where it prompts a progressive and irreversible escalation 

of oxidative damage caused by RS that markedly influences critical aspects of human 

biology, contributing to impaired physiological functions [260], with a particular impact 

on mitochondrial physiology, which might contribute to disease progression 

Cellular mechanisms to battle OxS exacerbation in NAFLD relies on antioxidants 

defenses. Interestingly, concentrations/activities of these antioxidants are decreased in 

most patients with NAFLD/NASH [261–263] as well as many mouse models (mainly 

NASH) [124, 241, 264], although they are increased or unaltered in few cases [124]. 

Importantly, patients diagnosed with NASH showed a negative correlation 

between cholesterol content and mitochondrial GSH levels [265], probably resulting 

from impairment in the mitochondrial GSH transport system. Regarding SOD2, the data 

is inconsistent, as several authors showed both increase and decrease of SOD2 levels in 

NAFLD/NASH [266, 267]. This fact can be understood facing an early mitochondrial 

adaptation to OxS, that cannot persist in time (Figure 9). Interestingly, nutritional and 

genetic NASH models exhibited an increased expression of SOD2, paralleled by a 
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significant impairment in the activity, which may reflect sensitivity to OxS in later NAFLD 

stages [268]. 

Hepatocyte-specific deletion of GPx1 resulted in diminished hepatic lymphocytic 

infiltration, inflammation and liver fibrosis in mice fed with diet-induced NASH 

phenotype [269]. As a result of GPx1 ablation, H2O2 signaling led to inactivating protein-

tyrosine phosphatase 1B (PTP1B). In fact, hyperactivation of PTP1B promotes IR and 

steatosis by dephosphorylating the insulin receptor and increasing SREBP-1c activity 

[270, 271]. The deletion of  heme oxygenase 1 (HMOX1) in hepatocytes also increased 

H2O2-mediated PTP1B inactivation, protecting mice from NAFLD and hyperglycemia 

[272]. Although the beneficial effects induced by H2O2 actions in HMOX1 deletion came 

from mitochondria, the exact mechanism through how it occurs remains uncertain. 

Biliverdin is a product of heme degradation by HMOX1 and it is quickly converted into 

bilirubin. Remarkably, bilirubin decreased respiration and ATP production in isolated 

mitochondria [273], as well ability to reduce O2
●- and H2O2 levels [274]. Though bilirubin 

is present in mitochondria [275], its mitochondrial role in NAFLD development remains 

unclear.  

2.2.4. Impaired mitophagy in NAFLD progression 

As mitochondrial dysfunction is undeniably a driving force in NAFLD progression, 

removing damaged mitochondria through mitophagy is an essential protective 

mechanism to counteract disease severity. Several in vitro studies mimicking NAFLD 

condition and mice subjected to HFD exhibited impaired mitophagy, culminating in 

increased fat accumulation, elevated OxS and inflammation [276–279] (Figure 10). HFD-

fed mice showed exacerbated expression levels of ALCAT1 and defective mitophagy, a 

connection that requires more studies. Genetic deletion of Parkin in NAFLD mice models 

led to different outcomes. Hepatocyte-specific deletion of Parkin exacerbates fatty liver 

disease and IR [280], while protective effects in HFD-fed mice were also observed. The 

positive effects promoted by Parkin shutdown are due to ubiquitin-mediated 

stabilization of the lipid transporter, CD36 [281, 282].  
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Another protein involved in mitophagy, BNIP3, also acts as an important regulator 

in hepatic lipid metabolism. BNIP3 knockout in mice led to augmented lipid synthesis, 

mainly by reducing AMPK activity and increasing the expression of lipogenic genes. 

Besides, decreased β-oxidation was reported in BNIP3 knockout mouse livers [283]. 

SIRT3, mainly expressed in mitochondria, promotes the expression of BNIP3 and BNIP3-

mediated mitophagy through activating the extracellular-signal-regulated kinase-cAMP-

response element-binding (ERK-CREB) protein signaling pathway. In fact, primary 

hepatocytes overexpressing SIRT3 were protected against PA-induced apoptosis [276].  

Although the impact of autophagic dysregulation in NAFL progression to NASH is 

inconclusive, several mechanisms of autophagy impairment have been described. For 

instance, decreased autophagy-related (ATG) 7 expression levels reduced autophagy 

flux in NAFLD [225] and anomalous activation of proteases, such as calpain-2, which can 

diminish autophagy proteins levels, namely ATG3, ATG5, Beclin-1 and ATG7 [284]. The 

accumulation of LC3-II and p62 was also detected in NASH patients, and its increase 

correlated positively with disease severity [285, 286]. Knockout of macrophage 

stimulating 1 (MST1), a novel cell survival regulator, stimulated the PINK1/Parkin-

mediated mitophagy and counteracted the HFD-induced liver injury [287]. 

In NASH, decreased lysosomal acidification and expression of proteases activated 

at the low pH found in lysosomes (cathepsins) compromise the lysosomal proteolytic 

capacity and impair autophagic substrate elimination [288, 289]. Additionally, the 

alteration on lipid profile and content of both autophagosomes and lysosome during 

lipid accumulation decrease fusion between autophagosomes with lysosomes, leading 

to autophagic flux blockage [290]. SFA such as palmitic acid (PA) upregulate Rubicon, a 

beclin1-interacting negative regulator for autophagosome-lysosome fusion, suppressing 

the late state of autophagy fusion with lysosomes [291].  

Recently, the inhibition of hepatic ATP2A2/SERCA2, an ER influx calcium pump in 

response to saturated FA deposition, leads to a lasting increase in cytosolic Ca2+ levels, 

which causes a defect in the autophagy process [292]. Exacerbated levels of well-known 

inactivators of autophagy, such as S-adenosylmethionine (SAMe) and methionine, 

through HFD-feeding mice showed to activate protein phosphatase 2A (PP2A) in a 

methylation process, which later blocked the autophagic flux [293].  
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As described above, mitochondria undergo morphological and functional changes 

in response to metabolic challenges, suggesting the importance of mitochondrial 

dynamics and mitophagy in metabolic adaptation (Figure 10). Decreased MFN2 activity 

induced by JNK activation during inflammation triggers mitophagy defects, as MFN2 

supports the formation of autophagosomes [294]. Moreover, OPA1 ablation in the liver 

recovered mitochondrial homeostasis and reduced the accumulation of mitophagy 

intermediates, which could alleviate MCD diet-induced liver damage [295].  

2.2.5. Mitochondria involvement in NASH and Non-alcoholic Fibrosis (NAF) 

development: the crosstalk between mitochondria, ER and innate im-

mune response   

Liver biopsies from NASH patients revealed mitochondrial ultrastructural 

abnormalities [296]. The sequential events of increased FFAs, DNL and accumulation of 

TGs induce adaptations of mitochondrial oxidative metabolism in NAFLD. Hepatic TCA 

cycle increases in response to incomplete β-oxidation, impairment of ketogenesis, and 

decreased mitochondrial respiratory chain and ATP synthesis [297]. However, even a 

dynamic organelle as mitochondria cannot infinitely protect cells against lipotoxicity in 

a chronically elevated influx of FFAs. Indeed, choline-deficient diet-fed mice exhibited 

higher levels of hepatic mitochondrial biogenesis and mitochondrial mass in the early 

stage of NAFLD, compared with livers from control mice (Figure 9) [298].  

During NAFLD progression, mitochondrial dysfunction was described due to 

changes in the ETC complexes and ΔΨm, subsequently decreasing ATP synthesis. In this 

context, the capacity of mitochondria to metabolize the excess of FFAs vanish in later 

stages of NAFLD. To date, studies that assessed liver mitochondrial respiration in NASH 

patients have reported a severe reduction in mitochondrial O2 consumption and ETC 

complex activity [299, 300]. In HFD-induced rodent models of NASH, the data is more 

inconsistent although the activity of complexes I and II progressively decayed over time 

in MCD-fed mice [301]. 

A consistent reduction in hepatic ATP content has described in patients and rodent 

models with NASH [302, 303]. While impaired ATP synthesis in early stages of NAFLD 
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could be the result of increased hepatic expression of uncoupling protein-2 (UCP2) [304], 

in NASH it occurs mainly by the suppression of ETC complexes activities [259]. 

The imbalance between mitochondrial FAO and ETC lead to ROS overproduction 

by increasing electron leakage from the ETC. Exacerbated mtROS production has been 

linked to NASH [305]. Moreover, OxS and lipid peroxidation are involved in the 

inflammatory response by activating NF-κB and producing of pro-inflammatory 

cytokines (TNF-α, IL-1β, Il-6 and IL-8), which culminate in apoptosis and necrosis of 

hepatocytes [306, 307].  

Episodes of mPTP opening appear to be critical in hepatocyte cell death [231]. The 

pathogenesis of NAFLD has an ER stress component, as the accumulation of unfolded 

protein response (UPR) leads to ER stress, impairing a vital organelle in protective stress 

response in hepatic lipid metabolism [308]. The ER contains cytochrome P450 enzymes 

responsible for drug metabolism and acting primarily in lipid synthesis and cellular 

membrane biogenesis [308]. In fact, liver cells from obese mice showed decreased 

protein synthesis and increased lipid synthesis in ER, contributing to hepatic steatosis in 

obesity [309]. Downstream transcription factors of ER stress such as transcription factor 

6 (ATF6), X-box–binding protein 1 (XBP1 s) and C/EBP homologous protein (CHOP) 

exhibited higher expression levels in livers from patients with NAFLD and NASH when 

compared to healthy individuals [310]. Essential mediators in proteins misfolding, ER 

chaperons (e.g., GRP78 and GRP94) were decreased in liver tissue from NAFLD and NASH 

patients [298, 310]. The UPR is also associated with DNL activation, which can boost lipid 

accumulation [298]. Prolonged ER stress or chronic activation of the UPR also stimulates 

hepatocyte damage (Figure 11) and inflammation via the CHOP-dependent signaling 

pathway, which activates NF-κB expression as recently demonstrated [311]. 
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Figure 11. Mitochondria involvement in NAFL progression to steatohepatitis and fibrosis. The 

augmented accumulation of damaged/dysfunctional mitochondria within hepatocytes results in cell 

necrosis and induces the leakage of mitochondrial DAMPs, such as mtDNA, N-formyl peptides, and ATP. 

Further, these signals active toll-like receptor 9 (TLR9) and formyl peptide receptor 1 (FPR1), which 

activates the IRFs and NF-kB, thereby producing inflammatory cytokines. mtDNA and ATP also activate 

the inflammasomes NLRP3 and AIM2, respectively. Multiple inflammatory cytokines and the activation of 

inflammasomes provide a chronic inflammatory milieu, which contributes to steatohepatitis and fibrosis. 

Created with BioRender.com 

Additionally, proteins involved in necrotic pathway such as RIPK3 and MLKL 

expression were augmented in the liver of a MCD mouse model of NASH [312]. RIPK1, 

RIPK3 and MLKL were also elevated in the serum of human NAFLD [313]. Recently, an 

association between TNF-α-induced RIPK3 expression, stimulation of necroptosis and 
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OxS has observed in primary murine hepatocytes [314]. mtROS formation showed to be 

RIPK3-dependent, promoting necroptosis pathway. Accordingly, RIPK3 deletion 

restored MRC complex activity while reducing OxS in mice fed with a choline-deficient 

L-amino acid-defined (CDAA) diet.  

Hepatocyte necrosis leads to mitochondria-derived danger-associated molecular 

patterns (DAMPs) (Figure 11). Mitochondrial DAMPs activate NOD-like receptor family 

pyrin domain containing 3 (NLRP3) inflammasome and other innate immune systems 

through pattern recognition receptors such as toll-like receptors (TLRs) (Figure 11) [298, 

315, 316].  

In NASH, mtDNA released by injured hepatocytes in HFD-fed mice can interact 

with the TLR9 on Kupffer cells and hepatic stellate cells (Figure 11), stimulating the 

innate immunity as well as fibrogenic responses [317]. The combination of events 

comprising ROS-associated lipid peroxidation, mitochondrial DAMPs and activation of 

caspases promote chronic liver injury via intrusion of inflammatory cells [306, 317]. 

In summary, multiple pathways can be involved in regulating hepatocytes' 

mitochondrial physiology to maintain hepatic mitochondrial mass, integrity, and 

function. Alterations in mitochondria-related signaling pathways are determinant in 

hepatocyte fate and progression of NAFLD/NASH. 
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3. Chapter 
Therapeutic strategies in NAFLD  

_______________________________________________ 
 

NAFLD treatment is a challenge due to its complex etiology, difficult diagnosis, 

wide spectrum of NAFLD stages, and other comorbidities. Therefore, an individually 

personalized approach is recommended to improve outcomes of both NAFL and NASH 

patients. Individuals diagnosed with NAFL (fatty liver with no signs of inflammation) can 

revert this phenotype by adopting healthier lifestyle routines, including changing the 

diet and increasing physical activity. Nevertheless, in more advanced NAFLD stages, the 

administration of drugs to reduce IR and hyperlipidemia is highly suggested [318] (Table 

3). However, so far there is no drug approved for direct therapy of NAFL or NASH.  

Table 3. Clinical practice guidelines recommended by joined EASL–EASD–EASO 
associations 

Stage  Current therapy 

NAFL Simple steatosis 
Steatosis and mild inflammation 

Lifestyle modifications 
Energy restriction 
Macronutrient composition 
Exclusion of fructose intake 
Strict daily limit for alcohol con-
sumption 
Physical activity 
Bariatric surgery 

NASH Early - none or slight fibrosis (F0-F1) 

 Advanced – significant and bridging fibrosis  As above, plus pharmacotherapy 
Pioglitazone 
Vitamin E 
Statins 

Cirrhosis Late-stage fibrosis (F4) Liver transplantation 

HCC Liver tumor Resection 
Liver transplantation 
Radiotherapy 
Chemotherapy (e.g., sorafenib) 
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3.1. Current and future therapies for NAFLD/NASH treatment 
3.1.1. Dietary changes and lifestyle modifications 

Several studies demonstrated a strong association between NAFLD and an 

unhealthy lifestyle. Modifications at this level are a mandatory starting point for all 

patients (Table 3). Dietary changes and lifestyle modifications are now the first-line 

therapy for patients with NASH. Patients who lost ≥ 10% of their weight resolved 90% of 

NASH cases while 45% showed fibrosis regression [319]. Moreover, numerous diets are 

seen as tools to counteract NAFLD incidence and progression [320]. Calorie-restricted 

diets seem to collect some scientific agreement as a determinant of nutritional 

interventions in NASH [321]. Recently, the Mediterranean diet (MD) was recommended 

for NAFLD patients by the EASL–EASD–EASO Clinical Practice Guidelines [322], due to its 

easy follow characteristics and beneficial metabolic effects on ameliorating steatosis 

and cardiovascular events obtained by its nutritional components [320]. Nevertheless, 

other dietary patterns such as the ketogenic diet and “dietary approach to stop 

hypertension” (DASH) diet can be useful in NAFLD patients [320]. 

Combination of diet and exercise represents a backbone for weight loss. In this 

context, physical activity is another lifestyle modification that contributes decisively for 

NAFLD improvement. Studies showed that exercise significantly decreases steatosis and 

prevents NAFL progression to NASH [323, 324]. Furthermore, both aerobic and 

resistance exercise programs (similar frequency, duration, and period of exercise) 

exhibited positive results in hepatic steatosis reduction of NAFLD patients. A randomized 

study in lean NAFLD patients with a BMI lower than 25, involving regular exercise, 

resulted in the first signs of NAFLD remission after 1 year. Notably, remission of NAFLD 

was achieved in 67% of non-obese patients after lifestyle intervention and even a weight 

reduction of 3–5% had positive outcomes [325]. 

These lifestyle modifications proved to have positive effects on weight reduction 

and metabolic control. Notwithstanding, pharmacotherapy in combination with lifestyle 

modifications is recommended for progressive NASH (≥ F2 stage) patients as described 

in the following topics.  
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3.1.2. Recommended drugs in NAFLD/NASH 

Despite intensive studies, there is not a single, and specific FDA-drug approved for 

NASH. However, patients with early-stage NASH that possess a high risk of developing 

fibrosis should be enrolled for treatment with prescribed drugs. In fact, are some 

medicines that are already used worldwide: 

3.1.2.1. Pioglitazone  

Pioglitazone, an insulin sensitizer that acts as PPAR-γ agonist, showed positive 

effects against steatosis and necroinflammation in diabetic NASH patients [326, 327]. 

Pioglitazone efficacy was evaluated in a phase 4 clinical trial, where it showed a decrease 

of NAS by more than 2 points without worsening of fibrosis, in both prediabetic and 

diabetic NASH patients. Recently, the long-term safety and efficacy of Pioglitazone was 

confirmed in a 3-year randomized controlled trial (RCT) in NASH patients with 

prediabetes/T2DM [328]. Pioglitazone can be used as pharmacotherapy in NASH 

according to the clinical guidelines published by the joint EASL–EASD–EASO Associations 

[329] (Table 3). Nevertheless, extensive use of pioglitazone comprises several secondary 

effects such as increased risks at prostate or pancreas cancer, body weight gain, fluid 

retention, bone fracture in women and increased cardiovascular events. 

3.1.2.2. Vitamin E 

OxS is involved with NASH progression as described previously. In this context, 

vitamin E, an important free radical scavenger with anti-inflammatory and anti-

apoptotic activity, has been suggested for NASH treatment. Patients diagnosed with 

NASH exhibited lower levels of vitamin E when compared with healthy individuals [330]. 

Moreover, a 1-year vitamin E supplementation in NASH patients reduced serum 

transaminase activities as well as transformed growth factor-β1 (TGFB1, associated with 

liver fibrosis development) [331]. Vitamin E alone or in combination with pioglitazone 

significantly reduced steatosis, lobular inflammation and NAS score, in nondiabetic 

patients with non-alcoholic steatohepatitis (PIVENS), without improving fibrosis or 

portal inflammation [332]. A meta-analysis confirmed that vitamin E therapy improves 
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serum biochemical parameters and improved hepatic histology in NAFLD/NASH, 

especially in adult NASH patients, vitamin E also improves hepatic fibrosis, hepatic 

inflammation and ballooning. [333]. In Japan, NASH patients subjected to a long-term 

vitamin E treatment (more than 2 years) showed some improvement in hepatic fibrosis, 

especially in those where serum transaminase activities and IR could be restored [334]. 

Vitamin E is another drug proposed by the EASL–EASD–EASO for NASH [329] (Table 3), 

although it is recommended only for biopsy-proven NASH patients without diabetes. 

Besides the beneficial effects observed, high-dose or long-treatment with vitamin E can 

increase all-cause mortality, prostatic cancer and hemorrhagic stroke [335].  

3.1.2.3. Statins 

Since NAFLD/NASH patients exhibit atherogenic dyslipidemia and increased 

cardiovascular risk, statins can be used in NASH patients (Table 3). Simvastatin  

improved NASH-related fibrosis by decreasing iNOS, increasing eNOS, and inhibiting HSC 

activation in rats [336]. Simvastatin also decreased inflammation and fibrosis by 

inhibiting Ras/ERK and RhoA/Rho kinase signaling pathways [337]. Moreover, several 

statins prevented NASH and increased mitochondrial and peroxisomal FAO via induction 

of PPAR-α in MCD-fed mice [338]. Statin therapy showed to be safe in patients with 

NASH [339]. Rosuvastatin monotherapy ameliorated biopsy-proven NASH and resolved 

metabolic syndrome within 12 months in patients. Despite the beneficial effects 

observed in several animal studies, there is a need for larger high-quality human clinical 

trials to establish clinical care.  

3.1.3. Drugs candidates for NAFLD/NASH 

Pharmacotherapy available and lifestyle modifications are not sufficient to reduce 

liver fibrosis and inflammation in many patients. Current complications with the 

resolution of the histological lesions, together with the dangerous increase in NASH 

prevalence in some populations, indicate a vital need for the development of new 

pharmacotherapies to manage this disease. Treatments under study for NAFLD and 

NASH include the following classes (detailed in Table 4): 
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o PPAR agonists, which activate PPARs and play a role in treatment of symptoms 

of the metabolic syndrome, mainly for lowering triglycerides and blood sugar; 

o Glucagon and glucagon-like peptide-1 (GLP-1) agonists, to mimic hormones 

that regulate appetite and affect glucose and lipid metabolism; 

o Fatty acid synthase inhibitors, to reduce fat liver production and 

inflammation; 

o Acetyl-CoA carboxylase (ACC) inhibitors, to block an enzyme involved in 

lipogenesis; 

o Farnesoid X receptor (FXR) agonists, which activate FXR by regulating bile acid 

synthesis and lowering triglycerides and blood sugar; 

o Thyroid hormone receptor agonists, which activate hormones that play a role 

in fat metabolism 

o Fibroblast growth factor analogues, which mimic a hormone that regulates 

bile acid metabolism and fat storage in the liver; 

o Apoptosis signal-regulating kinase 1 (ASK1) inhibitors, to block an enzyme 

that promotes inflammation and fibrosis; 

o Anti-fibrotics agents, which block recruitment, migration and infiltration of 

monocytes and macrophages and the activation and proliferation of HSC; 

o General antioxidants, to counteract oxidative stress and prevent 

inflammation.  
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Table 4. Drugs candidates for NAFLD/NASH treatment. 

Drug 

candidate 

Mechanism 

of action 
Sponsor  Outcome measures 

Last or active ID 

trial 

Elafibranor PPAR-α/δ agonist Genfit 
Achieving resolution of NASH without worsening of fibrosis at 52 weeks; [340] 
Composite long-term outcome composed of all-cause mortality cirrhosis and liver-
related clinical outcomes.[340] 

NCT02704403 (Phase III) 

Lanifibranor 
Pan-PPAR 

agonist 
Inventiva Pharma Improvement in steatosis activity fibrosis score without worsening of fibrosis at 24 

weeks. [341]  
NCT03008070 (Phase II) 

Saroglitazar PPAR-α/γ agonist Zydus Cadila Improvement in ALT, LFC, insulin resistance, and atherogenic dyslipidemia at 16 
weeks.[342] 

NCT03061721 (Phase II) 

Pemafibrate 
PPAR-α 

modulator 
Kowa Pharmaceutical Improvement in liver function parameters and fibrosis marker at 24 weeks.[343] NCT04998981 (Phase III) 

Liraglitude GLP-1 agonist Novo Nordisk 
Body weight reduction and amelioration of NAS score, stage of fibrosis and serum 
liver injury biomarker levels at 24 weeks;[344, 345] 
Remission of steatohepatitis without worsening of fibrosis.[278, 345] 

NCT01237119 (Phase II) 

Semaglutide GLP-1 agonist Novo Nordisk Resolution of NASH with no worsening of fibrosis, where at least one fibrosis stage 
was counteracted at 72 weeks.[346] 

NCT02970942 (Phase II) 

Aramchol SCD inhibitor Galmed Pharmaceuticals Reduced fat content in patients with NAFLD at 12 weeks.[347] NCT04104321 (Phase III) 

Firsocostat ACC inhibitor Gilead Sciences 
Decrease in hepatic steatosis, selected markers of fibrosis, and liver 
biochemistry;[348, 349] 

Improvement in NASH activity when combinate with cilofexor for 48 weeks. [350] 

NCT03449446 (Phase III) 

Obeticholic 

acid 
FXR agonist Intercept Pharmaceuticals 

Improving of necro-inflammation without worsening o fibrosis at 72 weeks;[351] 
Reduction in hepatic fibrosis and diminished steatosis, lobular inflammation and 
hepatocyte ballooning.[351] 

NCT02548351 (Phase III) 

Resmetirom THR-β agonist Madrigal Pharmaceuticals 
Decrease in the amount of liver fat by approximately 40%, with few 
adverse reactions; [352] 
Improvement in liver fat, atherogenic lipids, and liver enzymes at 36 weeks..[353] 

NCT04951219 (Phase III) 
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Selonsertib 
ASK1 

inhibitor 
Gilead Sciences Improvement in fibrosis without worsening of NASH-CRN at 48 weeks;[354] 

No antifibrotic effect in patients with NASH patients with stage 3 or cirrhosis.[354] 
NCT03053050 (Phase III) 

Tipelukast 
Anti-

inflammatory 
MediciNova TGs reduction in NASH/NAFLD patients with hypertriglyceridemia at 24 weeks.  NCT02681055 (Phase II) 

Emricasan 
Pan-caspase 

inhibitor 
Histogen Mean change in hepatic venous pressure gradient at 24 weeks;[355] 

No improvement in liver histology. [356] 
NCT04806750 (Phase II) 

Cenicriviroc 
Blockade of CCR2 

and CCR5 
Tobira Therapeutics 

Improvement in fibrosis without worsening steatohepatitis at 1 year;[357] 
Decrease in N-terminal type 3 collagen propeptide levels, biomarkers of systemic 
inflammation (CRP, IL-6, IL-1β and soluble CD14), and enhanced liver fibrosis 
scores.[357] 

NCT03028740 (Phase III) 

Belapectin 
Galectin-3 

inhibitor 
Galectin Therapeutics 

Improvement in liver histology, accompanied by a substantial reduction in NASH 
activity and collagen deposition in animal models; [358] 
No improvement in fibrosis or portal hypertension in patients with NASH, cirrhosis, 
and portal hypertension.[359] 

NCT02462967 (Phase II) 

Pegbelfermin 
recombinant FGF-

21 
Bristol-Myers Squibb Improvement in liver stiffness, adiponectin, ALT, and AST at 16 weeks;[360] 

Reduction in liver fat and improved N-terminal type III collagen propeptide. [360]  
NCT03486899 (Phase II) 

Silibinin  Antioxidant Rottapharm Madaus 

Reduction in mean AST to platelet ratio index, fibrosis-4 score and NAFLD fibrosis 
score at 48 weeks. [361] 
Ameliorate fibrosis based on histology (reductions of 1 point or more) and liver 
stiffness measurements. [361] 

NCT02006498 (Phase II) 

Berberine Antioxidant 
Xintria Pharmaceutical 

Corporation 
Improvement in liver fat, body weight, HOMA-IR; [362] 
Reduction in body weight and improvement in lipid profile.[362] 

NCT03198572 (Phase 

IV) 

Abbreviations: ACC, Acetyl-CoA carboxylase; ALT, Alanine transaminase; ASK1, apoptosis signal-regulating kinase 1; AST, aspartate transaminase; CCR, CC chemokine receptor; 
FXR, farnesoid X receptor; FGF, fibroblast growth factor; GLP, glucagon-like peptide, LFC, liver function compensatory value; NAFLD, non-alcoholic fatty liver disease; NAS, 

NAFLD activity score, NASH, non-alcoholic steatohepatitis; PPAR, peroxisome proliferator-activated receptors, SCD, stearoyl-CoA desaturase; PiS, pilot study  
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4. Chapter 
Antioxidant therapy 
_______________________________________________ 

 
OxS can act as a primary cause of pathology or as a secondary contributor to 

disease progression, such as the case of NAFLD. As mentioned in section 2.1.3, 

organisms hold important defense mechanisms to repair cells’ injury, to protect against 

oxidative damage. Upon exposure to oxidants and other electrophiles, these defenses 

can be increased and boost the cell’s detoxifying capacity, leading to the repair of 

oxidative injury. Interestingly, some exogenous agents can upregulate those same 

defenses, constituting the principal strategies underlying antioxidant therapy. 

4.1. Antioxidant therapeutic strategies in NAFLD 

The potential effects of using antioxidant as therapeutic approach relies mainly on 

antioxidant defenses induction and how it prevents disease progression. Several 

antioxidant therapeutic strategies have been studied in the last years, with some of 

them reaching human clinical trials. The strategies investigated comprised mainly SOD 

and SOD–catalase mimics; GSH synthesis stimulators (using precursors); iron-chelating 

agents; inducers of antioxidant enzymes expression (mainly by Nrf2 activation); NOXs 

inhibitors and dietary antioxidants supplements. 

4.1.1. SOD and SOD–catalase mimics 

SOD mimics were mainly metalloporphyrins, porphyrins, or porphyrin-related 

mimics [363]. Inside cells, the contribution of SOD mimics to the cytosolic antioxidant 

defense is relatively poor when compared with endogenous antioxidants defenses: 

however, their antioxidant effect seems to be higher in extracellular spaces. Moreover, 

some SOD mimics (manganese (Mn) porphyrins, Mn cyclic polyamines and M40403) can 

act as pro-oxidants in the mitochondrial matrix, thereby modulating redox-sensitive 

signaling pathways and cellular transcription [364]. In this context, some beneficial 

effects of SOD mimics can be consequent of distinct mechanisms other than mimicking 
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SOD. Manganese (III) meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin (MnP), a SOD 

mimic, improved hepatic steatosis and biomarkers of liver dysfunction with redox 

modulation in HFD-fed mice [365]. Mn(iii)- comprising salen complexes can eliminate 

O2
●- and H2O2, being the emerging class of SOD mimics. In fact, EUK-8 and EUK-134 

reduced serum aminotransferases, glutathione transferase and alkaline phosphatase, 

cholesterol, and LDL contents, accompanied by an improvement in NASH pathological 

features in the liver of MCD-fed rats. Nevertheless, no human clinical trial for salens have 

been initiated  

4.1.2. Glutathione peroxidase (GPx) mimics 

Ebselen is the best characterized GPx mimics, as it showed large selectivity to H2O2 

and hydroperoxides. Ebselen may also induce phase II detoxification enzymes, which 

reduce oxidative damage and inflammation in non-human studies [366]. Ebselen 

significantly caused the resolution of carbon tetrachloride (CCl4)-induced hepatic fibrosis 

in rats [367]. Nevertheless, ebselen effects in the context of NAFLD were never reported.  

4.1.3. Stimulators of GSH synthesis 

N-acetylcysteine (NAC) is a widely used antioxidant in literature [368]. In cells, NAC 

is deacetylated in cysteine, which culminates in GSH reloading [369]. NAC treatment 

rescued the liver steatosis and apoptosis induced by HF diet in C57BL/6 mice [370]. 

Moreover, NAC significantly decreased the serum ALT levels in patients with NAFLD 

[371]. Although NAC is involved in many preclinical and clinical trials, its beneficial 

effects in NAFLD is not consensual [366]. 

4.1.4. Iron-chelating agents 

Iron and copper, when released from proteins, can participate in ●OH production. 

Hepatic iron overload, which occurs in some NASH patients, facilitates the conversion of 

H2O2 to ●OH via the Fenton reaction [372]. Ferroptosis, a widely recognized process of 

cell death caused by the accumulation of iron-dependent lipid peroxides, has been 

connected to the pathogenesis of diverse liver diseases such as HCC, fibrosis, NASH, 

hepatic I/R injury, and liver failure. The use of inhibitory chelators would be an excellent 
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strategy to avoid ROS propagation. In fact, treatment with ferroptosis inhibitors in 

NASH-induce mice models (e.g., trolox or deferoxamine) reduced cell death, as well as 

infiltration of inflammatory cytokines, indicating that the ferroptosis pathway was 

activated in the liver of MCD-fed mice [373]. GPx4 downregulation is a known trigger of 

ferroptosis [374]. In accordance, livers of mice feeding with MCD diet showed a decrease 

in GPx4 expression and an increase in 12/15-lipoxygenase (ALOX15), and AIF, 

demonstrating that ferroptosis plays a significant role in NASH-related lipid peroxidation 

and its link to cell death. In the same study, deferoxamine or sodium selenite (a GPX4 

activator) significantly reduced NASH severity in the MCD-fed mice [375]. 

4.1.5. Nrf2 activators 

Impaired Nrf2 signaling is involved in many oxidative stress-related diseases, 

including NAFLD [376]. Accordingly, Nrf2 activators are being sought as potential agents 

to induce antioxidant capacity and ameliorate pathologies conditions. Small molecules 

such as polyphenols can induce antioxidant enzyme expression in Nrf2-mediated 

signaling [377]. 

Nrf2 activators can act by different mechanisms [366]. Under basal conditions, 

cells continuously synthesized transcription factor Nrf2 but its transport to the nucleus 

is relatively low. This Nrf2 degradation maintains this regulation through association 

with Kelch-like ECH-associated protein 1 (KEAP1), which enables its degradation by the 

26S proteasome.  

Nevertheless, as described previously, there is much evidence that boosting Nrf2 

synthesis can represent a therapeutic antioxidant approach. Upon exposure to 

electrophiles, KEAP1 is inactivated when its sensor cysteines form adducts with 

electrophiles or when they are oxidized to disulfide. In this process, KEAP1 lose ability 

to contribute to Nrf2 degradation, highlighting the use of non-toxic electrophiles to 

alkylate KEAP1 as important therapeutic approach.  

Additionally, glycogen synthase kinase 3β (GSK3β) can phosphorylates Nrf2 and, 

in combination with β-transducin repeat-containing protein (βTrCP), result in Nrf2 

degradation by the proteasome, a process that can inhibited by oxidative inactivation of 
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GSK3β [378]. Upon oxidation, the interaction between Nrf2 and βTrCP is disrupted by 

inhibition of GSK3β and the phosphorylation of Nrf2 at the Deh6 domain [378], 

suggesting that inhibiting GSK3β can be also a potential therapeutic approach to 

modulate Nrf2 signaling.  

KEAP1 degradation as a consequent of oxidative insults can also occurs through 

p62-mediated sequestration of KEAP1 and autophagy [379]. This process is initiated by 

the phosphorylation of p62 via TANK-binding kinase 1 (TBK1) and mTORC1 targeting, 

indicating p62 as another potential therapeutic target.  

Other interactions between Nrf2 and proteins such as p21 [380] and BRCA1 [365] 

[381] as well as Nrf2 phosphorylation by protein kinase C (PKC) also stimulate Nrf2 

activity [382]. On the other hand, BTB Domain and CNC Homolog 1 (BACH1) 

downregulate Nrf2 activity by competing to form heterodimers with small Maf (sMaf) 

or Jun proteins and binding to the electrophile response element (EpRE) in the nucleus 

[383]. Therefore, compounds that inhibit BACH1 could increase the expression of some 

Nrf2-regulated genes.  

Several extracts of fruits and vegetables showed the ability to activate Nfr2 

signaling. Numerous clinical trials using turmeric extract, broccoli or broccoli sprout 

supplement were performed in pathologies [366]. In general, induction of antioxidant 

capacity was achieved in clinical trials. Noteworthy, coumarins and polyphenols existent 

in vegetables and fruits act mainly by their oxidation to electrophilic quinones and, 

therefore, by forming adducts with KEAP1 cysteines [377]. Several dietary molecules 

such as curcumin, sulforaphane, and resveratrol have been established as Nrf2 

activators, and some of them are in clinical trials for disease treatment  [366, 384]. 

Moreover, several chemical Nrf2 activators are being tested in the NAFLD context (Table 

5).  

Table 5. Chemical inducers of the Nrf2 signaling pathway in NAFLD. 

Compound/extract Model  Downstream effects of Nfr2 activation  

Acerola 

polysaccharides 
C57BL/6 mice HMOX1 and NQO1 ↑ SREBP1c↓ [385] 

Apigenin 
C57BL/6 mice; 

Hepa1-6 cells 
SOD, CAT, GPx ↑ [386] 
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CPT Wister rats HMOX1, NQO1, SOD and GSH/GSSG ↑ MDA ↓[387] 

Curcumin 

C57BL/6 mice SREBP1c and FAS ↓ [388] 

Sprague-Dawley 

rats 
GSH, HMOX1 and SOD ↑ MDA ↓[388] 

Gastrodin 
C57BL/6 mice; 

HL-7702 cells 
HMOX1 and SOD ↑ MDA and ROS ↓ [389] 

Green tea extract 
C57BL/6 mice; 

HC-04 cells 
NQO1 mRNA ↑ [390] 

Lemon balm 

extract 
C57BL/6 mice SOD2 and pAKT ↑ [391] 

Osteocalcin C57BL/6 mice SOD, CAT and GPx ↑ [392] 

Resveratrol C57BL/6 mice SREBP1c and FAS ↓ [393] 

Scutellarin 
C57BL/6 mice; 

HepG2 cells 
HMOX1 and NQO1 ↑ [394] 

Silybin C57BL/6 mice 
CYP2E1, 4-HNE ↓ 

SOD, GCLM, GCLC, NQO1 and HMOX1↑ [395] 

Swertiamarin  
Adult male 

kunming mice 
SOD, CAT, GPx ↑ [396] 

Abbreviations:  ↓ decrease; ↑ increase; AKT, protein kinase B; CAT, catalase; CYP2E1, cytochrome P450 

family 2 subfamily E member 1; CPT, Triterpenic acids-enriched fraction from Cyclocarya paliurus; FAS, 

fatty acid synthetase; GPx, glutathione peroxidase; GSH, glutathione; GSSG, glutathione disulphide; 

HMOX1, heme oxygenase 1; MDA, malondialdehyde; NOQ1, NAD(P)H quinone oxidoreductase; SOD, 

superoxide dismutase; SREBP1c, sterol regulatory element-binding protein 1; 4-HNE, 4-Hydroxynone 

 

4.1.6. NADPH oxidase inhibition 

As previously described, NOXs can be a source of ROS, and its exacerbated 

activation can result in tissue damage. In activated phagocytes such as Kupffer cells, the 

NOX family is a crucial source of ROS [397]. Several isoforms of NOX have been identified 

in the liver (NOX1, NOX2, and NOX4). Although the impact of NOX2 in the NASH 

pathology has been mutable in different animal models [398, 399], the involvement of 

NOX4 and NOX1 oxidase in NASH development was demonstrated in mouse models 

[400, 401]. Immunohistochemical analysis showed that NOX4 protein levels were 

markedly augmented in the liver of patients with NASH [397]. In this context, NOXs 
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inhibition could be an essential tool to target OxS and treat NAFLD. Apocynin, an 

inhibitor of NADPH-oxidase, reduced inflammatory factors in the blood and liver, 

ameliorating IR in HFD-fed mice [402]. Moreover, treatment with setanaxib, a dual 

NOX1/4 inhibitor, suppressed inflammation and fibrosis in CCl4-induced hepatic fibrosis 

[403] and fast-food diet−fed mice [401]. So far, setanaxib was not used in clinical trials 

in the context of NAFLD, although a phase II/III study is currently recruiting patients with 

elevated liver stiffness (NCT05014672). 

4.1.7. Dietary polyphenols  

Dietary polyphenols are bioactive molecules that have antioxidant properties as 

they can act directly as ROS-scavengers or indirectly as up-regulators of endogenous 

antioxidant defenses [404].  

Polyphenols contain at least one aromatic ring in their structure that is/are 

connected to diverse chemical groups, including phenolic, hydroxyl or carbon groups. 

The chemical variability of polyphenols rises with minimal substitutions in hydroxyl and 

methoxy moieties, in the interaction by hydrogen bonds (among them or with proteins), 

or by the capacity to polymerize, originating thousands of derivatives [405]. Polyphenols 

can be particularly active in chelating transition metals such as iron and copper ions, 

avoiding their participation in radical-generating reactions [406]. Some polyphenols 

exhibited beneficial effects by activating adaptative stress response signaling pathways 

in cancer, cardiovascular and neurodegenerative [407–409]. In accordance, a 

polyphenol-enriched diet showed to reduce the risk of chronic diseases appearance 

[205].  

Regarding liver diseases, polyphenols were demonstrated to control de novo 

lipogenesis, inhibiting lipogenic proteins (e.g., ACC, SREBP-1, FAS and LXRα) and 

increasing lipolytic proteins (e.g., AMPK, PPAR-α and CPT-1) [410]. For instance, 

resveratrol increased complex I activity, which resulted in augmented mitochondrial 

NAD+/NADH ratio and SIRT3-dependent stimulation of Krebs cycle and FAO in HepG2 

cells [411]. Epigallocatechin gallate (EGCG), an ester of epigallocatechin and gallic acid, 

showed ability to increase mitochondrial respiratory proteins levels and mtDNA content 

as well as to decrease lipid accumulation and stimulate autophagy in several in vitro 
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models (HepG2, Huh7 and mouse primary hepatocytes cells) and HF/HFHS-fed-mice 

[412, 413].Cyanidin-3-O-β-glucoside (an anthocyanin) protected primary mouse 

hepatocytes against high glucose-induced apoptosis by modulating mitochondrial 

dysfunction [414]. Silibinin, the major active constituent of silymarin, enlarged 

mitochondria and upregulate β-oxidation and ATP production in FaO liver cells [415].  

Notwithstanding, antioxidant therapy resulted in controversial data. Failures in 

human clinical trials were registered [416, 417] due to several reasons: 

o Some antioxidants can work either as antioxidants or pro-oxidants. 

Phenolic systems can be involved in glycation reactions, altering their redox state in vivo 

systems, which explain the lack of successful results in antioxidant therapeutic 

approaches [404]; 

o ROS are major redox signaling molecules, indispensable for maintaining 

homeostasis and generating an adaptative response to OxS-induced death. 

Antioxidants act by more than a direct ROS-scavenging activity, compensating the 

decrease in endogenous defenses by upregulating antioxidants enzymes expression. 

However, using exogenous antioxidants (from diet or pharmacologically intervention) is 

quite complex and does not consistently achieve the desired purpose [418]; 

o Low specificity. Exogenous antioxidants are widely spread in the body, 

while oxidative injury may be restricted to particular cell types and organelles, such as 

mitochondria. As a result, the antioxidant concentration in the particular locals of 

oxidative damage can be insufficient to prevent oxidative damage in pathological 

conditions [418]; 

o Low bioavailability of these molecules in biological systems. Exogenous 

dietary antioxidant bioavailability depends on endogenous factors such as food matrix, 

molecular weight, physicochemical properties, and the amount consumed or 

endogenous factors like the activity of the digestive enzymes, gut microflora-associated 

biotransformations, the gastrointestinal epithelium, and the liver biliary/urinary 

excretion. Many dietary antioxidants present low bioavailability, poor solubility/ 

stability towards gastric and colonic pH or weak absorption across the intestinal wall 

[419]. Glucuronidation of phenolic antioxidants in the intestine and liver combined with 

detoxification reactions of cytochrome P450 (CYP) enzymes can also contribute to poor 
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bioavailability at the target site [420]. In fact, many polyphenols failed in 

preclinical/clinical trials, mainly due to stability and bioavailability drawbacks [421, 422]. 

4.2. Hydroxycinnamic acids as a therapeutic approach 

Hydroxycinnamic acids (HCAs) are one of the main classes of phenolic compounds 

found in nature. Ferulic acid, caffeic acid, p-coumaric acid, chlorgenic acid, sinapic acid, 

curcumin, and rosmarinic acid are part of phenolic acid family.  

HCAs have been reported mostly as dietary antioxidants as they act as radical 

scavengers due to their hydrogen atom donating ability and particular stabilization of 

the resulting phenoxyl radical [423]. Its –CH=CH-COOH side chain seems to guarantee a 

more remarkable H-donating ability and subsequent radical stabilization by resonance 

[424] . Moreover, catecholic and gallolyl phenolic acids type systems provide them metal

chelating properties [425]. 

During the last decades, several studies showed that HCAs derivatives display 

beneficial effects on metabolic syndrome-related hallmarks, including decreasing 

inflammation and the ability to decrease fat deposition and lower plasma lipid profile in 

both in vitro and in vivo. Caffeic acid derivatives inhibited the iNOS expression and 

prevented NO production from RAW macrophage cells [426]. In metabolic syndrome-

associated diseases such as diabetes, caffeic acid attenuated hepatic glucose output in 

C57BL/KsJ-db/db mice [427] and streptozotocin (STZ)-induced diabetic rats [428]. In 

addition, caffeic acid administration also improved glucose intolerance in HFD-fed mice 

[429]. In TNF-α-induced insulin-resistant mouse liver FL83B cells, caffeic acid stimulated 

insulin receptor tyrosyl phosphorylation and increased the expression of insulin signal 

associated proteins such as insulin receptor, phosphatidylinositol-3 kinase (PI3K), 

glycogen synthase, and glucose transporter 2 (GLUT2), which improved IR and the 

import of glucose [430]. Moreover, caffeic acid reduced inflammatory cytokine and 

downregulated the inflammatory pathway JNK, NF-κB, and cyclooxygenase-2 (COX-2) 

expression [431]. Finally, caffeic acid activated AMPK phosphorylation, which led to 

glucose uptake and GLUT4 content in L6-GLUT4myc cells [432]. 

Despite the beneficial effects observed during in vitro and in vivo studies, HCAs 

bioavailability and pharmacokinetics in human trials are still unresolved. For instance, a 
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cell permeability study in Caco-2 intestinal cells using HCAs indicated their low cell 

permeability [433]. In this context, the development of drug delivery systems, such as 

liposomes, phospholipid complexes or smart antioxidant carriers may counteract the 

bioavailability issues and boost the potential therapeutic application of HCA.
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5. Chapter  
Mitochondrial pharmacology 
_______________________________________________ 
 

The recognition of the mitochondrion as the gatekeeper of cell life and death and 

the impairment of the diverse mitochondrial functions observed in various pathological 

states, such as cancer, metabolic disorders, and age-related diseases, encouraged active 

drug discovery. 

In drug discovery programs aiming the specific targeting of mitochondria, two 

complementary approaches have been followed: 1) bottom-up, focusing on individual 

rare heritable disorders caused by gene mutations and; 2) top-down, addressing a 

defined disorder in which mitochondrial dysfunction may be part of more complex 

pathophysiology [434–436]. Moreover, because mitochondria impairment may 

contribute to diverse pathologies, a single therapeutic approach might be applicable in 

multiple disorders. To handle mitochondrial dysfunction, a drug must selectively 

accumulate within mitochondria and link to one/multiple mitochondrial targets or 

modulate a process outside of mitochondria that ultimately can modify a mitochondrial 

dysfunction. So far, the drug discovery projects were aimed to find drugs able to restore 

mitochondrial function throughout the regulation of mitochondrial ROS production 

[437]. 

5.1. Lipophilic cations as smart carriers 

The use of lipophilic cations, such as triphenylphosphonium (TPP+), as smart carri-

ers to target mitochondria is a recognized and robust strategy as TPP+ derivatives can be 

rapidly and extensively taken up by mitochondria [438]. Triphenylphosphonium cation 

(TPP) consists of a positively charged phosphorus atom surrounded by three hydropho-

bic phenyl groups that contribute to an extended hydrophobic surface and charge sta-

bilization. Triphenylphosphonium cations can pass easily through lipid bilayers and IMM 

due to their extensive hydrophobic surface area and the large out ionic radius, which 

can effectively lower the activation energy needed for membrane passage (Figure 12) 

[438].  
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Figure 12. Strategy to pharmacologically intervene in mitochondrial dysfunction. Uptake by 

mitochondria of a triphenylphosphonium cation conjugated to X, showing passage through the inner 

membrane and adsorption to the phospholipid bilayer. The energy profile for the movement of a 

triphenylphosphonium cation through a phospholipid bilayer, showing adsorption to potential energy 

wells close to the carbonyls of the phospholipid fatty acids. Created with BioRender.com 

The uptake of TPP into mitochondria depends on the membrane potential and 

can be estimated by Nernst equation: an increase of 10-fold for every ≈ 60 mV of ΔΨ 

can lead to 100–500-fold accumulation within mitochondrial matrix (Figure 12) [439]. 

Once inside mitochondria, TPP+ conjugated agents are in general located on the 

mitochondrial matrix upon surpassing the phospholipid bilayer, maintaining the linker 

and bioactive molecule positioned within the IMM [440].  
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5.2. Mitochondriotropic agents in liver disease / NAFLD  

Generally, the mitochondrial-targeting strategy encloses the expenditure of 

carrier systems, such as TPP, suitable to couple to a diversity of bioactive agents that are 

poorly taken up by mitochondria (e.g. due to the lack of hydrophobicity), allowing their 

targeting to mitochondria [441, 442]. Within mitochondria, mitochondriotropic agents 

can elicit beneficial effects in conditions related to OxS and mitochondrial dysfunction 

by diverse mechanisms, namely by scavenging reactive radicals modulating 

mitochondrial redox signaling processes [438]. Several mitochondria-targeted 

antioxidants obtained by conjugation to the TPP lipophilic cation have been developed, 

reinforcing the assumption that targeting mitochondria is an effective avenue to find a 

new therapeutic solution for several disease, including NAFLD [443, 444]. 

MitoQ is the most studied mitochondria-targeted antioxidant. It consists of a 

TPP+ unit covalently attached to the endogenous antioxidant ubiquinone (co-enzyme Q, 

CoQ) through a 10-carbon aliphatic linker. MitoQ exerts antioxidant protection in 

several animal models with pathologies associated with increased OxS, including NAFLD 

and neurodegenerative diseases, ischemia-reperfusion, hypertension, sepsis, and 

kidney damage in type I diabetes [445]. MitoQ also decreased the ethanol-dependent 

micro and macro hepatic steatosis in Sprague-Dawley rats consuming ethanol using the 

Lieber-DeCarli diet [446] and increased liver mitochondrial cardiolipin content in 

obesogenic diet-fed rats [447]. MitoQ decreased features of the metabolic syndrome in 

ATM+/-/ApoE-/- mice [448]. Facing the promising data, MitoQ was evaluated in a clinical 

trial for Parkinson’s patients. However, improvement of neurodegenerative symptoms 

by MitoQ was not observed [449]. In a phase 2 clinical trial, MitoQ significantly 

decreased plasma ALT and AST in patients with chronic HCV infection [450]. In addition, 

a phase 2 clinical trial for MitoQ in NAFLD was approved but the study was terminated 

due to poor participant recruitment (NCT01167088). 

MitoTEMPOL was developed by conjugating TEMPOL (a stable piperidine nitroxide 

radical) to TPP+ using a five-carbon aliphatic linker [451]. MitoTEMPOL can detoxify 

ferrous iron by oxidizing it to ferric form and act like a SOD mimetic system to convert 

O2
•− into water. MitoTEMPOL showed beneficial effects in several in vitro settings of 
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mitochondrial OxS, for instance, in protecting pancreatic β-cells against OxS [452] and 

in a model of ischemia-reperfusion, inhibiting the ATP depletion-recovery mediated by 

mPTP opening and cell death [453]. Using an animal model of diabetes, MitoTEMPOL 

prevented mitochondrial and cytosolic ROS production [454]. MitoTEMPOL ameliorated 

hepatic steatosis and suppressed the mRNA and protein expressions of myeloid-derived 

suppressor cells (MDSC)-associated proinflammatory mediators in livers of HFD-mice 

[455]. Nevertheless, no human clinical trial for MitoTEMPOL has been initiated. 

Several other mitochondriotropic agents have been synthesized in the past years, 

such as MitoVit-E, Mitoresveratrol, MitoCurcumin and SkQ1 [456]. Although showing 

several beneficial effects on counteracting OxS complications, no data in the context of 

NAFLD are available.  

Despite the expected attractiveness, the success of this strategy has been 

hampered by several challenges and limitations such as clinical trials design and 

implementation, the lack of animal models, and the poor druggability and drug-likeness 

of the drug candidates [457]. Consequently, to date, neither of the approaches have 

resulted in a drug approved by Food and Drug Administration (FDA) for mitochondrial 

therapy. 

5.2.1. The mitochondria-targeted phenolic acid antioxidant derivative Anti-

OxCIN4  

AntiOxCIN4, a mitochondriotropic antioxidant based on the dietary antioxidant 

caffeic acid, was developed by Prof. Borges group by linking the antioxidant moiety to 

lipophilic TPP cation through a 6-carbon aliphatic chain (Figure 13) [458]. 

AntiOxCIN4 did not interfere with mitochondrial morphology and polarization and 

showed remarkable antioxidant and iron-chelation properties, preventing Fe2+/H2O2-

induced damage in isolated liver mitochondria and hepatic cells. AntiOxCIN4 was shown 

to maintain intracellular GSH homeostasis by increasing its supply (Figure 13) [458]. 
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Figure 13. Mitochondria-targeted phenolic acid antioxidant derivative AntiOxCIN4 road. AntiOxCIN4 was 

first described in 2017 and since then, diverse beneficial effects against OxS in in vitro models were shown. 

PD, Parkinson Disease. 

 

Moreover, studies in human neuroblastoma (SH-SY5Y) cells revealed that non-

toxic concentrations of AntiOxCIN4 prevented H2O2 and 6-hydroxydopamine (6-OHDA)-

induced cell death (Figure 13). Although designed as classic antioxidants, the 

cytoprotection conferred by AntiOxCIN4 was paralleled by moderately increased ROS 

levels, suggesting that AntiOxCIN4 can also act as pro-oxidant [459]. In fact, recent 

studies showed that AntiOxCIN4 sustainably cause a mild increase in ROS levels, thereby 

activating endogenous ROS-protective pathways, such as the Nrf2/KEAP1 pathway, 

efficiently preventing skin fibroblasts against subsequent OxS [460] and improving 
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several cellular and mitochondrial metabolic parameters in skin fibroblasts from 

sporadic Parkinson’s disease patients (Figure 13) [461].  

Thus, AntiOxCIN4 target-specific affinity (delivery to mitochondria) and the ability to 

regulate several cellular processes (mitochondrial redox status and quality control 

mechanisms) confer cellular protection against oxidative insults, emerging as a potential 

drug candidate in metabolic-related disorders. 
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6. Chapter  
Studying NAFLD mitochondrial physiology and 
toxicology  
_______________________________________________ 

 

Liver toxicity is a major concern in risk assessment as the liver is constantly 

subjected to xenobiotic compounds and their metabolites. The chronic or prolonged 

exposure to toxic substances or overload of dietary nutrients makes the liver susceptible 

to chemical-induced liver diseases and metabolic syndrome-associated pathologies. 

6.1. in vitro: HepG2 as a screening model  

In the pharmaceutical industry, early detection of drug-induced hepatotoxicity is 

vital as it is a determinant in drug selection during the later stages of drug development. 

Moreover, the toxicology research field recommends using alternative in vitro models 

to implement the 3R (reduce, refine, and replace) strategy. In this context, a constant 

surge for advanced, robust, cost, and time-efficient in vitro models for the safety 

assessment is mandatory, even to counterbalance the possible inaccurate prediction of 

animal models due to inter-species variability. 

The HepG2 cell line is one of the most used human liver-based in vitro models. This 

human hepatoma-derived cell line is epithelial in morphology and was established from 

liver tissue of a 15-year-old caucasian male with a well-differentiated hepatocellular 

carcinoma. Cultured HepG2 cells grow mainly in islands, reaching a monolayer form. Its 

use has been determinant in various fields, such as the study of hepatocyte function and 

specific protein expression [462]. HepG2 cells are an excellent model to investigate 

mitochondrial toxicity, due to their high content of organelles and mtDNA [462]. 

Importantly, HepG2 cells have equal or slight lower capacity for induction of cytochrome 

P450 (CYP) when comparable to human hepatocytes. In fact, HepG2 cells were highly 

responsive to CYP inducers, such as 3-methylcholanthrene for CYPh1A2 or 

phenobarbital for CYP2B6 and CYP3A4 [463], suggesting that HepG2 cells is cell-based 

model in screening for CYP inducers in drug discovery. 
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Noteworthy, HepG2 cells can grow in different cell culture conditions, such as 

galactose medium (in which glucose was absent), blocking ATP generation via glycolysis 

and forcing the cells to rely upon OXPHOS for the production of ATP [464]. Indeed, many 

pharmaceutical companies adopted this model in mitochondrial toxicity screening using 

HepG2 cells.  

HepG2 cells has been widely used to study NAFLD in vitro. For instance, bisphenol 

A-treated HepG2 cells exhibited a dose-dependent increase in lipid accumulation and 

genes involved in de novo lipogenesis, such as sterol regulatory element-binding 

transcription factor 1 (SREBF1) [465]. Most patients treated with valproate, an 

antiepileptic drug, have been diagnosed with hepatic steatosis [466]. The expression of 

CD36, an essential fatty acid transport system, and diacylglycerol acyltransferase 2 

(DGAT2) were significantly upregulated in HepG2 after treatment with valproate, 

leading to augmented lipid accumulation [466]. Moreover, HepG2 cells incubated with 

a mixture of different proportions of saturated (palmitate) and unsaturated (oleate) 

showed a dose-dependent increase in lipid accumulation, paralleled by elevated 

production of TNF-α, a proinflammatory cytokine that plays a key role in the 

pathogenesis and NAFLD disease progression [467, 468]. In addition, after treating 

HepG2 cells with increasing concentrations of several steatotic-inducing compounds, 

toxicity parameters such as lipid accumulation, OxS, ΔΨm and cell viability were 

investigated using fluorescent probes. These techniques allowed the creation of a high-

content imaging technology to evaluate drug-induced steatosis [469]. 

In conclusion, HepG2 is a low-cost in vitro model with important hepatic 

properties, being a feasible option for high-scale screening of mitochondrial-targeted 

molecules. Additionally, it can be a suitable starting point to access NAFLD development 

and possible chemical therapies. 

6.2. in vivo: Western Diet (WD)-fed mouse models 

Rodent models have unmeasurable value in biomedical research. Preclinical 

research with rodents aims to discover mechanisms and/or therapies that can be 

translated to humans. NAFLD has a strong association with metabolic syndrome, which 

is exponentially growing due to the Western diet (WD). So far, mice model diets can be 
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divided into two main categories: the MCD and the WD. Exacerbated hepatic steatosis 

that can progress to fibrosis was observed in both diets, however these developments 

occur over different mechanisms.  

The WD contains high amounts of saturated fat, trans-fat, and sucrose (table 

sugar) [470]. Human diets based on these components can induce obesity, metabolic 

syndrome, NAFL, and NASH in some cases [471]. HFD results in augmented FFA levels in 

the liver, contributing to hepatic IR and decreased FAO, promoting de novo lipogenesis 

in hepatocytes. These altered mechanisms culminate in weight gain and hepatic 

steatosis [472]. Indeed, overload in saturated fat intake is associated with hepatocyte 

ER stress and hepatic steatosis [473]. 

WD can also contain high levels of cholesterol and cholate, which are known to 

induce atherogenesis, apoptosis, and inflammation. In fact, consumption of diets 

presenting high cholesterol and HFD concentrations promoted hepatic inflammation 

[474]. WD composition is quite heterogeneous and typically results in various hepatic 

changes in WD-fed mice, depending on the content of the diet. However, WD mimetic 

better what is observed in human NAFLD pathogenesis as human diets also vary 

substantially. The WD terminology comprises several types of diets, ranging from 

cafeteria diet to obesogenic diet to HFD. Several WD mouse models are used in NAFLD 

research, varying from composition, mouse strain or study duration (Table 6).  

The mentioned studies using WD models utilize either the C57BL/6 mouse strain 

or the C57BL/6-derivated substrains (Table 6). Mice with a C57BL/6 background are 

more susceptible to liver injury than other mouse strains [475–477].  

Although hepatic steatosis was obtained in diverse WD models, in this thesis, the 

WD model described by Inês Simões et al will be used as a dietary mouse model. 
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Table 6. Some western diet (WD) mouse models of non-alcoholic fatty Liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). 
Dietary Model Composition Strain Treatment Length Main outcomes 

HFD  
21% fat from coconut oil + 19.5% fat 

from casein + 1.25% cholesterol 
C57BL/6J 7 weeks Fibrosis, steatosis [479] 

HFD  60% kcal from fat C57BL/6J 16 weeks Steatosis, increased liver weight and TGs [481] 

HFD 

40% of energy from fat with 30% of 
fat from lard, 30% from butterfat, and 

30% from Crisco and liquid fructose 
and sucrose (42 g/L total at a ratio of 

55% fructose to 45% sucrose) 

C57BL/6NHsd 12 weeks 

Glucose intolerance, insulin resistance, 
adipose tissue dysfunction, increased 

levels of intrahepatic triglycerides, 
plasma ALT, liver weight, hepatic 
fibrosis, and inflammation [482] 

HFD + HFHS 
44.6% kcal from fat (61% saturated fatty 
acids) + 40.6% kcal from carbohydrates 

(sucrose 340 g/kg) 
C57BL/6J Up to 18 weeks 

Macrovesicular steatosis, fibrosis, 
Inflammation [483] 

HFD + HFCS 
44.6% kcal from fat (61% saturated fatty 
acids) + 40.6% kcal from carbohydrates 

(sucrose 340 g/kg) 
C57BL/6J 

Up to 16 
weeks 

Steatosis [484–486] 

HFD + HFCS 
45% kcal from fat (saturated fat) + 0.2% 
cholesterol + fructose and glucose (55% 

and 45%, respectively, w/w) 
C57BL/6J 16 weeks 

Steatosis and fibrosis coupled with 
NASH [399] 

WD 

51% kcal from from fat + 26% from carbohydrates + 
23% from protein. 30% fat [14% SFAs, 12% 

monounsaturated fatty acids (MUFAs) and 1% 
polyunsaturated fatty acids (PUFAs)], 284 mg/kg 

cholesterol and liquid sucrose (30 g/L) 

C57BL/6J 16 weeks Steatosis, increased liver weight and TGs[487] 

WD  45% kcal fat (20% partially hydrogenated 
vegetable oil) + HFCS + 0.2% 

cholesterol 

C57BL/6J 16 weeks  
Steatosis, increased TGs, 

increased liver weight, fibrosis [471] 

WD 21% kcal fat + 0.2% cholesterol C57BL/6J 10–12 weeks Steatosis, increased liver weight and TGs [488] 

Abbreviations: HFD, high-fat diet [also consistent with Western-like diet (WD)]; HFCS, high-fructose corn syrup; TGs, triglycerides.  
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The incidence and prevalence of NAFLD are dangerously rising worldwide. The 

patient's heterogeneity, which makes the diagnosis challenging to monitor, together 

with the absence of approved pharmacologic strategies other than dietary lifestyle 

intervention, spurred the finding of new drug developments. Although mechanisms 

underlying disease pathophysiology are not fully clarified, mitochondrial dysfunction 

and oxidative stress are potential key players. 

Antioxidants can be used as a therapeutic approach to boost intrinsic antioxidant 

defenses and tackle OxS, therefore, implicated in disease phenotype improvement.   

Polyphenols of plant origin (nutritional supplements) have recently received 

increased attention due to their pleiotropic effects. Among them, phenolic acids such as 

HCAs have remarkable antioxidants, although suffering from bioavailability constraints. 

On the other hand, their chemistry plasticity makes them suitable scaffolds for the 

rational design and development of new antioxidants. AntiOxCIN4, a mitochondria-

targeted phenolic acid derivative, was developed, and its antioxidant properties were 

validated in several in vitro models. 

 

This work hypothesizes that the hydroxycinnamic-derived mitochondriotropic 

antioxidant AntiOxCIN4 can improve NAFLD-associated phenotype in FFA-treated 

HepG2 cells and Western diet-fed mice.  

In this context, the main objectives of this thesis were: 

1) Investigate the effects of AntiOxCIN4 in the modulation of antioxidant defenses of 

human hepatoma HepG2 cells, to validate the use of that molecule to treat NAFLD 

or other hepatic conditions. This work intended initially to clarify the fundamental 

molecular mechanisms of AntiOxCIN4-induced cellular adaptative response, 

focusing on activating the Nrf2/KEAP1 pathway in HepG2 cells (Chapter 7) 

2)  Characterize human HepG2 cells as an in vitro model for steatosis by testing  a) how 

different lipotoxicity protocols induce a time-dependent mitochondrial disruption, 

b) whether mitochondrial dysfunction is cause or consequence of oxidative stress 

burst and induction of cell death in the context of lipotoxicity and (c) whether 

fructose worsens the cellular lipotoxicity profile under the different treatment 
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protocols. The aim is to validate this in vitro NAFLD model in terms of mitochondrial 

dysfunction and oxidative stress to test further new innovative strategies targeted 

to mitochondria to improve the NASH/NAFLD phenotype (Chapter 8) 

3) Evaluate the beneficial effects of AntiOxCIN4 in an in vitro HepG2-based NAFLD 

model, by measuring lipid profile and mitochondrial damage-associated 

parameters. (Chapter 9) 

4) Test for the first time the in vivo potential therapeutic effect of AntiOxCIN4 in a 

NAFLD context, by using a Western diet (WD)-induced simple steatosis mouse 

model. (Chapter 9). 



 

 

 

 

 

 

 

 

PART III  
Experimental Procedure and Results 

___________________________ 
 

 



 

 

 

 

 

 



 

 

PhD in Experimental Biology and Biomedicine  87 
 

7. Chapter 
Mitochondriotropic antioxidant based on caffeic acid 
AntiOxCIN4 activates Nrf2-dependent antioxidant 
defenses and quality control mechanisms to antagonize 
oxidative stress-induced cell damage 
 
Data in this chapter was published in:  

Ricardo Amorim, Fernando Cagide, Ludgero C Tavares, Rui F Simões, Pedro Soares, Sofia 

Benfeito, Inês Baldeiras, John G Jones, Fernanda Borges, Paulo J Oliveira, José Teixeira. 

Mitochondriotropic antioxidant based on caffeic acid AntiOxCIN4 activates Nrf2-

dependent antioxidant defenses and quality control mechanisms to antagonize 

oxidative stress-induced cell damage. Free Radic Biol Med. 2022 Feb 1;179:119-132. doi: 

10.1016/j.freeradbiomed.2021.12.304.  

____________________________________________ 

7.1. Introduction 

Mitochondria are vital organelles involved in cellular survival, differentiation, and 

death induction [489]. In the presence of mild mitochondrial stress, cellular responses, 

such as alterations on redox and mitochondrial homeostasis, are required to increase 

cellular quality control mechanisms and upregulate mitochondrial function, which 

subsequently leads to an increase in cellular resistance and survival to further insults 

[490–492]. Although mild transient increase of mitochondrial ROS (mtROS) production 

may play a role in initiating mitochondria-to-nucleus ("retrograde") signaling [493] or 

alter cell metabolism [494], exacerbated mtROS levels were described to be involved in 

the pathogenesis of many diseases. In this context, targeting mtROS has been looked at 

as a potential pharmacological solution for several disorders [495–497]. Nevertheless, 

the discovery of mitochondrial drug candidates is a unique challenge as it requires a 

target-specific affinity (drug delivery to mitochondria) and, at the same time, a narrow 

drug safety window, as the candidates must not present mitochondrial toxicity. 

In the last decades, dietary polyphenols such as hydroxycinnamic acids (HCAs) 

have been shown to have health beneficial effects [498–500]. HCAs are secondary plant 
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metabolites with significant antioxidant capacity, acting through different mechanisms, 

ranging from direct ROS scavenging and/or transition metal chelating to the activation 

of cellular or organelle antioxidant networks [501]. However, HCAs suffer from poor 

body distribution and low accumulation in intracellular sites, such as mitochondria, due 

to high hydrophilic characteristics and inherent difficulties to cross biological 

membranes [502, 503]. HCAs pharmacokinetic drawbacks were overcome by the 

conjugation of the antioxidant core of caffeic acid with an alkyl linker and a 

triphenylphosphonium cation (TPP+). A lead optimization process, guided by structure-

activity relationships, led to the development of a mitochondriotropic antioxidant 

(AntiOxCIN4) with remarkable antioxidant properties (Figure 14A) either in human 

hepatoma-derived (HepG2) (100 μM; 48 h) and differentiated human neuroblastoma 

(SH-SH5Y) (10 μM; 24 h) cells [458, 459]. We recently demonstrated that AntiOxCIN4 

sustainably increased ROS levels, thereby activating endogenous ROS-protective 

pathways that protected primary human skin fibroblasts (PHSF) against subsequent OxS 

(12.5 μM; 72 h) [460] and it can improve several cellular and mitochondrial metabolic 

parameters in PHSF from sporadic Parkinson's disease patients (25 μM; 48 h) [461]. 

Besides being a polyphenolic antioxidant, AntiOxCIN4 contains in its structure a 

Michael acceptor moiety suggesting that the mechanism of action may involve 

activation of nuclear factor erythroid 2-related factor 2 (Nrf2; a.k.a. Nuclear factor 

erythroid-derived 2-like 2; NFE2L2), the master regulator of the oxidative stress 

response [501]. This work aims to better understand the molecular mechanisms 

underlying the AntiOxCIN4-induced coordinated cellular adaptative response involving 

Nrf2 and its impact on mitochondrial dynamics, including biogenesis, cellular antioxidant 

defenses, and quality control mechanisms regulation, through autophagy in human 

hepatoma-derived (HepG2) cells. HepG2 cells are a sensitive, cost-effective, and fast 

first-tier cell model to study mitochondrial toxicity in hepatic cells and a biosensor used 

in pre-clinical studies [504]. In fact, HepG2 cells have been widely used to model 

metabolic-related hepatic disorders, including NASH/NAFLD and type II diabetes in vitro. 

Consequently, HepG2 cells are an excellent model to investigate the effects of 

mitochondria-targeted molecules, such as AntiOxCIN4, in the context of the hepatic 

tissue [462]. 
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Our data demonstrated that AntiOxCIN4 increases cell stress resistance by 

activating the Nrf2-p62-KEAP1 axis. Nrf2 activation led to up-regulation of local pools of 

antioxidant defense, trigger macroautophagy and/or mitophagy and mitochondrial 

biogenesis, cellular mechanisms that contributed to HepG2 cells increased capability to 

counteract oxidative stress-related conditions 

7.2. Materials and methods 
7.2.1. Chemicals and reagents 

Cell culture medium, media components, chemicals and reagents were purchased 

from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified. 

7.2.2. Synthesis of AntiOxCIN4  

The synthesis, analysis, and spectroscopic elucidation of the mitochondriotropic 

antioxidant AntiOxCIN4 were previously described [458]. 

7.2.3. Cell culture and AntiOxCIN4 treatment  

Human hepatocellular carcinoma HepG2 cells (Catalogue 85011430, ECACC, UK) 

were cultured in a low-glucose medium composed by Dulbecco's modified Eagle's 

medium (DMEM; Catalogue D5030, Sigma-Aldrich, USA) supplemented with 5 mM 

glucose, sodium bicarbonate (3.7 g/L), HEPES (1.19 g/L), L-glutamine (0.876 g/L), sodium 

pyruvate (0.11 g/L), 10% fetal bovine serum (FBS), 1% penicillin-streptomycin 100x 

solution. Alternatively, HepG2 cells were cultured in OXPHOS medium (OXPHOSm) 

composed by Dulbecco's Modified Eagle's Medium (Catalogue D5030, Sigma-Aldrich, 

USA) without glucose and supplemented with sodium bicarbonate (1.8 g/L), sodium 

pyruvate (0.11 g/mL), galactose (1.8 g/L), L-glutamine (0.876 g/L), 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin 100x solution in a humidified atmosphere 

(5 % CO2, 37 ºC). HepG2 cells were seeded (4.5 x 104 cells/cm2) and grown for 24 h, 

reaching 60–70 % confluence before treatment. Cells were then treated in the presence 

of the mitochondriotropic antioxidant AntiOxCIN4, 100 μM or dimethyl sulfoxide 

(DMSO), 0,1 %. 
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7.2.4. Palmitic acid/BSA conjugation  

Palmitic acid (PA)/Bovine Serum Albumin (BSA, Catalogue A6003, Sigma-Aldrich, 

USA) solution was prepared by mixing free-fatty acid BSA (0.1 g/mL) with 10 mM palmitic 

acid in the proportion of 1:1 during 1 h at 37 ºC. The free-fatty acid BSA (0.1 g/mL) was 

diluted in the same proportion with 150 mM NaCl and used as a control [415]. 

7.2.5. Nile red Staining  

The steatotic protection of the mitochondria-targeted antioxidant was evaluated 

in the presence of PA. Cells were seeded in 96-well plate and incubated with AntiOxCIN4 

(100 μM) 48 h. Then, PA/BSA (500 μM) was added to the culture medium of HepG2 cells 

for more 6 h. After incubation, the neutral lipid accumulation was assessed through the 

Nile Red assay [505]. Briefly, cell culture medium was removed and 100 µL of the Nile 

red solution was added to each well for 1 h/1.5 h in the dark conditions at 37 ºC. Nile 

Red is freshly diluted 1:200 in medium without FBS from the stock solution (stock: 0.5 

mg/mL dissolved in acetone). Nile Red was then removed, and cells were washed twice 

with PBS 1X. The fat content per well (in 100 µL PBS 1X) was measured fluorimetrically 

with 520 nm excitation and 620 nm emission wavelengths in a Biotek Cytation 3 reader 

(Biotek Instruments, Winooski, VT, USA). Results were normalized for cell mass content 

at the end of assay, using the SRB method [506].  

7.2.6. Cell mass measurements  

Cells were seeded in 96-well plates and then subjected to the different treatments. 

After incubation time, the sulforhodamine B (SRB) assay was used for cell mass 

determination based on the measurement of cellular protein content [506]. Briefly, the 

cell culture medium was removed and wells rinsed with PBS (1X). Cells were fixed by 

adding 1% acetic acid in 100% methanol for at least 2 h at -20 ºC. Later, the fixation 

solution was discarded and the plates were dried in an oven at 37 ºC. One hundred and 

fifty microliters of 0.05% SRB in 1% acetic acid solution was added and incubated at 37 

°C for 1 h. The wells were then washed with 1% acetic acid in water and dried. Then, 100 

μl of Tris (pH 10) was added and the plates were stirred for 15 min and optical density 
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was measured at 540 nm in Biotek Cytation 3 reader (Biotek Instruments, Winooski, VT, 

USA).  

7.2.7. Metabolic cell viability determination using resazurin assay- 

Cells were seeded in 96-well plate and then subjected to the different treatments. 

After incubation time, the metabolic cell viability was assessed through the resazurin 

reduction assay [507]. Briefly, the culture medium was removed and cells were 

incubated for 1 h with 80 μl of culture medium supplemented with 10 μg/ml resazurin. 

The amount of resazurin reduced to resorufin, indicative of metabolic activity, was 

measured fluorimetrically with 570 nm excitation and 600 nm emission wavelengths in 

Biotek Cytation 3 reader (Biotek Instruments, Winooski, VT, USA).  

7.2.8. Mitochondrial superoxide anion detection  

Cells were seeded in 96-well plate (flat bottom clear, black polystyrene plate) and 

then subjected to the different treatments. After incubation time, mitochondrial 

superoxide anion was assessed through MitoSOX Red (M36008, ThermoFisher Scientific) 

assay. Briefly, cells were loaded with the MitoSOX Red as indicator of mitochondrial 

superoxide by incubating them with 5 μM of the MitoSOX Red in assay buffer (NaCl 120 

mM, KCl 3.5 mM, NaHCO3 5 mM, NaSO4 1.2 mM, KH2PO4 0.4 mM, HEPES 20 mM 

supplemented with CaCl2 1.3 mM, MgCl2 1.2 mM and sodium pyruvate 10 mM, pH 7.4) 

and the changes fluorescence assessed every 2 min for 90 min in a Biotek Cytation 3 

spectrophotometer at 510/580 nm (Biotek Instruments, Winooski, VT, USA).  

7.2.9. Caspase-like colorimetric activity assay  

Cells were seeded in 100 mm cell culture dishes and then subjected to the 

different treatments. Then, total cellular extracts were collected by trypsinization and 

centrifuged twice at 1000Xg, 4 °C during 5 min. Floating cells were also collected. The 

pellet was resuspended in collecting buffer (20 mM HEPES/NaOH pH 7.5, 250 mM 

Sucrose, 10 mM KCl, 2 mM MgCl2, 1 mM EDTA) supplemented with 2 mM DTT, 100 μM 

phenylmethylsulfonyl fluoride (PMSF) and a protease inhibitor cocktail, containing 1 

μg/ml of leupeptin, antipain, chymostatin and pepstatin A. Protein contents were 
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determined by the Bradford assay [508]. To measure caspase 3- and 9-like activity, 

aliquots of cell extracts containing 25 μg (for caspase 3) and 50 μg (for caspase 9) of 

protein were incubated in a reaction buffer containing 25 mM HEPES (pH 7.4), 10% 

sucrose, 10 mM DTT, 0.1% CHAPS and 100 μM caspase substrate (Ac-DEVDpNA for 

caspase 3 or Ac-LEHDpNA for caspase 9 (Calbiochem, Billerica, MA) for 2 h at 37 ºC. 

Caspase-like activities were determined by following the detection of the chromophore 

p-nitroanilide after cleavage from the labeled substrate Ac-DEVD-p-nitroanilide or Ac-

LEHD-pnitroanilide. The method was calibrated with known concentrations of p-

nitroanilide (pNA) (Calbiochem). After incubation with caspase 3 and 9 substrates, 

absorbance was measured in a Cytation 3 reader (BioTek Instruments Inc., USA) at 405 

nm.  

7.2.10. Measurement of malondialdehyde (MDA) levels  

Cells were seeded in 100 mm cell culture dishes and then subjected to the 

different treatments. Oxidative damage of lipids was evaluated by the formation of a 

thiobarbituric acid (TBA) adduct of malondialdehyde (MDA) and then separated by 

HPLC. Cell lysates were boiled during 60 min with TBA and phosphoric acid, then were 

deproteinized with methanol/NaOH 1 M (10:1) and centrifuged. The supernatant (20 μl) 

was injected into a Spherisorb ODS2 5 μm (250 × 4.6 mm) column. Elution was 

performed with 60% (v/v) potassium phosphate buffer 50 mM, pH 6.8, and 40% (v/v) 

methanol at a flow rate of 1 ml/min. The TBA-MDA adducts were detected at 532 nm 

and quantified by extrapolating the area of the peaks from a calibration curve of 1,1,3,3-

tetraetoxipropane (TEP) standard solutions. 

7.2.11. Cellular oxygen consumption measurements  

Cells were seeded in 96-well plate in the same conditions described above at a 

density of 10000 cells/100µL/well. After incubation time, oxygen consumption was 

measured at 37 ºC using a Seahorse XFe96 Extracellular Flux Analyzer (Agilent Scientific 

Instruments, California, USA). In addition, an XFe96 sensor cartridge for each cell plate 

was placed in a 96-well calibration plate containing 200 µL/well calibration buffer and 

left to hydrate overnight at 37 ºC. The cell culture medium from the plates was replaced 
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the following day with 175 µL/well of pre-warmed low-buffered serum-free minimal 

DMEM (D5030, Sigma-Aldrich, USA) medium, the pH adjusted to 7.4 and incubated at 

37 ºC for 1 h to allow the temperature and pH of the medium to reach equilibrium before 

the first-rate measurement. Oligomycin, FCCP, rotenone and antimycin A were prepared 

in DMSO. 

For oxygen consumption rate (OCR) measurements in acute treatment, 100 µM 

AntiOxCIN4, injected into reagent delivery port A. 2 µM oligomycin, injected into reagent 

delivery port B. 0.3 µM FCPP injected into port C, which followed the injection of 

oligomycin was diluted in low-buffered serum-free DMEM medium. One µM rotenone 

and 1µM antimycin A injected into reagent delivery port D was diluted in low-buffered 

serum-free DMEM medium and the pH adjusted to 7.4 with 1 M NaOH. 

For oxygen consumption rate (OCR) measurements in 48 h treatment, 2 µM 

oligomycin, injected into reagent delivery port A. 0.3 µM FCPP injected into port B, which 

followed the injection of oligomycin was diluted in low-buffered serum-free DMEM 

medium. One µM rotenone and 1 µM antimycin A injected into reagent delivery port C 

was diluted in low-buffered serum-free DMEM medium and the pH adjusted to 7.4 with 

1 M NaOH. 25 µL of compounds was then pre-loaded into the ports of each well in the 

XFe96 sensor cartridge. The sensor cartridge and the calibration plate were loaded into 

the XFe96 Extracellular Flux Analyzer for calibration. When the calibration was 

complete, the calibration plate was replaced with the study plate. Three baseline rate 

measurements of OCR of the HepG2 cells were made using a 3 min mix, 5 min measure 

cycle. The compounds were then pneumatically injected by the XFe 96 Analyzer into 

each well, mixed and OCR measurements made using a 3 min mix, 5 min measure cycle. 

Results were analyzed by using the Software Version Wave Desktop 2.6.1. 

7.2.12. Gene expression measurements  

Transcript analysis was assessed by performing quantitative polymerase chain re-

action (qPCR). Cells were seeded in 100 mm cell culture dishes and later subjected to 

the respective treatments. After the 48 h incubation period, total cellular extracts were 

obtained by firstly washing the cells with PBS 1x and immediately thereafter through 

gentle scraping of the bottom of the plates onto a milliliter of PBS 1x. In order to collect 
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the highest number of cells possible, two microtube centrifugation steps were per-

formed at 12000Xg for 10 min at 4 ºC. Total cellular RNA contents were extracted utiliz-

ing the Qiagen RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions. RNA was readily quantified, and its purity assessed utilizing Thermo Scien-

tific® NanoDrop 2000™ spectrophotometer (Thermo Fisher Scientific, Waltham, Massa‐

chusetts, USA). Upon quantification, the RNA conversion into complementary DNA 

(cDNA) was performed utilizing the iScript™ cDNA Synthesis Kit, by utilizing Bio-Rad® 

CFX96™ Real-Time PCR system (Bio-Rad Laboratories, Hercules, California, USA). RT-PCR 

was performed using the SsoFast Eva Green Supermix, in a CFX96 real time-PCR system 

(Bio-Rad, Hercules, CA, USA), with the primers defined Table 7, at 500 nM. Amplification 

of 25 ng was performed with an initial cycle of 30 s at 95 ºC, followed by 40 cycles of 5 s 

at 95 ºC plus 5 s at 60 ºC. At the end of each cycle, Eva Green fluorescence was recorded 

to enable determination of Cq. After amplification, melting temperature of the PCR 

products was determined by performing melting curves. One of the negative controls 

included one sample being subjected to a similar conversion in the absence of the re-

verse transcriptase enzyme (no reverse transcriptase – NRT). Additionally, for each pri-

mer, a second negative control was performed, one in which the DNA sample was re-

placed by water (No template control – NTC). Each reaction was performed in triplicate 

with efficiency between 90 and 110 %. Each sample was run in triplicate. Total gene 

expression was calculated utilizing the Bio-Rad® CFX96 Manager Software (version 3.1) 

(Bio-Rad Laboratories, Hercules, California, USA). All primers were designed using the 

web-based Primer–Basic Local Alignment Search Tool (Primer-BLAST) after obtaining nu-

cleotide accession numbers from the database. Both services are public and supported 

by the National Center for Biotechnology Information (NCBI). Primers were diluted in 

RNase-free water to the concentration of 100 μM upon arrival and stored at -20ºC. 

7.2.13. Mitochondrial DNA copy number measurements  

Mitochondrial DNA (mtDNA) copy number was measured using quantitative 

polymerase chain reaction (qPCR). HepG2 cells were seeded in 60 mm cell culture dishes 

and subjected to the different treatments. Cells were then harvested at the time-points 

indicated by aspirating media and washing plates with ice cold PBS. For measurement 
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of mtDNA copy number, RNase-treated total DNA was isolated using the Qiagen DNeasy 

kit (Catalogue 69104, Qiagen, Germany) according to the manufacturer’s recommended 

protocol. DNA abundance and purity were assessed in a NanoDrop 2000 

spectrophotometer (ThermoScientific, Waltham, MA, USA). DNA was used as template 

for qPCR based on amplification of cytochrome B (CytB) (encoded on the mitochondrial 

genome; variable number in each cell) and beta-2-microglobulin (b2m) (encoded on the 

nuclear genome; fixed number in each cell) using a Roche Light Cycler and Roche 

FastStart DNA Master SYBR Green protocols. Human primers for MT-CYB were: forward 

5’- CCACCCCATCCAACATCTCC-3’, reverse 5’-GCGTCTGGTGAGTAGTGCAT-3’ (Pair rating: 

66,1; Product length: 112); primers for B2M were: forward 5’-

GAATTCCAAATTCTGCTTGCTTGC-3’, reverse 5’- CCTCTAAGTTGCCAGCCCTC-3’ (Pair 

rating: 71,2; Product length: 199). Each reaction was performed in triplicate with 

efficiency between 90 and 110 %. Amplification of 25 ng total DNA was performed with 

an initial cycle of 2 min at 95 ºC, followed by 40 cycles of 5 seconds at 95 ºC plus 20 

seconds at 63 ºC and 20 seconds at 72 ºC. At the end of each cycle, Eva Green 

fluorescence was recorded to enable determination of Cq. Each qPCR experiment 

contained parallel reactions in which standards with serial dilutions of purified amplicon 

were used as template; reactions with no template served as negative control. The 

specificity of each reaction for a single product was verified by melting analysis. The 

cycle number of linear amplifications for each sample was compared with the five-point 

standard curve to determine the number of template copies present at the start of each 

reaction. To estimate the mtDNA copy number relative to nuclear genomes, the number 

of copies of cytochrome B template was divided by the number of copies of beta-2 

microglobulin template. The reactions were performed on a CFX™96 Real-Time system 

(Bio-Rad, CA, USA). The normalized expression was calculated by the comparative 

quantification algorithm ∆∆Ct (CFX Manager™ 3.1 software, 18 Bio-Rad). 

7.2.14. Western blotting analysis  

Cells were seeded in 100 mm cell culture dishes and then subjected to the 

different treatments. To obtain total cellular extracts, all cells were harvested and 

washed once with PBS 1X. In order to collect total cells, two centrifugation steps were 
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performed for 10 min at 1000Xg (4 °C). Cellular pellet was resuspended in RIPA buffer 

(50mM Tris pH 8.0, 150 mM NaCl, 5mM EDTA, 15mM MgCl2 and 1% TritonX-100) 

supplemented with 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM sodium 

fluoride (NaF), 10 mM nicotinamide (NAM), 5 mM sodium butyrate, 0,5 % sodium 

deoxycholate (DOC) and Protease Inhibitor Cocktail (PIC, 2 μL/mL). Protein contents 

were determined by the BCA method [509] using BSA as a standard. After denaturation 

at 95 °C for 5 min in Laemmli buffer (161-0737, Bio-Rad), an equivalent amount of 

proteins (20–40 μg) was separated by electrophoresis on SDS–polyacrylamide gels (SDS–

PAGE) and electrophoretically transferred to a polyvinylidene difluoride (PVDF) 

membrane. After blocking with 5 % milk or BSA in TBST (50 mM Tris–HCl, pH 8; 154 mM 

NaCl and 0.1 % tween 20) for 2 h at room temperature, membranes were incubated 

overnight at 4 °C with the antibodies directed against the denatured form OXPHOS 

complexes cocktail (1:1000, ab110411, Abcam), Membrane Integrity cocktail (1:1000, 

ab110414, Abcam), PGC-1α (1:750, ST1202, Sigma-Aldrich), PINK1 (1:1000; ab65232, 

Abcam), SQSTM1/p62 (1:1000, sc28359, Santa Cruz Biotechnology), LC3B (1:1000, 

cs3868, Cell Signaling), MNF1 (1:500, sc50330, Santa Cruz Biotechnology), Fis1 (1:500, 

sc376447, Santa Cruz Biotechnology), β-actin (1:5000, MAB1501, Sigma-Aldrich), Beclin-

1 (1:1000, cs3495, Cell Signaling), KEAP1 (1:1000, cs8047, Cell Signaling), Nrf2 (1:1000, 

sc365949, Santa Cruz Biotechnology), Atg5 (1:1000, cs12994, Cell Signaling), Lamin B1 

(1:2500, ab65986, Abcam), GAPDH (1:5000, sc59540, Santa Cruz Biotechnology). Once 

incubation was completed, membranes were washed with TBST and incubated at room 

temperature with anti-rabbit (1:5000, 1677074S, Cell Signaling) or anti-mouse (1:5000, 

1677076S, Cell Signaling) HRP-conjugated secondary antibodies. β-actin and GAPDH 

(cytosolic markers), and Lamin B1 (nuclear marker) were used as housekeeping proteins 

as no treatment-related changes in the protein levels were observed. Clarity Western 

ECL Substrate (1705061, Bio-Rad Laboratories) was used for chemiluminescence 

detection. The densities of each band were calculated with TotalLab TL120 Software 

(version 2009).  
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7.2.15. Nuclear fraction extraction  

Cells were seeded in 100 mm cell culture dishes and then subjected to the 

different treatments for 1, 6, 24 and 48 h. Then, cells were washed twice with ice-cold 

PBS, lysed with cytosolic extraction buffer (50 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.5 % 

Nonited P-40, 20 % glycerol, 0.5 mM PMSF and PIC) for 5 min on ice, and then micro-

centrifugated at 720Xg for 5 min. Supernatants were used as cytosolic extracts and the 

pellet was lysed in nuclear extraction buffer (20 mM HEPES pH 7.6, 420 mM NaCl, 2 mM 

EDTA, 1 % Triton X-100, 20 % glycerol, 25 mM B-glycerophosphate, and 0.5 mM PMSF) 

for 30 min on ice and was then micro-centrifuged at 16000Xg for 15 min. Protein 

contents were determined by the Bradford method [508]. Cytosolic and nuclear extracts 

were used for Western blot analysis as described above.  

7.2.16. Measurement of superoxide dismutase (SOD) activity  

HepG2 cells were seeded at a concentration of 4.5 x103/cm2 in 100 mm tissue-

culture dishes, with a final volume of 10 ml. Total SOD activity was measured by using a 

SOD activity assay kit (SOD activity Enzo Life Sciences, USA) following the manufacturer’s 

instructions. After 48 h, cells were harvested, washed with ice-cold 1x PBS and lysed as 

described in kit protocol. Protein concentration was determined using the BCA method 

[509]. Cell lysates of each sample or standards (25 μL) were incubated with 150 μL 

reaction mixture containing WST - 1 and Xanthine oxidase and then xanthine solution 

was added. Formazan formation was measured for 10 min at 37 ºC, and the absorbance 

was monitored at 450 nm in a Biotek Cytation 3 spectrophotometer (BioTek Instruments 

Inc., USA). SOD standard curve was also generated following the manufacturer’s 

instructions.  

7.2.17. Measurement of catalase (CAT) activity  

HepG2 cells were seeded in 100 mm cell culture dishes and then subjected to 

different treatments. To obtain total cellular extracts, all cells were harvested and 

washed once with PBS 1X. For total cells collection, a centrifugation at 300Xg (4 ºC) for 

5 min was performed. Subsequently, cell pellets were resuspended in 50 mM phosphate 
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buffer, pH = 7.8 (PB, 50 mM of KH2PO4, 50 mM of K2HPO4). The protein amount was 

measured by BCA method [509], using BSA as standard. 20 μL of all samples (2 mg/mL) 

were added to 180 μL of PB. A 240 nm initial basal absorbance was determined for 

background correction and protein loading assessment. After that, 100 μL of H2O2 

solution 90 mM was added immediately before starting the kinetic reading [510]. 

Catalase activity was followed by the variation of H2O2 absorbance at 240 nm during 2.5 

min, with a readout each 15 s using a Cytation3 multi-mode microplate reader (BioTek 

Instruments, Inc.,Winooski,VT,USA). 

7.2.18. Measurement of glutathione peroxidase (GPx) activity  

Cells were seeded in a 100 mm cell culture dish, subjected to the different 

treatments and then harvested at the times indicated by aspirating media and washing 

plates with ice-cold PBS, which was then aspirated and plates sealed with Parafilm and 

stored at -80 ºC. Protein contents were determined by the BCA method using BSA as a 

standard. Glutathione peroxidase activity was evaluated by spectrophotometry using 

tert-butylperoxide as a substrate, monitoring the formation of oxidized glutathione, 

through the quantification of the oxidation of NADPH to NADP+ at 340 nm [510]. Results 

are expressed in international units of enzyme per microgram of protein (U/μg prot). 

7.2.19. Measurement of glutathione disulfide reductase (GR) activity  

Cells were seeded in 100 mm cell culture dish, subjected to the different 

treatments and then harvested at the times indicated by aspirating media and washing 

plates with ice-cold PBS, which was then aspirated and plates sealed with Parafilm and 

stored at -80 ºC. Protein contents were determined by the BCA method using BSA as a 

standard. Glutathione reductase activity was determined using GSSG as a substrate and 

monitoring its reduction to GSH through quantification of NADPH oxidation at 340 nm 

in a thermostatized spectrophotometer UVIKON 933 UV/Visible, at 37 °C. GR activity 

was expressed in international units of enzyme per microgram of protein (U/μg prot). 
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7.2.20. NAD+/NADH measurements 

Cells were seeded in 100 µL of culture medium, in a white opaque-bottom, 96-well 

plate and then subjected to the different treatments. After incubation time, intracellular 

NAD+ and NADH levels were measured by using the NAD/NADH-Glo™ assay (G9071, 

Promega) following the manufacturer’s instructions. Briefly, the cell culture medium 

was removed and replaced with 50 µL of PBS (1x). Then, 50 µL of 1% 

dodecyltrimethylammonium bromide (DTAB) was added. Each 100 µL solution 

containing well was separated into two 50 µL containing wells, one for NAD+ and one for 

NADH. For the NAD+ quantification, 25 µL of HCl (0.4 M) was added and then cells were 

incubated at 60 ⁰C for 15 min and then kept at room temperature for 10 min to cool 

down. 25 µL of Trizma base was added to the NAD+ wells. For NADH quantification 50 

µL of the HCl/Trizma solution was added. Finally, the NAD/NADH detection reagent was 

added to each well in a 1:1 proportion. Subsequently, the luminescence signal was 

obtained in a BioTek Cytation 3 reader (BioTek Instruments Inc., USA) 

7.2.21. Mitochondrial Transmembrane Electric Potential Measurements  

Vital confocal fluorescent microscopy was used to visualize alterations in 

mitochondrial electric potential polarization and network distribution in HepG2 cells. 

Cells were seeded in pre-coated (collagen I, 0.15 mg/mL) µ-Slide 8 well ibiTreat Ibidi (2 

x 104/cm2) with a final volume of 300 µL per well, and then subjected to the different 

treatments. Cells were incubated with fluorescent dyes tetramethylrhodamine (TMRM) 

(100 nM, Catalogue T668, ThermoFisher Scientific) and Hoechst 33342 (1 µg/mL, 

Catalogue H1399, ThermoFisher Scientific) for mitochondrial network and nuclei, 

respectively, 30 min before the end of the treatment time in fresh cell culture medium 

with no FBS at 37 °C and 5 % CO2 in the dark conditions. Images were acquired using a 

Laser Scanning Confocal Microscope (LSM 710, Zeiss, USA) equipped with a α-Plan-

Apochromat 63x/1.4 Oil DIC M27 objective (Zeiss) and analyzed with ImageJ Fiji program 

(Scion Corporation, USA). Mitochondrial network was quantified by using a 

Mitochondria Morphology Macro [511].  
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7.2.22. Mitochondrial and lysosomal co-localization  

Cells were seeded in pre-coated (collagen I 0.15 mg/mL) µ-Slide 8 well ibiTreat 

Ibidi (2 x 104/cm2) with a final volume of 300 µL per well, and then subjected to the 

different treatments. Cells were incubated with MitoTracker™ Green FM (200 nM, 

Catalogue M7514, ThermoFisher Scientific), Lysotracker Red (75nM, Catalogue L7528) 

and Hoechst 33342 (1 µg/mL, Catalogue H1399, ThermoFisher Scientific) for 

mitochondrial network, lysosomes and nuclei, respectively, 30 min before the end of the 

treatment time in fresh cell culture medium with no FBS at 37 °C and 5 % CO2 in the dark 

conditions. Images were acquired using a Laser Scanning Confocal Microscope (LSM 710, 

Zeiss, USA) equipped with a α-Plan-Apochromat 63x/1.4 Oil DIC M27 objective (Zeiss) 

and analyzed with ImageJ Fiji program (Scion Corporation, USA). Co-localization was 

quantified using JACoP v2.0 Macro [512]. 

7.2.23. NADP+/NADPH measurements  

Cells were seeded in 100 µL of culture medium, in a white opaque-bottom, 96-

well plate and then subjected to the different treatments. After incubation time, 

intracellular NADP+ and NADPH levels were measured by using the NADP/NADPH-Glo™ 

assay (Catalogue G9081, Promega) following the manufacturer’s instructions and as 

described in the NAD/NADH measurements section. 

7.2.24. Measurement of glutathione (GSH) and glutathione disulfide (GSSG) 

levels  

Cells were seeded in a 100 mm cell culture dish, subjected to the different 

treatments and then harvested at the times indicated by aspirating media and washing 

plates with ice-cold PBS, which was then aspirated and plates sealed with parafilm and 

stored at -80 ºC. Protein contents were determined by the BCA method using BSA as a 

standard. GSH and GSSG levels were determined with fluorescence detection after 

reaction of the supernatant containing H3PO4/NaH2PO4–EDTA or H3PO4/NaOH, 

respectively, of the deproteinized homogenate solution with ophthalaldehyde (OPT), pH 

8.0 [513]. In brief, cell homogenate resuspended in 1.5 ml phosphate buffer (100 mM 



PART III 
Experimental Procedure and Results 

 

 

PhD in Experimental Biology and Biomedicine  101 
 

NaH2PO4, 5 mM EDTA, pH 8.0) and 500 μl H3PO4 4.5% were rapidly centrifuged at 50,000 

rpm (Beckman, TL-100 Ultracentrifuge) for 30 min. For GSH determination, 100 μl of 

supernatant was added to 1.8 ml phosphate buffer and 100 μl OPT. After thorough 

mixing and incubation at room temperature for 15 min, the solution was transferred to 

a quartz cuvette and the fluorescence was measured at 420 nm and 350 nm emission 

and excitation wavelengths, respectively. For GSSG determination, 250 μl of the 

supernatant was added to 100 μl of N-ethylmaleimide and incubated at room 

temperature for 30 min. After the incubation, 140 μl of the mixture was added to a 1.76 

ml NaOH (100 mM) buffer and 100 μl OPT. After mixing and incubation at room 

temperature for 15 min, the solution was transferred to a quartz cuvette and the 

fluorescence was measured at 420 nm and 350 nm emission and excitation wavelengths, 

respectively. The GSH and GSSG levels were determined from comparisons with a linear 

GSH or GSSG standard curve, respectively. 

7.2.25. Measurement of α-tocopherol (vitamin E) content 

Cells were seeded in 100 mm cell culture dish, subjected to the different 

treatments and then harvested at the times indicated by aspirating media and washing 

plates with ice cold PBS, which was then removed and plates sealed with Parafilm and 

stored at -80 ºC. Protein contents were determined by using BSA as a standard. 

Extraction and separation of reduced α-tocopherol (vitamin E) from cells were 

performed by following a previously described method [514]. Briefly, 1.5 ml sodium 

dodecyl sulfate (10 mM) was added to 0.5 mg of total cellular extract, followed by the 

addition of 2 ml ethanol. Then 2 ml hexane and 50 μl of 3 M KCl were added, and the 

mixture was vortexed for about 3 min. The extract was centrifuged at 500Xg (Sorvall 

RT6000 Refrigerated Centrifuge) and 1 ml of the upper phase, containing n-hexane (n-

hexane layer), was recovered and evaporated to dryness under a stream of N2 and kept 

at − 80 °C. The extract was dissolved in n-hexane, and the α-tocopherol content was 

analyzed by reverse-phase HPLC. A Spherisorb S10w column (4.6 × 200 nm) was eluted 

with n-hexane modified with 0.9% methanol, at a flow rate of 1.5 ml/min. Detection was 

performed by a UV detector at 287 nm. The content of cellular vitamin E was calculated 

as pmol/μg protein. 
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7.2.26. Extracellular acidification measurements  

Cells were seeded in a 96-well plate in the same conditions described above at a 

density of 10,000 cells/100µL/well. After incubation time, extracellular acidification rate 

(ECAR) was measured at 37 ºC using a Seahorse XFe96 Extracellular Flux Analyzer 

(Agilent Scientific Instruments, California, USA). In addition, an XFe96 sensor cartridge 

for each cell plate was placed in a 96-well calibration plate containing 200 µL/well 

calibration buffer and left to hydrate overnight at 37 ºC. The cell culture medium from 

the plates was replaced the following day with 175 µL/well of pre-warmed low-buffered 

serum-free minimal DMEM (D5030, Sigma-Aldrich, USA) medium, the pH adjusted to 7.4 

and incubated at 37 ºC for 1 h to allow the temperature and pH of the medium to reach 

equilibrium before the first-rate measurement. Oligomycin was prepared in DMSO and 

2-DG was prepared in pre-warmed low-buffered serum-free minimal DMEM (D5030, 

Sigma-Aldrich, USA) medium. For extracellular acidification rate (ECAR), 25 mM glucose 

injected extracellular acidification rate (ECAR), 25 mM glucose injected into reagent 

delivery port A was diluted in low-buffered serum-free DMEM medium and the pH 

adjusted to 7.35 with 1 M NaOH. Two μM oligomycin injected into port B, which 

followed the injection of glucose was diluted in low-buffered serum-free DMEM 

medium. One hundred mM 2-DG injected into reagent delivery port C was diluted in 

low-buffered serum-free DMEM medium and the pH adjusted to 7.35 with 1 M NaOH. 

25 µL of compounds was then pre-loaded into the ports of each well in the XFe96 sensor 

cartridge. The sensor cartridge and the calibration plate were loaded into the XFe96 

Extracellular Flux Analyzer for calibration. When the calibration was complete, the 

calibration plate was replaced with the study plate. Three baseline rate measurements 

of ECAR of the HepG2 cells were made using a 3 min mix, 5 min measure cycle. The 

compounds were then pneumatically injected by the XFe 96 Analyzer into each well, 

mixed and ECAR measurements made using a 3 min mix, 5 min measure cycle. Results 

were analyzed by using the Software Version Wave Desktop 2.6.1. 
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7.2.27. Nuclear magnetic resonance (NMR) analysis  

1H NMR spectra provide information about several metabolites detectable 

(present in extracellular medium) in one single spectrum. For NMR experiments, cells 

were seeded in a 100 mm cell culture dish and then subjected to the different 

treatments. During the antioxidant incubation time, 200 µL media aliquots were 

collected at 0, 8, 24, 36 and 48 h and kept at -80ºC until analysis. At the end of the 

antioxidant incubation period, cells were washed with PBS and collected by solvent 

scraping as described by Dettmer et al. [515], where direct 80% methanol and 20% H2O 

(MeOH/H2O) scraping yielded the most efficient and reproducible extraction. This 

extract was transferred onto 2 mL microtubes, which were centrifuged at 5725Xg for 5 

min at 4 ⁰C. The resulting pellet contained mostly protein and lipids in contrast to the 

supernatant, which contained the aqueous phase. This aqueous phase was promptly 

transferred onto a different set of microtubes and evaporated in a freeze dryer. The 

pellet was resuspended in chloroform and centrifuged at 5725Xg for 5 min at 4 ⁰C in 

order to extract the organic phase. The resulting supernatant was once again transferred 

to another set of microtubes. 

Aqueous extracts were resuspended in 160 µL of 2H2O and supplemented with 40 

µL of deuterated PBS 0.25 M, 5 mM TMS, pD=7.4 and loaded on 3 mm NMR tubes. For 

media aliquots, 160 µL was simply mixed with 40 µL of the same deuterated PBS for 

providing lock and an internal standard.  1H spectra were acquired on a 14.1 T Varian 

VNMR 600 MHz (Varian Inc., Palo Alto, CA, USA) spectrometer equipped with a 3 mm 

inverse configuration probe. Spectra were acquired at 25 ºC, 20 Hz spin rate, with a 

presat pulse sequence (d1=4s, satdly=3s, at=3s), ss=2, sw=6000 Hz, np=32000, nt=32. 

Every spectrum was processed using ADC lab’s 12.0 1D NMR processor software 

(Advanced Chemistry Development, Inc., Toronto, Ontario, Canada) applying a line 

broadening of 0.2 Hz, zero-filling to 64k, phasing and baseline correction. 

7.2.28. Adenine nucleotide measurement (ATP/ADP/AMP) 

ATP, ADP and AMP levels were measured by HPLC. Cells were seeded in 100 mm 

cell culture dishes and then subjected to the different treatments. For the nucleotides 
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extraction, cells were rinsed with PBS, followed by the addition of 500 µl ice-cold 0.6 M 

HClO4 to each dish. The dishes were scraped and the lysates were centrifuged for 10 min 

at 14000Xg. The supernatant, containing adenine nucleotides, was neutralized and 

analyzed by reverse-phase HPLC for quantification of the adenine nucleotides. The 

chromatographic apparatus was a Beckman-System Gold (Beckman Coulter, Fullerton, 

CA), consisting of a 126 Binary Pump Model and a 166 Variable UV detector, computer-

controlled. Detection was performed by an ultraviolet detector at 254 nm and the 

column was a Lichrospher 100RP-18 (5 µm) from Merck (Dramstadt, Germany). Samples 

were eluted with 100 mM phosphate buffer (KH2PO4), pH 6.5, and 1 % methanol with a 

flow rate of 1.1 ml/min. Pellet protein concentration was determined after the addition 

of 1 M NaOH, by using the BCA method, with BSA as a standard [509]. Energy charge 

was calculated as ([ATP] + 0.5 [ADP])/([ATP] + [ADP] + [AMP]). 

7.2.29. Statistics  

Data were analyzed in GraphPad Prism 8.0.2 software (GraphPad Software, Inc.). 

Data was normalized by the control condition (CTL = 100 %) with results expressed as 

means ± SEM. Student's t-test for comparing two means and one-way ANOVA with 

Dunnet multiple comparison post-test was used to compare more than two groups with 

one independent variable used in data analysis. Significance was accepted with *P<0.05, 

**P<0.01, ***P<0.0005, ****P<0.0001. 
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Table 7. Informative table on primers utilized for transcript amplification. 

Gene 
Accession num-

ber 
mRNA Sequence Name Forward Primer Reverse Primer 

ATP5MC1 NM_001002027 
Homo sapiens ATP synthase, H+ transporting, mitochondrial Fo 

complex, subunit C1 (subunit 9), transcript variant 2, mRNA 

GGCTAAAGCTGGGA-

GACTGAAA 
GTGGGAAGTTGCTGTAGGAAGG 

COX4I1 NM_001861 
Homo sapiens cytochrome C oxidase subunit 4 isoform 1, 

mitochondrial, mRNA. 
GAGAAAGTCGAGTTGTATCGCA GCTTCTGCCACATGATAACGA 

FIS1 NM_016068 Homo sapiens fission, mitochondrial 1, mRNA. AGCGGGATTACGTCTTCTACC CATGCCCACGAGTCCATCTTT 

GABPA NM_002040 
Homo sapiens GA binding protein transcription factor, alpha 

subunit, transcript variant 1, mRNA. 
GGAACAGAACAGGAAACAATG CTCATAGTTCATCGTAGGCTTA 

HPRT1 NM_000194 
Homo sapiens hypoxanthine phosphoribosyltransferase 1, 

mRNA. 
CCCTGGCGTCGTGATTAGTG CGAGCAAGACGTTCAGTCCT 

HMOX1 NM_002133 Homo sapiens heme oxygenase 1, mRNA CTGCTGACCCATGACACCAA GGGCAGAATCTTGCACTTTGT 

MFN1 NM_033540 Homo sapiens mitofusin 1, mRNA. AGTTGGAGCGGAGACTTAGCA TTCTACCAGATCATCTTCAGTGGC 

MNF2 NM_014874 Homo sapiens mitofusin 2, transcript variant 1, mRNA AGCTACACTGGCTCCAACTG AACCGGCTTTATTCCTGAGCA 

MT-ND5 
NC_012920 

(12337-14148) 

Homo sapiens mitochondrially encoded NADH:Ubiquinone 

Oxidoreductase Core Subunit 5, mRNA 
AGTTACAATCGGCATCAACCAA CCCGGAGCACATAAATAGTATGG 

NFR1 NM_005011 
Homo sapiens nuclear respiratory factor 1, transcript variant 

1, mRNA. 
TTGAGTCTAATCCATCTATCCG TACTTACGCACCACATTCTC 

NQO1 NM_000903 
Homo sapiens NAD(P)H quinone dehydrogenase 1, transcript 

variant 1, mRNA. 
CTGGAGTCGGACCTCTATGC GGGTCCTTCAGTTTACCTGTGAT 
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OPA1 NM_015560 
Homo sapiens mitochondrial dynamin like GTPase (autosomal 

dominant), transcript variant 1, mRNA. 

GCTCTAAACCATTGTAAC-

CTTTGT 
TTCTCTAATCGCCTAACTTCAGT 

PPARGC1A NM_013261 
Homo sapiens peroxisome proliferator-activated receptor 

gamma coactivator 1-Alpha, mRNA. 
GCGAAGAGTATTTGTCAACAG TTGGTTTGGCTTGTAAGTGT 

SDHA NM_004168 
Homo sapiens succinate dehydrogenase complex, subunit A, 

flavoprotein (Fp), transcript variant 1, mRNA. 
CGGGTCCATCCATCGCATAAG 

TATATGCCTGTAGGGTG-

GAACTGAA 

TBP NM_003194 
Homo sapiens TATA box binding protein, transcript variant 1, 

mRNA. 

CGAATATAATCCCAA-

GCGGTTTGC 
AGCTGGAAAACCCAACTTCTGT 

TFAM NM_003201 
Homo sapiens mitochondrial transcription factor 1, transcript 

variant 1 
GTTTCTCCGAAGCATGTG GGTAAATACACAAAACTGAAGG 

UQCRC2 NM_003366 
Homo sapiens ubiquinol-cytochrome c reductase core protein 

II, mRNA 
TTCAGCAATTTAGGAACCACCC GGTCACACTTAATTTGCCACCAA 

YWHAZ NM_003406 

Homo sapiens tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, transcript variant 1, 

mRNA 

TGTAGGAGCCCGTAGGTCATC GTGAAGCATTGGGGATCAAGA 
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7.3. Results 

7.3.1. AntiOxCIN4 transiently impacted mitochondrial oxygen consumption 

either in the presence or absence of glucose 

The mitochondria-targeted antioxidant AntiOxCIN4 was previously shown to 

accumulate within the mitochondrial matrix, presenting substantial cytoprotective 

effect without affecting the viability of human hepatoma-derived (HepG2) cells (100 μM; 

48 h) [458]. This work evaluated its time-dependent effects on mitochondrial oxygen 

consumption rate (OCR) of HepG2 cells by using the Seahorse XF-96 Extracellular Flux 

Analyzer (Figure 14B). To assess the effects of an acute treatment, AntiOxCIN4 (100 μM) 

was injected into port A of the Seahorse XF-96 Extracellular Flux Analyzer. Additionally, 

HepG2 cells were previously incubated for 48 h with AntiOxCIN4 (100 μM) before the 

assay (longer treatment protocol). AntiOxCIN4 (100 μM) acute treatment reduced the 

basal (41.1 %), maximal (59.1 %) and non-mitochondrial (70.1 %) OCR, while no 

statistically significant changes were observed on the proton leak-related (152.6 %) and 

ATP production-linked (103.4%) OCR when compared with untreated cells (Figure 14C-

G). Interestingly, long-term treatment with AntiOxCIN4 (100 μM, 48 h), when compared 

with the acute treatment, resulted in equal or higher control values. In fact, an increase 

in basal (119.49%), maximal (37.6%), ATP-linked (65.5 %), and non-mitochondrial (53.4 

%) was measured after 48h treatment. Moreover, AntiOxCIN4 (100 μM) longer-term 

treatment significantly increasing basal (160.6 %), maximal (96.7 %) ATP-linked (169.0 

%), and non-mitochondrial (123.5 %) OCR, while no changes were observed on the 

proton leak-related (144.2 %) OCR when compared with untreated cells (Figure 14C-G). 

To better understand how AntiOxCIN4 influences the OCR, we evaluated the AntiOxCIN4 

time-dependent effects on the OCR of human HepG2 cells in culture media lacking 

glucose (OXPHOSm) (Figure 15). The glucose-free and galactose / glutamine / pyruvate-

containing culture medium forces cells to use oxidative phosphorylation (OXPHOS) as 

the primary source for energy synthesis [464]. 



PART III 
Chapter 7 

 

 

108    Ricardo Amorim | University of Coimbra 
 

Figure 14. Transient impact of AntiOxCIN4 on mitochondrial oxygen consumption of HepG2 cells. (A) 

Chemical structure of the hydroxycinnamic acid mitochondria-targeted antioxidant AntiOxCIN4. (B) 

Representative image of oxygen consumption rate (OCR) measurement in HepG2 cells treated with 

vehicle (CT) or AntiOxCIN4 (100 μM) acutely or for 48 h. Several respiratory parameters were evaluated: 

(C) cellular basal OCR; (D) maximal OCR; (E) ATP production-linked OCR; (F) proton leak-linked OCR; and 

(G) non-mitochondrial OCR. Data are mean ± SEM of four independent experiments, and the results are 



PART III 
Experimental Procedure and Results 

 

 

PhD in Experimental Biology and Biomedicine  109 
 

expressed as pmol O2/min/cell mass and normalized to the control condition (CTL = 100 %). The data 

obtained with AntiOxCIN4 was compared to CTL using a two-way ANOVA with Tukey multiple comparison 

post-test. Significant differences between the indicated conditions are marked by *(p<0.05), **(p<0.01). 

Significant differences between acute and long-term incubations with AntiOxCIN4 are marked by 

##(p<0.01), ###(p<0.0005). Olig, Oligomycin A; FCCP, carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone; ROT, rotenone; AA, Antimycin A 

In the OXPHOSm, AntiOxCIN4 effects on the cellular OCR were similar to those 

observed in low-glucose medium. AntiOxCIN4 (100 μM) acute treatment reduced the 

cellular OCR, an effect that was not observed for AntiOxCIN4 long-term treatment (48 h) 

(Figure S15A-E). Together, the data suggests that AntiOxCIN4 induced a time-dependent 

remodeling of mitochondrial bioenergetics by modulating mitochondrial respiration.   

Figure 15. Transient impact of AntiOxCIN4 on mitochondrial oxygen consumption of HepG2 cells in the 

absence of glucose (OXPHOSm). (A) Basal oxygen consumption rate (OCR); (B) maximal OCR; (C) ATP 

production-linked OCR; (D) proton leak-linked OCR; and (E) non-mitochondrial OCR measurement in 
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HepG2 cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) acutely or for 48 h in a glucose-free and 

galactose / glutamine / pyruvate containing culture medium (OXPHOS medium). Data are the mean ± SEM 

of four independent experiments, and the results are expressed as pmol O2/min/cell mass and normalized 

to the control condition (CTL = 100 %) on time 0 h. The data obtained with AntiOxCIN4 was compared to 

CTL using a one-way ANOVA with Dunnet multiple comparison post-test. Significant differences between 

the indicated conditions are marked by **(p<0.01). 

7.3.2. AntiOxCIN4 stimulated mitochondrial function and increased extracel-

lular acidification  

Glycolysis products and Krebs cycle-derived CO2 are the major contributors to 

extracellular acidification [516]. Thus, the impact on extracellular acidification of cells 

treated with AntiOxCIN4 (100 μM; 48 h) was measured by evaluating lactate levels and 

appearance rate in the extracellular medium by 1NMR (Figure 16A). Data showed that 

AntiOxCIN4 treatment did not alter lactate levels (Figure 16B). Similarly, the lactate 

production rate (CTL; 0.0946 ± 0.006 mM/µg protein) remained unchanged by 

AntiOxCIN4 treatment (100 μM; 48 h) (AntiOxCIN4; 0.0959 ± 0.005 mM/µg protein) 

(Figure 16C). To confirm the impact of long-term treatment of AntiOxCIN4 (100 μM; 48 

h) on the extracellular acidification rate (ECAR) of HepG2 cells, the Seahorse XF-96 

Extracellular Flux Analyzer was used (Figure 16D). AntiOxCIN4 significantly increased the 

glycolysis-associated ECAR (120.4 %) and non-glycolytic ECAR (116.3 %) (Figure 16E-F). 

Taken together, these results suggest that the increase in extracellular acidification may 

be due to an improved mitochondrial function as no changes in lactate production were 

observed. 

7.3.3. AntiOxCIN4 did not alter AMP/ATP ATP/ADP ratios nor the cellular en-

ergy charge  

To further clarify the energy state of treating HepG2 cells with AntiOxCIN4 (100 

μM; 48 h), we measured the intracellular AMP, ADP and ATP levels, and energy charge 

by using HPLC techniques. AMP/ATP (Figure 16G) and ATP/ADP (Figure 16H) ratios, as 

well as the cellular energy charge (Figure 16I) remained unchanged after AntiOxCIN4 

(100 μM; 48 h) treatment. Overall, these results suggest that AntiOxCIN4 did not affect 

the cellular adenine nucleotide content. 
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Figure 16. Effects of AntiOxCIN4 on lactate levels, extracellular acidification, and energy status of HepG2 

cells. (A) Evaluation of extracellular 1H NMR lactate signals over time in HepG2 cells treated with 

AntiOxCIN4 (100 μM). (B) Lactate levels in cells treated with AntiOxCIN4 (100 μM) for various periods. Data 

are mean ± SEM of six independent experiments, and the results expressed as mM of lactate. (C) Lactate 

production rate of HepG2 cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM). The rate value was 

calculated by fitting the data with a linear regression equation for CTL (R2=0.93) and AntiOxCIN4 (R2=0.96). 

(D) Typical representation of extracellular acidification rate (ECAR) measurement in HepG2 cells treated 

with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. Several ECAR parameters were evaluated: (E) 

glycolysis; and (F) non-glycolytic acidification. Data are mean ± SEM of four independent experiments, and 

the results expressed as mpH/min/cell mass for ECAR. (G) [AMP]/[ATP], (H) [ATP]/[ADP] ratios and (I) 

Energy charge ([ATP] + 0.5 [ADP])/([ATP] + [ADP] + [AMP]) in HepG2 cells treated with AntiOxCIN4 (100 

μM) for 48 h. The data obtained with AntiOxCIN4 was compared to CTL using the Student's t-test to 

compare two mean values. Significant differences between the indicated conditions are marked by 
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*(p<0.05). 

7.3.4. AntiOxCIN4 transiently increased mitochondrial reactive oxygen spe-

cies (mtROS) levels  

As alterations to normal mitochondrial metabolism and homeostasis are 

frequently associated with increased ROS production [493], we next quantified 

mitochondrial superoxide anion levels using a fluorescent reporter molecule (MitoSOX). 

Antimycin A (AA), an inhibitor of mitochondrial complex III, and the antioxidant N-Acetyl 

Cysteine (NAC) were used as positive and negative controls, respectively. As expected, 

AA (5 μM; 1 h) induced an increase in the oxidation rate of MitoSOX, which was 

significantly prevented in the presence of NAC (10 mM; 3 h) (Figure 17).  

Figure 17. Transient impact of AntiOxCIN4 on mitochondrial superoxide anion levels. Time-dependent 

variations on fluorescence signal of MitoSOX-oxidation products in HepG2 cells treated with vehicle (CTL) 

or AntiOxCIN4 (100 μM). Data are mean ± SEM of 3-4 independent experiments, and the results 

normalized on the control condition (CTL = 100 %). The data obtained with AntiOxCIN4 was compared to 

CTL using the Student's t-test to compare two mean values. Significant differences between the indicated 

conditions are marked by *(p<0.05), **(p<0.01), ***(p<0.0005). 

Interestingly, AntiOxCIN4 induced a rapid (~180 %) transient increase in the 

MitoSOX oxidation rate, which was maintained until the 24 h time-point, and returned 
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to control levels at the 48 h time-point (Figure 17). Despite the data, no increase in 

malondialdehyde (MDA) levels, a marker of lipid peroxidation, was observed (Figure 

18A). 

7.3.5. AntiOxCIN4 did not induce pro-apoptotic cell hallmarks  

As the ROS produced by mitochondria can trigger cell death due to mitochondrial 

disruption [517], we next whether AntiOxCIN4-induced increase in superoxide anion 

(mtROS) was accompanied by decreased cell mass, metabolic activity and increased 

caspase-like activity. Despite the mild increase in superoxide anion levels, AntiOxCIN4 

did not alter cell metabolic activity or cell mass (Figure 18B) or caspase 3- and 9-like 

activity (Figure 18C) of HepG2 cells. The data suggest that AntiOxCIN4 transient 

induction in superoxide anion levels was not detrimental and triggered cells' adaptive 

response. 

 

Figure 18. Effects of AntiOxCIN4 on cell metabolic activity and mass, malondialdehyde (MDA) levels and 

caspase-like activity of HepG2 cells. (A) Malondialdehyde (MDA) levels in HepG2 cells treated with vehicle 

(CTL) or AntiOxCIN4 (100 μM) for 48h. Data are the mean ± SEM of four independent experiments, and 

the results are expressed as pmol of MDA/μg protein. (B) Caspase 3- and 9-like activity in HepG2 cells 
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treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48h. Data are the mean ± SEM of four independent 

experiments, and the results are expressed as the concentration of pNA released per μg protein. (C) 

Cellular metabolic activity and mass of HepG2 cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 

48h. Data are the mean ± SEM of four independent experiments, and the results normalized on the control 

condition (CTL = 100 %). The data obtained with AntiOxCIN4 was compared to CTL using the Student's t-

test for comparison of two mean values. 

7.3.6. AntiOxCIN4 induced a ROS-dependent Nrf2 activation  

Under regulated amounts, ROS can also display a physiological role as mediators 

in signal transduction pathways. Given the transient effects of AntiOxCIN4 on mtROS 

(superoxide anion) levels, we determined whether AntiOxCIN4 (100 μM) treatment 

altered Nrf2 protein levels in both nuclear and cytosolic cellular fractions.  
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Figure 19. Effects of AntiOxCIN4 on Nrf2 activation. (A) Typical Western blot result depicting the time-

dependent content of Nrf2, GAPDH (cytosolic marker), and Lamin B1 (nuclear marker) proteins in nuclear 

and cytosolic compartments of cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM). These blots were 

inverted and contrast-optimized for visualization purposes. Quantification of the bands was performed 

using the original blots. Quantification of Nrf2 protein levels in three independent experiments was 

normalized to Lamin B1 and GAPDH, for nuclear and cytosolic quantification, respectively. (B) Typical 
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Western blot result depicting the time-dependent content of Nrf2, GAPDH (cytosolic marker), and Lamin 

B1 (nuclear marker) protein level in nuclear and cytosolic compartments. HepG2 cells were pre-incubation 

with NAC (10 mM, 3 h) and then challenged with AntiOxCIN4 (100 μM, 48 h). These blots were inverted 

and contrast-optimized for visualization purposes. Quantification of the bands was performed using the 

original blots. Quantification of Nrf2 protein levels in three independent experiments was normalized to 

Lamin B1 and GAPDH, for nuclear and cytosolic quantification, respectively.  The data obtained with 

AntiOxCIN4 was compared to CTL using the Student's t-test to compare two mean values. Significant 

differences between the indicated conditions are marked by *(p<0.05), ***(p<0.0005). 

Western Blot analysis revealed a time-dependent increase in Nrf2 protein content 

in nuclear fractions, which peaked at 6 h (477.0 %) and returned to normal after 48 h 

(136.7 %) (Figure 19A). These variations in nuclear Nrf2 protein content occurred with 

decreased protein levels in the cytosolic fractions (Figure 19A). Subsequently, we used 

the antioxidant NAC to investigate the role of AntiOxCIN4-induced increase in superoxide 

anion in Nrf2 activation. Cells were pre-treated with NAC (10 mM; 3 h) before 

AntiOxCIN4 treatment. Interestingly, co-incubation with NAC blurred the time-

dependent variation of Nrf2 protein content in both nuclear and cytosolic fractions 

(Figure 19B). Together, these results suggest that activation of Nrf2 during AntiOxCIN4 

treatment depends on mROS (superoxide anion) transient increase, possibly by 

triggering an adaptive antioxidant response in HepG2 cells. 

7.3.7. AntiOxCIN4 activated the KEAP1-Nrf2-p62/SQSTM1 pathway during 

selective autophagy  

KEAP1/Nrf2 signaling plays a vital role in protecting cells from oxidative stress 

[518]. Moreover, the p62/SQSTM1 (sequestosome 1) protein, which behaves as a cargo 

receptor for autophagic degradation of ubiquitinated targets, is overexpressed by 

various stressors and can act in a positive feedback loop within the KEAP1/Nrf2/p62 axis 

[379]. To determine whether Nrf2 activation by AntiOxCIN4 alters autophagy fluxes, we 

measured protein levels of KEAP1, p62/SQSTM1, LC3BII, LC3BI, Beclin-1, and ATG5 by 

Western Blot. 
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Figure 20. Effects of AntiOxCIN4 on ROS-induced autophagy via a KEAP1/Nrf2/p62 positive feedback 

loop. Typical Western blot result of whole-cell homogenates depicting the time-dependent variations in 

the p62, KEAP1, LC3B-I, LC3B-II, Beclin-1, ATG5 and β-actin (cytosolic marker) protein levels in cells treated 

with vehicle (CTL) or AntiOxCIN4 (100 μM). This blot was inverted and contrast-optimized for visualization 

purposes. Quantification of the bands was performed using the original blots. Quantification of protein 

levels in three independent experiments was normalized to β-actin levels and control conditions (CTL = 

100 %). The data obtained with AntiOxCIN4 was compared to CTL using a one-way ANOVA with Dunnet 

multiple comparison post-test, while Student's t-test was used to compare two mean values. Significant 

differences between the indicated conditions are marked by *(p<0.05), **(p<0.01), ***(p<0.0005), 

****(p<0.0001).  
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The results showed a time-dependent variation in p62, KEAP1, LC3BI and LC3BII, 

and Beclin-1 protein content. These protein levels reached the lowest value after 6 h 

(15.4 %; 19.9 %; 38.7 %; 3.9 % and 41.8 %, respectively) and returned to normal or higher 

than control cells after 48 h (Figure 20). Interestingly, LC3BI (280.3 %), LC3BII (317.0 %), 

and p62/SQSTM1 (156.3 %) protein levels were significantly increased after 48 h of 

AntiOxCIN4 treatment when compared with untreated cells (Figure 20). The data 

suggested that AntiOxCIN4 induces selective autophagy upon Nrf2 activation that could 

lead to later macroautophagy. 

The impact of AntiOxCIN4 on autophagic flux was also measured by evaluating 

LC3BII protein levels in the presence or absence of an autophagy inhibitor (chloroquine; 

100 µM, 6 h) or activator (rapamycin; 100 nM, 5 h). Both chloroquine and rapamycin 

significantly increased LC3BII protein level (500% and 200%, respectively). By itself, 

AntiOxCIN4 also significantly increased the LC3BII protein level (250 %), an effect that 

was significantly more pronounced in the presence of chloroquine (± 600 %) but not in 

the presence of rapamycin (± 250 %) (Figure 21). AntiOxCIN4 presented a similar outline 

as rapamycin when considering LC3BII protein level. 
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Figure 21. Effects of AntiOxCIN4 on autophagic flux. Typical Western blot result of whole-cell 

homogenates depicting the protein level of LC3-I, LC3B-II and β-actin (cytosolic marker) in cells treated 

with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h in the presence or absence of rapamycin (100 nM; 5 h) 

or chloroquine (100 μM; 6 h). This blot was inverted and contrast-optimized for visualization purposes. 

Quantification of the bands was performed using the original blots. Quantification of protein levels in 3-6 

independent experiments was normalized to β- actin levels and control conditions (CTL = 100 %). The data 

obtained with AntiOxCIN4 was compared to CTL using a one-way ANOVA with Dunnet multiple comparison 

post-test, while Student's t-test was used to compare two mean values. Significant differences between 

the indicated conditions are marked by **(p<0.01), ****(p<0.0001). Significant differences between 

AntiOxCIN4 and AntiOxCIN4 + chloroquine are marked by #(p<0.05). 
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7.3.8. AntiOxCIN4 increased lysosomal particles, mitochondrial network 

area, and mitochondrial co-localization within cells  

Mitochondrial autophagy (mitophagy) is essential for maintaining mitochondrial 

quality by eliminating dysfunctional mitochondria [147]. Although no single parameter 

is sufficient to demonstrate mitophagy unequivocally, we investigated the co-

localization of Lysotracker red-labeled acidic bodies with Mitotracker Green-labeled 

mitochondria. This approach may be useful to indicate the initial steps of mitophagy that 

can occur in the presence of AntiOxCIN4 (100 μM; 48 h) (Figure 22A). Bafilomycin A1 

(100 nM, 12 h), a known inhibitor of the latter stages of autophagy, and trichostatin A 

(2 µM, 12 h), a pan-histone deacetylase inhibitor that can stimulate mitophagy, were 

used as controls. AntiOxCIN4 treatment increased the percentage of co-localization 

(145.9 %) of mitochondrial particles with lysosomal bodies, quantified using the 

Menders's coefficient. The percentage of multiple large lysosomes co-localized with the 

mitochondrial network significantly increased in the presence of trichostatin A (226.8 

%). In the presence of bafilomycin A1, no Lysotracker red-labeled acidic bodies were 

observed, as expected (Figure 22B). As expected, bafilomycin A1 significantly decreased 

the number of lysosome particles (Figure 22C). Interestingly, AntiOxCIN4 significantly 

increased the number of lysosome particles (154.1%), similarly to the effects observed 

after trichostatin A treatment (273.5 %). Moreover, AntiOxCIN4 also improved the area 

of the mitochondrial network (126.7 %) compared to control cells (Figure 22D). We next 

investigated whether AntiOxCIN4 (100 μM; 48 h) would affect mitophagy markers by 

semi-quantifying the protein levels of the mitophagy-related protein PINK1. Western 

Blot analysis revealed that AntiOxCIN4 increased PINK1 protein levels at 48 h by about 

165.0 % (Figure 22E) compared to untreated cells. Overall, the data suggest that 

auto(mito)phagy may be involved in the AntiOxCIN4-induced cellular adaptive response. 
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Figure 22. Effects of AntiOxCIN4 on autophagy and mitophagy markers. (A) Typical background-corrected 

image of HepG2 cells stained with the fluorescent cation MitoTracker green, Lysotracker red, and Hoechst 

33342 in cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h in the presence or absence of 

bafilomycin A1 (50 nM; 12 h) and trichostatin A (2 μM; 12 h). The MitoTracker Green, Lysotracker red, 

and Hoechst 33342 fluorescence intensities were color-coded to green, red and blue, respectively. (B) Co-

localization of the mitochondrial network (labeled with MitoTracker green) and lysosomes (labeled with 

Lysotracker red) calculated from the images in cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 
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48 h in the presence or absence of bafilomycin A1 (50 nM; 12 h) and trichostatin A (2 μM; 12 h). The 

Menders's coefficient (M2) was calculated by using JACoP v2.0 Macro. (C) Lysosome particles in HepG2 

cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h in the presence or absence of bafilomycin 

A1 (50 nM; 12 h) and trichostatin A (2 μM; 12 h). The lysosome particles were calculated by using 

MRI_Lipid_Droplets_Tool Macro. (D) Mitochondrial network area (labeled with MitoTracker green) in 

HepG2 cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. The mitochondrial network area 

was calculated by using Mitochondria Morphology Macro. Data are mean ± SEM of 4-6 independent 

experiments, and the results normalized on the control condition (CTL = 100 %). (E) Typical Western blot 

result of whole-cell homogenates depicting the protein level of PINK1 and β-actin (cytosolic marker) in 

cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. This blot was inverted and contrast-

optimized for visualization purposes. Quantification of the bands was performed using the original blots. 

Quantification of protein levels in 6 independent experiments was normalized to β-actin levels and to the 

control condition (CTL = 100 %). The data obtained with AntiOxCIN4 was compared to CTL using a one-

way ANOVA with Dunnet multiple comparison post-test, while Student's t-test was used to compare two 

mean values. Significant differences between the indicated conditions are marked by *(p<0.05), 

**(p<0.01), ***(p<0.0005), ****(p<0.0001). BAF, Bafilomycin A1; TSA, Trichostatine A. 

7.3.9. AntiOxCIN4 did not affect mRNA or protein levels relevant for mito-

chondrial fusion and fission  

To further enhance our understanding of the cellular effects of AntiOxCIN4 (100 

μM; 48 h) on the mitochondrial dynamics hallmarks, the mRNA transcripts and protein 

levels of both fusion and fission key players were evaluated. Mitochondrial fusion is 

enabled by mitofusins 1 and 2 (MFN1 and MFN2) and optic atrophy 1 (OPA1), which 

mediate mitochondria outer membrane (OMM) and mitochondria inner membrane 

(IMM) fusion, respectively [147]. Moreover, human FIS1 promotes fission by acting as a 

negative regulator of the pro‐fusion machinery [147]. AntiOxCIN4 (100 μM; 48 h) did not 

alter mRNA levels either for FIS1 or MFN1, MFN2, and OPA1, compared to untreated 

cells (Figure 23A). Similarly, the levels of FIS1 and MFN1 proteins remained unchanged 

(Figure 23B). The results suggest that in a longer-term treatment of AntiOxCIN4 the 

levels of transcripts and/or proteins involved in mitochondrial dynamics were similar to 

those found in untreated cells. 
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Figure 23. Effects of AntiOxCIN4 on mitochondrial dynamics in HepG2 cells. (A) mRNA transcript levels 

of FIS1, MFN1, MFN2, and OPA genes in cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. 

Data are the mean ± SEM of four independent experiments, and the results were normalized to TBP, 

HPRT1 mRNA transcript levels and to the CTL condition (CTL = 100%). (B) Typical Western blot result of 

whole-cell homogenates depicting the protein level of MNF1, FIS1, and β-actin (cytosolic marker) in cells 

treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. This blot was inverted and contrast-optimized 

for visualization purposes. Quantification of the bands was performed using the original blots. 

Quantification of protein levels in four independent experiments was normalized to β-actin levels and 

control conditions (CTL = 100%). The data obtained with AntiOxCIN4 was compared to CTL using the 

Student's t-test for comparison of two mean values. 

7.3.10. AntiOxCIN4 increased mRNA transcript of mitochondrial biogenesis-

associated hallmarks  

Mitochondrial biogenesis is essential to maintain mitochondrial homeostasis, 

integrity, and regeneration of the mitochondrial network [519]. To understand the 

effects of AntiOxCIN4 (100 μM; 48 h) on mitochondrial biogenesis hallmarks, key mRNA 

transcripts levels of key players were evaluated. AntiOxCIN4 significantly increased the 

mRNA levels for PPARGC1A (204.4 %), NRF1 (205.9%), and GAPBA (235.2 %) transcripts, 

when compared to untreated cells (Figure 24A). AntiOxCIN4 also showed a slight 

increase of mRNA levels for TFAM (143.4 %) (Figure 24A) although the differences were 
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not statistically significant. The data suggest that the transcription of mitochondrial 

biogenesis-related proteins is activated upon AntiOxCIN4 treatment. 

7.3.11. AntiOxCIN4 increased mitochondrial DNA (mtDNA) copy number 

Mitochondrial biogenesis involves, among other processes, the replication of 

mtDNA molecules [520]. Our data indicate that AntiOxCIN4 (100 μM; 48 h) significantly 

increased mtDNA copy number (130.3 %) when compared to untreated cells (Figure 

24B). The data support the hypothesis that AntiOxCIN4 may induce mitochondrial 

biogenesis.  

7.3.12. AntiOxCIN4 increased mitochondrial content in OXPHOS-related pro-

teins  

As OXPHOS function undergoes by dual genetic control of both the nuclear and 

mitochondrial genomes, we next evaluated whether the increased mitochondrial 

biogenesis-related signaling and mtDNA copy number were associated with an 

improved expression of different mitochondrial proteins involved in OXPHOS. To further 

understand the effects of AntiOxCIN4 (100 μM; 48 h) on the mitochondrial OXPHOS 

system, mRNA transcripts and protein levels of OXPHOS complexes were evaluated. 

Measurement of mRNA levels for mitochondrial OXPHOS complexes transcripts showed 

a significant increase in complex V ATP5G1 subunit (141.9 %) and mitochondrially 

encoded complex I MT-ND5 subunit (126.1 %), while complex II SDHA (92.8 %), complex 

III UQCRC2 (130.5 %), and complex IV COX4i (105.1 %) subunits remained unchanged 

(Figure 24C). 
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Figure 24. Effects of AntiOxCIN4 on mitochondrial biogenesis in HepG2 cells. (A) mRNA transcript levels 

of PPARGC1A, TFAM, NRF1, and GAPBA genes in cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) 

for 48 h. Data are the mean ± SEM of four independent experiments, and the results were normalized to 

TBP, HPRT1 mRNA transcript levels and the control condition (CTL = 100 %). (B) mtDNA copy number of 

HepG2 cellstreated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. mtDNA copy number was based 

on the amplification of cytochrome B (encoded on the mitochondrial genome) and β-2-microglobulin 

(encoded on the nuclear genome) ratio. Data are mean ± SEM of four independent experiments, and the 

results were normalized to the CTL condition (CTL = 100 %). (C) mRNA transcript levels of ND5 complex I, 

SDHA complex II, UQCRC2 complex III, COX4I1 complex IV, and ATP5MC1 complex V genes in cells treated 

with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. Data are the mean ± SEM of four independent 

experiments, and the results were normalized to TBP, HPRT1 mRNA transcript levels and on the CTL 

condition (CTL = 100 %). (D) Typical Western blot result of whole-cell homogenates depicting the protein 

level of mitochondrial integrity associated proteins (ATP5A complex V, Ubiquinol cytochrome C reductase, 

Porin/VDAC 1+2, Cyclophilin 40 and Cytochrome C) and β-actin (cytosolic marker) in cells treated with 

vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. This blot was inverted and contrast-optimized for 

visualization purposes. Quantification of the bands was performed using the original blots. Quantification 

of protein levels in four independent experiments was normalized to β- actin levels and to the control 

condition (CTL = 100 %) The data obtained with AntiOxCIN4 was compared to CTL using the Student's t-
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test to compare two mean values and the one-way ANOVA with Dunnet multiple comparison post-test to 

compare more than two groups with one independent variable. Significant differences between the 

indicated conditions are marked by *(p<0.05).  

Noteworthy, western blot analysis revealed that AntiOxCIN4 (100 μM; 48 h) 

significantly increased voltage-dependent anion channel (VDAC) protein content 

(123.2%), a non-specific solute carrier in the outer mitochondrial membrane when 

compared to untreated cells (Figure 24D). The data suggest that AntiOxCIN4 up-

regulates mRNA transcripts and protein levels of mitochondrial structures in HepG2 

cells.  

7.3.13. AntiOxCIN4 induced mitochondrial membrane potential hyperpolari-

zation  

Mitochondrial stress induction and/or alterations in mitochondrial homeostasis 

directly impact mitochondrial membrane potential (ΔΨm) and morphology [521]. To 

determine whether AntiOxCIN4 induced alterations on ΔΨm, HepG2 cells pre-incubated 

with AntiOxCIN4 (100 μM; 48 h) were loaded with fluorescent cation TMRM in the 

presence or absence of oligomycin (ATP-synthase inhibitor; 2 μM, 30 min) or FCCP 

(OXPHOS uncoupler; 10 µM, 30 min) (Figure 25A). Oligomycin treatment resulted in a 

significant increase in TMRM fluorescence (207.1 %), while FCCP significantly decreased 

it (4.15 %), as expected (Figure 25B). AntiOxCIN4 by itself also slightly increased TMRM 

fluorescence (140.9 %) but did not potentiate or aggravate oligomycin (218.7 %) or FCCP 

(2.05 %) effects (Figure 25B). These results demonstrate that under non-lethal 

conditions: (i) AntiOxCIN4 significantly increased ΔΨm; (ii) AntiOxCIN4 did not induce 

proton leak; and (iii) AntiOxCIN4 did not show protonophoretic effects in HepG2 cells. 
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Figure 25. Effects of AntiOxCIN4 on mitochondrial membrane potential in HepG2 cells. (A) Typical 

background-corrected image of HepG2 cells stained with the fluorescent cation TMRM and Hoechst 33342 

in cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h in the presence or absence of oligomycin 

(2 μM; 30 min) and FCCP (10 μM; 30 min). The TMRM and Hoechst fluorescence intensity was color-coded 

to red and blue, respectively. (B) Average mitochondrial TMRM fluorescence intensity calculated from the 

images. Data are mean ± SEM of three independent experiments, and the results were normalized to the 

CTL condition (CTL = 100 %). (C) Average mitochondrial network area was plotted against the average 

TMRM fluorescence signal (data points taken from Figure 22D and 25B, respectively). An increase in both 

mitochondrial area and polarization was observed. The data obtained with AntiOxCIN4 was compared to 

CTL using the Student's t-test to compare two mean values and the one-way ANOVA with Dunnet multiple 

comparison post-test to compare more than two groups with one independent variable. Significant 
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differences between the indicated conditions are marked by *(p<0.05), **(p<0.01), ****(p<0.0001). 

FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone. 

Moreover, we next plotted the average data of mitochondrial network area (data 

taken from Figure 22D) against the average TMRM fluorescence signal (data taken from 

Figure 25B). After performing a linear regression analysis of the average data, we 

observe that the data points for the AntiOxCIN4 fell out of the straight line. This means 

that AntiOxCIN4 treatment induced a non-proportional increase in both mitochondrial 

area and polarization (Figure. 25C), suggesting that the mitochondriotropic antioxidant 

increased the number of mitochondria per cell and thereby mitochondrial mass and 

induced a hyperpolarization (higher ΔΨm) of the mitochondrial network in HepG2 cells.  

7.3.14. AntiOxCIN4 transiently increased the master regulator of mitochon-

drial biogenesis PGC-1α  

The peroxisome proliferator‐activated receptor‐γ coactivator (PGC)‐1α is the main 

regulator of mitochondrial biogenesis. Therefore, we determined whether AntiOxCIN4 

treatment altered the PGC-1α protein levels in both nuclear and cytosolic cellular 

fractions. Western blot analysis revealed that AntiOxCIN4 (100 μM; 48 h), in a time-

dependent manner, significantly increased the level of PGC-1α in the nuclear 

compartment, which reached its maximum after 6 h (7480.0 %) (Figure 26). At the 48 h 

treatment point, AntiOxCIN4 decreased PGC-1α protein levels relative to the 6h time-

point, but still to a value higher than the control condition (Figure 26). No alterations 

were observed in PGC-1α protein levels in the cytoplasmic compartment (Figure 26). 

The data reinforce the hypothesis that mitochondrial biogenesis is activated upon 

AntiOxCIN4 treatment and that PGC-1α plays a central role in forming new mitochondria 

in AntiOxCIN4-treated cells. 
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Figure 26. Effects of AntiOxCIN4 on PGC-1α in HepG2 cells. Typical Western blot result depicting the time-

dependent content of nuclear and cytoplasmic PGC-1α protein levels and, also, GAPDH (cytosolic marker) 

and Lamin B1 (nuclear marker) proteins in nuclear and cytosolic compartments in cells treated with 

vehicle (CTL) or AntiOxCIN4 (100 μM) for 1, 6, 24 and 48 h. This blot was inverted and contrast-optimized 

for visualization purposes. Quantification of the bands was performed using the original blots. 

Quantification of protein levels in three independent experiments was normalized to β- actin levels and 

to the control condition (CTL = 100 %). The data obtained with AntiOxCIN4 was compared to CTL using the 

Student's t-test to compare two mean values and the one-way ANOVA with Dunnet multiple comparison 

post-test to compare more than two groups with one independent variable. Significant differences 

between the indicated conditions are marked by *(p<0.05), **(p<0.01), ***(p<0.0005). 

7.3.15. AntiOxCIN4 increased expression of Nrf2-regulated antioxidant genes 

NQO1, HMOX1 

The redox regulation and coordination of Nrf2 in response to oxidative stress 

involve the induction of the expression of genes encoding antioxidant proteins [518]. 

So, we next investigated the cellular effects of AntiOxCIN4 treatment (100 μM, 48 h) on 

mRNA transcripts levels linked to antioxidant genes associated with Nrf2 activation (e.g., 

HMOX1 and NQO1). AntiOxCIN4 significantly increased NQO1 (238.4 %) transcripts levels 
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compared to untreated cells (Figure 27A). AntiOxCIN4 also increased the mRNA levels 

for HMOX1 (159.5 %) (Figure 27A), although the differences were not statistically 

significant due to data dispersion. These results suggest that AntiOxCIN4 may up-

regulate the cellular antioxidant defenses by stimulating Nrf2-associated antioxidant 

genes. 

7.3.16. AntiOxCIN4 increased superoxide dismutase (SOD) and glutathione re-

ductase (GR) activity  

Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and 

glutathione reductase (GR) are the main enzymes in the first line of antioxidant defense 

against the formation or elimination of ROS within the cell [522]. Next, we measured the 

AntiOxCIN4 (100 μM; 48 h) effects on the activity of antioxidant defense system. 

AntiOxCIN4 significantly increased SOD (132.9 %) and GR (237.1 %) activity when 

compared to control cells, while no changes were observed in CAT and GPx enzymatic 

activity (Figure 27B). 

7.3.17. AntiOxCIN4 increased cellular glutathione and NAD(P)H content  

Scavenging antioxidants, such as glutathione (GSH) or Vitamin E, are recognized as 

the group of endogenous antioxidants that can remove active radicals, therefore 

inhibiting chain initiation and breaking chain propagation reactions [523]. We next 

determined whether AntiOxCIN4 induced alterations on cellular redox state, namely on 

GSH, nicotinamide adenine dinucleotide (NAD), and nicotinamide adenine dinucleotide 

phosphate (NADP) systems and vitamin (α-tocopherol) content. Interestingly, 

AntiOxCIN4 (100 μM; 48 h) significantly increased the intracellular GSH/GSSG (117.8 %) 

(Figure 27C) and NADH/NAD+ (129.3 %) ratios (Figure 27D). On the other hand, the 

NADPH/NADP+ ratio was significantly reduced by AntiOxCIN4 (83.7 %) (Figure 27E). 

AntiOxCIN4 also increased vitamin E content in HepG2 cells (130.5 %), although the 

differences were not statistically significant (Figure 27F). These results support the 

hypothesis that non-lethal concentrations of AntiOxCIN4 up-regulate both enzymatic 

and non-enzymatic endogenous antioxidant defense systems 
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Figure 27. Effects of AntiOxCIN4 on Nrf2-associated antioxidant genes and antioxidant (enzymatic and 

non-enzymatic) defense system during the cellular antioxidant response. (A) mRNA transcript levels of 

NQO1, HMOX1 genes in cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. Data are the 

mean ± SEM of four independent experiments, and the results were normalized to TBP, HPRT1 mRNA 

transcript levels and to the CT condition (CTL = 100%). (B) Activity of enzymatic antioxidant defenses, 

including Superoxide Dismutase (SOD), Catalase, Glutathione Peroxidase (GPx), and Glutathione 

Reductase (GR) in cells treated with vehicle (CT) or AntiOxCIN4 (100 μM) for 48 h. (C) GSH/GSSG ratio of 

HepG2 cells treated with vehicle (CT) or AntiOxCIN4 (100 μM) for 48 h. (D) NADH/NAD+ ratio of HepG2 

cells treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. (E) NADPH/NADP+ ratio of HepG2 cells 

treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. (F) α-tocopherol (vitamin E) levels in cells 

treated with vehicle (CTL) or AntiOxCIN4 (100 μM) for 48 h. Data are the mean ± SEM of four independent 

experiments, and the results normalized to the control condition (CTL = 100 %). The data obtained with 

AntiOxCIN4 was compared to CTL using the Student's t-test for comparison of two mean values. Significant 
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differences between the indicated conditions are marked by *(p<0.05), **(p<0.01). 

7.3.18. AntiOxCIN4 decreases oxidative stress-induced and palmitic acid (PA)-

induced cell damage  

Oxidative stress-inducers, such as menadione, generate ROS through redox 

cycling, and high concentrations trigger cell death [524]. Moreover, exacerbated ROS 

production seems to be a determinant mediator in hepatocytotoxicity in fatty acid 

overload (e.g., palmitic acid) [525]. To test the hypothesis that AntiOxCIN4-induced 

adaptative antioxidant response can protect cells against oxidative stress-induced 

damage, cells were exposed to insults of oxidative stress-induced and lipid overload-

induced cell damage. Menadione (50 μM, 4 h), acting as a pro-oxidant via activation of 

NADPH oxidase, reduced the metabolic activity of HepG2 cells by about 50%, which was 

significantly prevented by AntiOxCIN4 (100 μM, 48 h) (Figure 28A). Cells were also 

incubated with palmitic acid (PA; 500 μM, 6 h) to evaluate the potential of AntiOxCIN4 

(100 μM, 48 h) to prevent lipid-induced cell damage. PA treatment significantly 

increased lipid droplets (202.7 %) (Figure 28C), concomitant with a slight increase in 

metabolic activity (123.2 %) (Figure 28B), when compared with vehicle (BSA)-treated 

cells. Remarkably, AntiOxCIN4 significantly prevented PA-induced lipid accumulation 

(159.6 %) (Figure 28C), while restoring the metabolic activity to vehicle (BSA) levels 

(Figure 28B). These results confirm that AntiOxCIN4 pre-treatment protects cells from 

damage of oxidative stress insults. 
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Figure 28. Effects of AntiOxCIN4 on oxidative stress- and lipid overload-induced cell damage in HepG2 

cells. (A) Effect of menadione (50 μM; 3h) on cell metabolic activity in the absence/presence of AntiOxCIN4 

(100 μM; 48 h). (B) Effect of palmitic acid (500 μM; 6 h) on metabolic activity in the absence/presence of 

AntiOxCIN4 (100 μM; 48 h). (C) Effect of palmitic acid (500 μM; 6 h) on lipid accumulation in the 

absence/presence of AntiOxCIN4 (100 μM; 48 h) Data are mean ± SEM of four independent experiments, 

and the results normalized on the control condition (CTL = 100 %). The data obtained with AntiOxCIN4 was 

compared to CTL using a one-way ANOVA with Dunnet multiple comparison post-test, while Student's t-

test was used to compare two mean values. Significant differences between the indicated conditions are 

marked by *(p<0.05), **(p<0.01). Significant differences between AntiOxCIN4 and AntiOxCIN4 + MEN/PA 

are marked by ##(p<0.01), ###(p<0.0005). PA, palmitic acid; MEN, menadione 

7.4. Discussion 

Polyphenolic antioxidants are one of the most important bioactive molecules ob-

tained through diet. By conjugating the natural dietary caffeic acid with tri-

phenylphosphonium cation (TPP+), followed by structural optimization, we developed 

the mitochondriotropic antioxidant AntiOxCIN4 (Figure 14A) [458, 459]. The 
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mitochondria-targeted antioxidant based on caffeic acid (AntiOxCIN4) was shown re-

markable antioxidant and iron chelation properties and rapidly accumulate within mito-

chondrial matrix of hepatic [458] and cardiac [497] mitochondria, protecting them from 

oxidative stress-induced mitochondrial lipid peroxidation and permeability transition 

pore opening  [458]. In a cellular context, AntiOxCIN4 (100 µM; 48 h) did not disturb 

mitochondrial morphology and polarization of HepG2 cells, preventing iron and hydro-

gen peroxide-induced cell damage probably due to its role in maintaining intracellular 

GSH homeostasis [458]. Moreover, analyses in human neuroblastoma (SH-SY5Y) cells 

revealed that non-toxic concentrations of AntiOxCIN4 (100 µM; 48 h) prevented cell 

death induced by hydrogen peroxide (H2O2) or 6-hydroxydopamine (6-OHDA). Although 

designed as antioxidants, cell death protection conferred by AntiOxCIN4 was paralleled 

by moderately increased ROS levels, suggesting that AntiOxCIN4 can also act as prooxi-

dant [459]. More recently, we also demonstrated that AntiOxCIN4 (12.5 µM; 72 h) sus-

tainably increased ROS levels, thereby activating endogenous ROS-protective pathways, 

such as the Nrf2/KEAP1 pathway, efficiently preventing PHSF cells against subsequent 

oxidative stress [460] and improving several cellular and mitochondrial metabolic pa-

rameters in PHSF from sporadic Parkinson disease patients (25 µM; 72 h) [461]. 

In this context, this study aimed to understand if the beneficial effects of AntiOx-

CIN4 can be replicated in human hepatocytes, aiming to use this molecule in the context 

of NAFLD or other hepatic conditions. Moreover, this work was aimed to clarify the cel-

lular mechanisms of action underlying the AntiOxCIN4-induced coordinated cellular ad-

aptative response, focusing on the activation of the Nrf2/KEAP1 pathway.  

The present study showed that AntiOxCIN4 sustainably increase mtROS levels, 

mainly superoxide anion levels, in HepG2 cells after an acute decrease in cellular OCR. 

Using a glucose-free and galactose / glutamine / pyruvate-containing culture medium 

(OXPHOS medium), we confirmed that AntiOxCIN4 decreased mitochondrial oxygen con-

sumption. Although mild increase of mitochondrial ROS (mtROS) production may play a 

role in initiating cell signaling pathways necessary for maintaining cell homeostasis [526, 

527], exacerbated mtROS levels can promote mitochondrial membrane permeability 

(MMP), leading to mitochondrial dysfunction and ultimately cell death [517] being in-

volved in the pathogenesis of many diseases. In this study, AntiOxCIN4 did not affect cell 
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metabolic activity, mass, MDA levels, or pro-apoptotic caspase activity. Notably, an in-

creased cellular oxygen consumption, paralleled by an increased extracellular acidifica-

tion was observed in the longer treatment with AntiOxCIN4 (100 μM, 48 h). Although 

extracellular acidification is frequently used to indirectly follow the glycolytic rate, mito-

chondrial-derived CO2 from Krebs cycle, substantially contributes to extracellular acidi-

fication [516]. Altogether, the data strongly suggested an improvement of the mitochon-

drial function in AntiOxCIN4 treated cells. Besides, AntiOxCIN4 did not affect the pool of 

adenine nucleotides, suggesting a minimal, if any, impact on bioenergetic processes. 

AntiOxCIN4 accumulates within the mitochondrial matrix driven by the ΔΨm as it 

is positively charged at physiological pH. AntiOxCIN4 acts as an effective chain-breaking 

antioxidant, probably by a proton-coupled electron-transfer process like other phenolic 

antioxidants. AntiOxCIN4 radical scavenging activity is related to the in situ formation of 

a highly stabilized phenoxyl radical. The radical is stabilized by resonance, extended by 

conjugation with the α, β-unsaturated carbonyl system, and by the presence of intra-

molecular hydrogen bonds, coming from the participation of the pyrogallol moiety in 

the process [458, 528]. On the other hand, AntiOxCIN4 contains a Michael acceptor sub-

structure, the α, β-unsaturated carbonyl moiety, which can react with sulfhydryl groups 

of the cysteine residues of KEAP1, favoring Nrf2 nuclear translocation and Nrf2-ARE ac-

tivation [529]. AntiOxCIN4 balanced chemical properties are intrinsically related to the 

observed induced mild mitochondrial stress modulated by the Nrf2 activation and me-

diating beneficial cellular outcomes. The master regulator of the cellular antioxidant re-

sponse to oxidative stress, Nrf2, is located in the cytosol, where it binds the specific in-

hibitor kelch-like ECH-associated protein1 (KEAP1). Upon stress conditions, a modifica-

tion of KEAP1 in cysteine residues can occur, a process that can promote the disruption 

of Nrf2 from KEAP1 and its translocation to the nucleus to induce Nrf2-target gene ex-

pression [530]. We observed that AntiOxCIN4 treatment induced a time-dependent in-

crease in Nrf2 protein content in nuclear fractions, paralleled by a proportional decrease 

in cytosolic fractions. More interestingly, the time-dependent Nrf2 protein content var-

iation in both nuclear and cytosolic fractions was prevented by NAC. NAC is a precursor 

of L-cysteine that contribute to glutathione biosynthesis and can also act directly as a 

scavenger of oxygen free radicals [531]. This data reinforce the hypothesis that 
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AntiOxCIN4-induced mild increase in mtROS is responsible for the cell's adaptation due 

to the activation of the Nrf2/KEAP1 pathway. Although the Michael acceptor moiety of 

AntiOxCIN4 can promote the oxidation of the KEAP1 protein, the presence of pyrogallol 

moiety can also contribute to Nrf2/KEAP1 activation via the production of intracellular 

H2O2 [532]. 

Nrf2 controls the expression of more than 200 genes that contain antioxidant re-

sponse elements (AREs) in their regulatory regions [533]. The AntiOxCIN4-induced Nrf2 

activation in response to mild mitochondrial stress involved stimulating antioxidant-en-

coding genes NQO1 and HMOX1. Functionally, HMOX1 is involved in heme catabolism 

and cellular iron homeostasis being its activation linked to antioxidant, anti-inflamma-

tory, anti-apoptotic, and proangiogenic effects. NQO1 is involved in the detoxification 

of redox-cycling quinones, semiquinones and other type of electrophilles [534]. 

Nrf2 downstream effects directly impact ROS homeostasis, for instance, through 

the activation of local pools of antioxidant defenses involved in protective signaling 

pathways [517]. Nrf2 regulates, among others: (i) Glutamate cysteine ligase (GCL) and 

Glutathione synthase (GS) to modulate GSH de novo synthesis, (ii) cysteine influx to 

maintain intracellular GSH levels, (iii) GSH-based thiol redox state by regulating glutathi-

one reductase (GR), and (iv) SOD expression/activity. In this context, we observed in our 

work that the cellular GSH/GSSG ratio and SOD and GR activity were increased in Anti-

OxCIN4-treated cells. Moreover, we observed an increase in NADH/NAD+ ratio, while the 

NADPH/NADP+ ratio was decreased. 

Altogether, the data suggest that the presence of both nucleophilic and electro-

philic moieties in AntiOxCIN4 resulted in synergistic activation of Nrf2 and phase II en-

zymes and positively contributed for the redox homeostasis [532]. In fact, the Michael 

acceptor moiety of AntiOxCIN4 can promote the oxidation of the KEAP1 protein. Not-

withstanding, the contribute of pyragallol moiety in Nrf2/KEAP1 activation via the mild 

increase in superoxide anion levels and subsequent production of intracellular H2O2 due 

to increased SOD activity cannot be excluded (Sirota, Gibson and Kohen, 2015). [532]. 

Moreover, upregulation of the overall cellular endogenous antioxidant defense system 

protect cells against subsequent stress-inducing events more efficiently. In fact, we 
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observed that AntiOxCIN4 long-term treatment protected HepG2 cells against the detri-

mental effects of menadione (MEN) and/or palmitic acid (PA). 

AntiOxCIN4 cells led to initial acute mild mitochondrial dysfunction in HepG2 cells. 

Drug-induced mild alterations in mitochondrial morphology and/or function triggers mi-

tochondria to participate in stress-induced adaptive pathways. The tight regulation be-

tween mitochondrial biogenesis and autophagy (mitophagy) is essential to regulate mi-

tochondrial content and metabolism, and crucial to determine cell fate in response to 

cellular metabolic state, stress, and other intracellular or environmental signals [535]. 

KEAP1/Nrf2 signaling can regulate p62 in a positive feedback loop within the 

KEAP/Nrf2/p62 axis. Consequently, p62/SQSTM1, a multifunctional stress-inducible pro-

tein and a marker of autophagic degradation involved in cell signaling, oxidative stress, 

and autophagy, can contribute to the capacity of cells to defend themselves against ox-

idative stress. AntiOxCIN4 led to an early p62-KEAP1 degradation after Nrf2 translocation 

to the nucleus, which was corroborated by autophagy markers (LC3BI/II, Beclin-1). Pre-

vious studies observed that p62 can be stimulated by Nrf2, acting on KEAP1-p62 degra-

dation by autophagy. Our data indicated that long-term incubation of AntiOxCIN4 did 

not maintain persistent Nrf2 activation or blockage of autophagic flux, as observed by 

the increase of LC3BII levels in the presence of chloroquine, an inhibitor of autophago-

somes-lysosomes fusion. Rapamycin can bind to mTORC1 and allosterically inhibit its 

kinase activity, increasing autophagy, as previously demonstrated in several contexts 

[536–538]. In the present work, we used rapamycin as positive control for autophagy 

induction. Rapamycin increased LC3II protein level, suggesting autophagosome for-

mation, as described in the literature [539]. AntiOxCIN4 presented a similar profile to 

rapamycin on LC3BII protein level, which, combined with additional experimental evi-

dence presented in our work, such as p62 degradation upon Nfr2 activation [540], sug-

gest that AntiOxCIN4 activate autophagy. Interestingly, no additive effect was observed 

when AntiOxCIN4 and rapamycin were co-incubated, suggesting that the former may 

induce autophagy via rapamycin-sensitive pathways. 

Dysfunctional mitochondria are targeted and engulfed by double-membrane ves-

icles known as autophagosomes and are transferred for degradation in lysosomes. Cells 

induce mitophagy to regulate the size and quality of their mitochondrial network in 
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response to energy demands [535]. Here, we observed that AntiOxCIN4 increased the 

co-localization between mitochondrial and lysosomal particles which may suggest initial 

steps of mitophagy. Moreover, the protein levels of mitophagy-related processes PINK1 

was also increased. Notwithstanding, mitochondrial fusion and fission dynamics hall-

marks were not altered, suggesting that mitochondrial dynamics phenomena were al-

ready restored after AntiOxCIN4 long-term treatment. 

To restore mitochondrial homeostasis, mitochondrial biogenesis can also occur. 

Mitochondrial biogenesis involves, among others, mtDNA transcription, recruitment of 

newly synthesized proteins and lipids, import and assembly of mitochondrial and nu-

clear products in the expanding mitochondrial network [535]. We observed that AntiOx-

CIN4 treatment induced a time-dependent translocation in PGC-1α protein to the nu‐

clear compartment, while no changes were observed in the cytosolic fractions. Moreo-

ver, we observed that AntiOxCIN4 treated HepG2 cells exhibited increased mtDNA copy 

number, paralleled by an increased mRNA levels of NRF1 and GAPBA, and OXPHOS com-

plexes. The peroxisome proliferator‐activated receptor‐γ coactivator (PGC)‐1α is the 

main regulator of mitochondrial biogenesis. Several Nrf2 activators, such as berberine 

[541], quercetin [542], or physical exercise [543] also exhibited regulatory circles involv-

ing PGC-1α. Alongside PGC-1α, Nrf2 translocation to the nuclear compartment is also 

involved in mitochondrial biogenesis, as Nrf2 binds to the NRF1 promoter ARE (Antioxi-

dant Response Element), which activates TFAM (Mitochondrial transcription factor A), 

leading to mtDNA replication.  

Nrf2 affects mitochondrial membrane potential (ΔΨm) and mitochondrial respira‐

tion as it may regulate components of the mitochondrial electron transport chain [544]. 

In fact, basal ΔΨm is higher when Nrf2 is genetically constitutively up-regulated [545]. 

In our work, we also observed that AntiOxCIN4-treated cells presented a higher TMRM 

fluorescence, suggesting a higher mitochondrial polarization. Moreover, plotting the av-

erage data of mitochondrial network area against the average TMRM fluorescence sig-

nal, we observed that AntiOxCIN4 induces a non-proportional increase in both mitochon-

drial area and polarization. The data strongly suggests that AntiOxCIN4 increased the 

mitochondrial mass and induced a hyperpolarization (higher ΔΨm) of the mitochondrial 

network in HepG2-treated cells. Moreover, the increased VDAC (mitochondrial porin) 
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protein content in HepG2-treated cells, normally used as a mitochondrial mass marker, 

reinforces the idea of an up-regulated mitochondrial biogenesis phenomena. Together, 

the data pointed out that AntiOxCIN4 increases mtDNA copy number per cell and 

thereby mitochondrial mass due to mitochondrial biogenesis phenomena mediated by 

PGC-1α. 

7.5. Conclusions 

In conclusion, our work describes for the first time the Nrf2-dependent antioxidant 

mechanism of action behind the beneficial effects of mitochondriotropic antioxidant An-

tiOxCIN4 (Figure 29). AntiOxCIN4 induced an Nrf2-dependent cellular adaptative re-

sponse mediated and triggered by a sustainable increase in mtROS that protected 

HepG2 cells against the detrimental effects of menadione (MEN) and/or palmitic acid 

(PA). Activation of Nrf2 resulting from a mild increase in mtROS leads to activation of 

different cell signaling pathways after AntiOxCIN4 treatment. The activated cellular path-

ways may result in clearing damaging mitochondria through autophagy (via the 

KEAP/Nrf2/p62 axis) and/or mitophagy (involving PINK1). Mitochondrial homeostasis 

may be restored by increasing biogenesis (mediated by PGC-1α). The activation of Nrf2 

combined with expression of downstream Nrf2-dependent stress response genes 

(NQO1 and HMOX1) would contribute to upregulate critical antioxidant systems (in-

creased SOD and GR activity and GSH/GSSG ratio), that in turn, protect cells against ox-

idative and electrophilic stress, preventing cell death (Figure 29). 

Unraveling the AntiOxCIN4 mechanism of action in human hepatoma-derived 

(HepG2) cells opens a new avenue to extend its potential application in the context of 

liver disease, such as NASH/NAFLD. A redox imbalance promoted by exacerbated ROS 

production that leads to impairments in mitochondrial function and a compromised ac-

tivation and execution of cellular quality control processes seems to be a determinant 

mediator in lipid-induced hepatotoxicity and inflammatory-related processes, thereby 

contributing decisively to NAFLD progression. Although the cellular mechanisms behind 

NAFLD pathogenesis are still a focus of controversy, the multi-factorial nature of the 

disease demands more broad and versatile therapeutic approaches. Thus, from the 
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described AntiOxCIN4 mechanism of action, this molecule can be a valuable drug candi-

date in the context of metabolic-related hepatic disorders, such as NASH/NAFLD. 
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Figure 29 Proposed mode-of-action of mitochondriotropic phenolic acid antioxidant AntiOxCIN4 in HepG2. Mitochondriotropic antioxidant AntiOxCIN4 acutely decreased OCR, which was 
paralleled by time-dependent increase in mtROS levels. Moreover, AntiOxCIN4 induced a ROS-dependent Nrf2 activation mediated by Nrf2-KEAP1-p62 axis and an efficient removal of potentially 
damaged mitochondria by triggering cellular quality control mechanisms, such as autophagy and/or mitophagy. Nrf2 activation also up-regulates the cellular antioxidant defense system of 
HepG2 cells and increases mitochondria biogenesis phenomena, contributing to a more resistant mitochondrial population. mtROS, mitochondrial reactive oxygen species; SOD, superoxide 
dismutase; GSH, reduced glutathione; GSR, glutathione reductase; KEAP1, kelch-like ECH-associated protein 1; NQO1, NAD(P)H dehydrogenase (quinone) 1; Nrf2, nuclear factor erythroid 2-
related factor 2; HMOX1, heme oxygenase 1; NFR1, nuclear respiratory factor 1; PGC-1α, peroxisome proliferator activator α; VDAC, voltage dependent anion channel; PINK1, PTEN induced 
kinase.
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8. Chapter  
Exploratory Data Analysis of Cell and Mitochondrial 
High-Fat, High-Sugar Toxicity on Human HepG2 Cells 
 

Data in this chapter was published in:  

Ricardo Amorim; Inês C.M. Simões; Caroline Veloso; Adriana Carvalho; Rui F. Simões; 

Francisco B. Pereira; Theresa Thiel; Andrea Normann; Catarina Morais; Amália S. 

Jurado;, Mariusz R. Wieckowski; José Teixeira; Paulo J. Oliveira. Exploratory Data Analy-

sis of Cell and Mitochondrial High-Fat, High-Sugar Toxicity on Human HepG2 Cells 

(2021). Nutrients 13, no. 5: 1723. https://doi.org/10.3390/nu13051723.  

_______________________________________________________________________ 

8.1. Introduction 

NAFLD is a worldwide public health concern. The most recent data indicated that 

25% of world population has some form of NAFLD, with the highest prevalence in the 

Middle East and South America [546]. NAFLD can progress from simple steatosis to 

NASH, a pathological stage characterized by inflammation and hepatocellular balloon-

ing. Further progression of this condition can result in a fibrotic phenotype (cirrhosis) 

and, ultimately, in HCC.  

NAFLD is well-defined as the augmented accumulation of hepatic TGs (more than 

5%) in the absence of excessive alcohol consumption [547] or other liver disease etiol-

ogy. Over-consumption of high fat-high sugar diets demands a great metabolic effort 

from the organism, leading to unregulated energy homeostasis processes [547]. Mito-

chondria are responsible, among other functions, for the oxidation of short and median 

chain fatty acids through β-oxidation. The deleterious sequence of cellular events in-

cludes fatty acid and/or carbohydrates overload followed by an ROS production, mito-

chondrial damage, and ER stress, resulting in activation of either pro-survival or pro-

apoptotic pathways.  

Several in vitro models are used to investigate NAFLD mechanisms based on fatty-

acid overload. Those different models significantly differ in nature, amount, and fatty 
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acids (FA) overload incubation time, making the data difficult to compare. Although lipo-

toxicity resulting from incubating in vitro models with high concentrations of lipids and 

lipid derivatives exposure has been reported in several in vitro studies [548, 549], differ-

ent cellular outcomes were attained depending on lipid composition and/or level of un-

saturation, which suggests different cellular responses depending on FA composition 

and incubation time. For example, palmitic acid (PA; 16:0)-treated H4IIE liver cells dis-

played increased ER stress, caspase-3 activity and liver injury [483, 550]. The cellular 

pathways underlying this process involve activation of c-jun NH2-terminal kinase (JNK) 

and Bcl-2 Homology 3 (BH3)-only protein-induced mitochondrial and lysosomal dysfunc-

tion [551–555]. In vitro studies involving monosaturated fatty acids (MUFA) treatment 

in hepatocytes, such as oleic acid (OA, 18:1), reported a more severe hepatic steatosis 

when compared with PA exposure [549]. Still, oleic acid treatment showed protective 

effects against PA-induced toxicity [549, 556]. An increase in peroxisome proliferator-

activated receptor (PPAR) β/δ expression dependent on the activation of free fatty acid 

receptor 1 (FFAR1) and a calcium-dependent mechanism was observed in human 

hepatocytes treated with oleic acid [557]. Moreover, polyunsaturated fatty acids (PUFA) 

also showed beneficial outcomes in several NAFLD models [558, 559]. Long-chain ω-3 

PUFAs, especially icosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), pre-

sented potent anti-inflammatory activity and anti-fibrosis effect by down-regulated the 

protein level of YAP/TAZ and, consequently, inhibition of hepatic stellate cells (HCS) ac-

tivation and proliferation [560].More recently, studies with bioactive branched fatty acid 

esters of hydroxyl fatty acids (FAHFAs) showed protective effects against FA-induced 

mitochondrial dysfunction and intracellular lipid accumulation in HepG2 cells and pri-

mary hepatocytes (PMH) [561]. 

Another newer paradigm on NAFLD metabolic syndrome strongly suggested that 

carbohydrates-rich diets also play a vast, if not determinant, role in NAFLD development 

[562, 563]. The excess of carbohydrates (e.g. fructose) derived from these diets can be 

converted into FFA and TG in the liver, also resulting in an increased accumulation of 

hepatotoxic lipids such as lysophosphatidylcholine (LPC), ceramides, free cholesterol, 

and bile acids (BA) [564–568]. Fructose-rich diets are recognized to cause steatosis, 
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dyslipidemia, insulin resistance, and liver fibrosis in both animal and human studies [569, 

570]. 

FA and/or sugars overload within cells lead to a significant increase in lipid 

accumulation in the cytoplasm, which can be toxic if high concentration levels are 

reached [571]. The multiplicity of models and lipid (and sugar)- induced toxicity makes 

an accurate analysis of the role of mitochondrial dysfunction in the progression of 

cellular damage in vitro difficult to characterize. In this context, the objectives of this 

work were to investigate in human HepG2 cells a) how mitochondrial disruption 

develops under different lipotoxicity protocols, b) whether mitochondrial dysfunction 

precedes oxidative stress and induction of cell death or is instead a consequence of 

those two events and c) whether fructose (F) worsens the cellular lipotoxicity profile 

under the different protocols. For these objectives, we characterized and compared the 

time-dependent cellular effects of different FA overload strategies in the presence or 

absence of carbohydrates (fructose), with particular focus on measuring mitochondrial 

structure, integrity, and bioenergetics, to attain a feasible and reproducible in vitro 

model for study mitochondrial impairment during progressive cellular lipotoxicity. A 

suite of computational data analysis tools was applied to several cellular and 

mitochondrial markers, aiming at identifying differences in the effects of the PA and FFA 

treatments. Unsupervised learning methods were applied to identify clear separations 

between groups of samples, corresponding to different cell treatments. The partition 

was performed with a minimal subset of experimental endpoints. This computational 

approach is thus an innovative tool for clustering biological effects of supra-physiological 

lipid levels. 

8.2. Material and Methods 
8.2.1. Chemicals 

Dulbecco's modified Eagle's medium (DMEM, D5030), penicillin, streptomycin, fe-

tal bovine serum (FBS) and Trypsin were purchased from Gibco-Invitrogen (Grand Island, 

NY, USA). Dithiothreitol (DTT), phenylmethanesulfonyl fluoride (PMSF), protease inhibi-

tor cocktail (leupeptin, antipain, chymostatin, and pepstatin A), sulforhodamine B (SRB), 

palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), 
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arachidonic acid (C20:4), D(-)-Fructose, Nile Red, Hoechst 33342, tetramethylrhoda-

mine methyl ester (TMRM), and 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluores-

cein diacetate, acetyl ester (CM-H2DCFDA) were purchased from Invitrogen (Eugene, OR, 

USA). 

8.2.2. Fatty acid conjugation 

Palmitic acid (PA)/Bovine Serum Albumin (BSA, A6003, Sigma-Aldrich, USA) solu-

tion was prepared by mixing free-fatty acid BSA (0.2 g/mL) with 10 mM palmitic acid in 

the proportion of 1:1 during 1 h at 37 ºC. The Free-fatty acid BSA (0.2 g/mL) was diluted 

in the same proportion with 150 mM NaCl and used as a control. The fatty acid mixtures 

(FFA) were prepared as saponified 10 mM stock solutions and complexed (1:1) with 

Free-fatty acid BSA (10 minutes at 50 °C), cooled to room temperature. The Free-fatty 

acid BSA (0.2 g/mL) was diluted in the same proportion with 25 mM KOH and used as a 

control. The same ratios of FA dilutions were used for free fatty acid BSA control. The 

amounts of the different FA in the mixture were: 39 % C16:0 (P0500, Sigma-Aldrich, 

USA); 5 % C18:0 (85679, Sigma-Aldrich, USA); 50 % C18:1 (O1008, Sigma-Aldrich, USA); 

4 % C18:2 (L1376, Sigma-Aldrich, USA); 2 % C20:4 (A3611, Sigma-Aldrich, USA) [572, 

573]. 

8.2.3. Cell culture and FA treatments 

Human hepatocellular carcinoma HepG2 cells (85011430, ECACC, UK) were 

cultured in low-glucose medium composed by Dulbecco's modified Eagle's medium 

(DMEM; Catalogue Nº: D5030, Sigma-Aldrich, USA) supplemented with 5 mM glucose, 

sodium bicarbonate (3.7 g/L), HEPES (1.19 g/L), L-glutamine (0.876 g/L), sodium 

pyruvate (0.11 g/L), 10 % fetal bovine serum (FBS), 1 % penicillin-streptomycin 100x 

solution in a humidified atmosphere (5 % CO2, 37 ºC). HepG2 cells were seeded (6 x 104 

cells/cm2) and grown for 24 h during which they reached 60–70 % confluence before 

treatment. Next, cells were incubated in the presence of vehicle (BSA 0,01 g/mL) and 

different mixtures of FA (PA, 0.5 mM or FFA, 0.25 mM) in the presence or absence of 

fructose (F, 10 mM) for 1, 6 and 24 h period.  
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8.2.4. Animals and dietary regimen 

Four-week-old male C57BL/6J mice were purchased from SAS (Saint-Germain-

Nuelles, France). The mice were fed a standard chow (CHOW) ad libitum starting at the 

age of seven weeks. The standard chow diet derives 9% of its energy from fat, 58% from 

carbohydrates and 33% from protein and comprises 3% fat and 5% sucrose. The CHOW 

(V1534) diet was purchased from Ssniff (Soest, Germany). All mice were housed in 

laboratory cages at 21-23 °C with 50-60% humidity (10-15 exchanges per h) with tap 

water and diet provided ad libitum for sixteen weeks. For tissue collection, the mice 

were anesthetized with isoflurane and further sacrificed by cervical dislocation. 

8.2.5. Nile red Staining 

Cells were seeded in 96-well plates and then subjected to the different treatments. 

After incubation, the neutral lipid accumulation was assessed through the Nile Red assay 

[505]. Briefly, cell culture medium was discarded and 100 µL of the Nile red solution was 

added to each well for 1 h/1.5 h in the dark conditions at 37 ºC. Nile Red is freshly diluted 

1:200 in medium without FBS from the stock solution (stock: 0.5 mg/mL dissolved in 

acetone). Nile Red was then removed, and cells were washed twice with PBS 1X. The fat 

content per well (in 100 µL PBS 1X) was measured fluorimetrically with 520 nm excita-

tion and 620 nm emission in a Biotek Cytation 3 reader (Biotek Instruments, Winooski, 

VT, USA). Results were normalized for cell mass content at the end of assay, using the 

SRB method [506].  

8.2.6. Phospholipid analysis 

HepG2 cells were seeded in 100 mm cell culture dish and submitted to the differ-

ent treatments. After incubation time, cells were harvested and washed with cold PBS 

1X. In order to obtain total cellular extracts, cells were harvested, washed with cold PBS 

1X and then two centrifugation steps were performed for 5 minutes at 1000Xg (4 °C). To 

obtain mitoplast fractions, digitonin (4 mg/mL) was added and kept on ice for 10 

minutes. The resuspension was further diluted with PBS 1X and centrifuged during 10 

minutes, 4 °C, 10000Xg. The process was repeated two more times with a 5 minutes 



PART III 
Chapter 8 

 

 

148    Ricardo Amorim | University of Coimbra 
 

centrifugation at 4 ºC, 10000Xg. Mitoplasts were stored at -80 ºC until further pro-

cessing. Mitochondrial lipids were extracted accordingly to Bligh and Dyer method [574]. 

Lipids quantification was performed according the phosphorous assay described by 

Rouser et al. [575]. The method was calibrated with a standard curve with known con-

centrations of KH2PO4. Pre-washed Whatmann LK5 thin-layer plates with chloroform/ 

methanol (1:1) where sprayed with 1.8 % of boric acid solution, air-dried and then acti-

vated for 15 minutes at 100 ºC. 40 µg of phospholipid samples were loaded in the con-

centration zone of the plates. After, plates were placed in chromatography tanks with a 

mixture of chloroform/ ethanol/ water/ trimethylamine (30/35/7/35, v/v) for 2 h. Phos-

pholipids bands were then visualized by soaking the plate in 10 % (m/v) cupric sulfate/ 

8% (v/v) phosphoric acid solution and just after, plates were heated in an oven at 140 

ºC for 20 minutes. Different phospholipids classes were photographed with Biospec-

trum—Multispectral imaging system (UVP; LLC Upland, CA; Cambridge, UK). The densi-

ties of each band were calculated with TotalLab TL120 1D v2009.  

8.2.7. Intracellular ROS levels 

Cells were seeded in 96-well plate and then subjected to the different treatments. 

After incubation time, intracellular ROS levels were assessed using the oxidative stress-

sensitive report molecule CM-H2DCFDA (5-(and-6)-chloromethyl-2’,7’-

dichlorodihydrofluorescein diacetate, acetyl ester) (Life Technologies, Invitrogen). 

Briefly, cells were loaded with 5 μM of CM-H2DCFDA in assay buffer (NaCl 120 mM, KCl 

3.5 mM, NaHCO3 5 mM, NaSO4 1.2 mM, KH2PO4 0.4 mM, HEPES 20 mM supplemented 

with CaCl2 1.3 mM, MgCl2 1.2 mM and sodium pyruvate 10 mM, pH 7.4) at 37 °C and 5 % 

CO2 in the dark for 15 minutes. Then, cells were washed twice with PBS 1X, and 

fluorescence signals were measured with 520 nm excitation and 620 nm emission 

wavelengths using a microplate reader (Cytation 3; BioTek US, Winooski, VT, USA). 

Results were normalized for cell mass content at the end of the assay, using the SRB 

method.  
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8.2.8. Mitochondrial morphology imaging 

Vital confocal fluorescent microscopy was performed to visualize alterations in mi-

tochondrial electric potential polarization and network distribution in HepG2 cells. Cells 

were seeded in pre-coated (collagen I 0.15 mg,mL) µ-Slide 8 well ibiTreat Ibidi (2 x 

104/cm2) with a final volume of 300 µL per well, and then subjected to the different 

treatments. Cells were incubated with fluorescent dyes tetramethylrhodamine (TMRM) 

(100 nM) and Hoechst 33342 (1 µg/mL) for mitochondrial network and nuclei, respec-

tively, 30 minutes before the end of the treatment time in fresh cell culture medium at 

37 °C and 5 % CO2 in the dark conditions. Images were acquired using a Laser Scanning 

Confocal Microscope (LSM 710, Zeiss, USA) equipped with a α-Plan-Apochromat 63x/1.4 

Oil DIC M27 objective (Zeiss) and analyzed with ImageJ Fiji program (Scion Corporation, 

USA). Index of interconnectivity was quantified by using a Mitochondria Morphology 

Macro [511]. 

8.2.9. Mitochondrial DNA copy number measurements 

Mitochondrial DNA copy number was measured using quantitative polymerase 

chain reaction (qPCR). HepG2 cells were seeded in 60 mm cell culture dish and subjected 

to the different treatments. Cells were then harvested at the time-points indicated by 

aspirating media and washing plates with ice cold PBS. For measurement of mitochon-

drial DNA copy number, RNase-treated total DNA was isolated using the Qiagen DNeasy 

kit (Catalogue Nº: 69104, Qiagen, Germany) according to the manufacturer's recom-

mendations. DNA amount and purity were evaluated in a NanoDrop 2000 spectropho-

tometer (ThermoScientific, Waltham, MA, USA). qPCR was performed based on the am-

plification of cytochrome B (MT-CYTB) (encoded on the mitochondrial genome; variable 

quantity in each cell) and beta-2-microglobulin (B2M) (encoded on the nuclear genome; 

fixed quantity in each cell) using a Roche Light Cycler and Roche FastStart DNA Master 

SYBR Green protocols. Human primers for MT-CYTB were: forward 5’- 

CCACCCCATCCAACATCTCC-3’, reverse 5’-GCGTCTGGTGAGTAGTGCAT-3’ (Pair rating: 

66,1; Product length: 112); primers for B2M were: forward 5’-GAATTCCAAATTCTGCTT-

GCTTGC-3’, reverse 5’- CCTCTAAGTTGCCAGCCCTC-3’ (Pair rating: 71,2; Product length: 
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199). Each reaction was performed in triplicate with an efficiency between 90 and 110 

%. For amplification purposes, total DNA (25 ng) went on an initial cycle of 2 minutes at 

95 ºC, followed by 40 cycles of 5 seconds at 95 ºC plus 20 seconds at 63 ºC and 20 sec-

onds at 72 ºC. At the end of each cycle, Eva Green fluorescence was recorded to enable 

determination of Cq. Several dilutions of control sample and DNA-free water were used 

as standards and negative control, respectively. The specificity of each reaction for a 

single product was verified by melting analysis. The cycle number of linear amplifications 

for each sample was compared with the five-point standard curve to determine the 

number of template copies present at the start of each reaction. Mitochondrial copy 

number was estimated by the number of copies of cytochrome B template divided by 

the number of copies of beta-2 microglobulin template. The reactions were performed 

on a CFX™96 Real-Time system (Bio-Rad, CA, USA). The normalized expression was cal-

culated by the comparative quantification algorithm ∆∆Ct (CFX Manager™ 3.1 software, 

18 Bio-Rad). 

8.2.10. Western blotting analysis 

Cells were seeded in 100 mm cell culture dish and then subjected to the different 

treatments. In order to obtain total cellular extracts, cells were harvested, washed with 

cold PBS 1X, and then two centrifugation steps were performed for 5 minutes at 1000Xg 

(4 °C). Cellular pellet was resuspended in cell RIPA buffer (50 mM Tris pH 8, 150 mM 

NaCl, 5 mM EDTA, 15 mM, MgCl2 and 1 % Triton X-100) supplemented with 0.5 mM 

phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktail (PIC) (Sigma P8340), 

20 mM sodium fluoride (NaF), 5 mM sodium butyrate, 10 mM NAM, DOC 10% and keep 

on ice for 30 minutes. After that, the resuspension was mixed and centrifuged at 20000x 

g during 10 minutes. Soluble protein contents were determined by the BCA method 

using BSA as a standard. Laemmli buffer (from Bio-Rad) was added to the samples. An 

equal amount of proteins (20–50 μg) was separated by electrophoresis on 12 % SDS–

polyacrylamide gels (SDS–PAGE) and electrophoretically transferred to a polyvinylidene 

difluoride (PVDF) membrane. After blocking with 5 % milk in TBST (50 mM Tris–HCl, pH 

8; 154 mM NaCl and 0.1 % tween 20) for 2 h at room temperature, membranes were 

incubated overnight at 4 °C with the antibodies directed against the denatured form of 
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OXPHOS complexes cocktail (1:1000; ab110411, Abcam), Ketohexokinase (1:500, sc-

377411, Santa Cruz Biotechnology) and β-actin (1:5000; MAB1501, Chemicon 

international). Membranes were further incubated with goat anti-mouse IgG (1:5000, 

CS7076, Cell Signaling Technology, USA) and goat anti-rabbit IgG (1:5000, CS7074, Cell 

Signaling Technology, USA) secondary antibodies for 1 h at room temperature. 

Membranes were then incubated with the ECL detection system (Bio-Rad 1705061) and 

imaged with the Biospectrum—Multispectral imaging system (UVP; LLC Upland, CA; 

Cambridge, UK). The densities of each band were calculated with TotalLab TL120 

Software (version 2009). 

8.2.11. BN-PAGE in-Gel Activity of Complex I 

HepG2 cells were seeded in 100 mm cell (6 x 104/cm2) culture dish and submitted 

to the different treatments. After 6 and 24 h, cells were harvested and washed with cold 

PBS 1X. Cell pellets were ressuspended in cold PBS 1X. To obtain mitoplast fractions, 

digitonin (4 mg/mL) was added and kept on ice for 10 min. The resuspension was further 

diluted with PBS 1X and centrifuge during 10min, 4°C, 10000Xg.  Two washings with 

PBS1x for 5 min (4ºC, 10000Xg) were performed. When not used on the day, pellets 

were storage at -80ºC. OXPHOS complexes isolation was attained by adding ACBT buffer 

(1.5 M epsilon-aminocaproic acid, 75mM Bis-Tris, pH 7.0), 20% Lauryl maltoside and 

kept on ice during 10 min. Afterward, samples were centrifuged for 30 min (4ºC, 

10000Xg) and the supernatant collected. Protein content was assayed by BCA method 

using BSA as standard. Pre-cast gels with a gradient concentration of 3-12% were loaded 

with 10 μg of protein-containing BN-sample buffer 1:10 (750 mM Aminocaproic acid, 

50mM Bis-Tris, 0.5mM EDTA, 5 % Serva Blue G, pH 7.0) [576]. Gel ran with a constant 

voltage at 75 V for 30min. Next, cathode blue buffer was replaced a cathode light buffer. 

The voltage was increased up to 150 V until the samples reached the bottom of the gel. 

After electrophoresis, gels were further processed for in-gel activity assays. Complex I:  

3 mM Tris–HCl, pH 7.4, 80 µg/ml NADH, and 0.2 mg/ml Nitro tetrazolium blue (NTB). For 

Complex I activity, gels were incubated for 20 min at 37°C. Complex activity was scanned 

or photographed with Biospectrum - Multispectral imaging system (UVP; LLC Upland, 
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CA; Cambridge, UK). The densities of each band were calculated with Image Studio Lite 

5.2 Software (LI-COR Biosciences, U.S.A). 

8.2.12. Cellular oxygen consumption rate measurements 

Cells were seeded in 96-well plate (pre-coated with collagen I 0.15 mg/mL) under 

the same conditions described above at a density of 10000 cells/100µL/well. After 

incubation time, oxygen consumption was measured at 37 ºC using a Seahorse XFe96 

Extracellular Flux Analyzer (Agilent Scientific Instruments, USA). In addition, an XFe96 

sensor cartridge for each cell plate was placed in a 96-well calibration plate containing 

200 µL/well calibration buffer and left to hydrate overnight at 37 ºC. The cell culture 

medium from the plates was replaced the following day with 175 µL/well of pre-warmed 

low-buffered serum-free minimal DMEM medium (D5030, Sigma-Aldrich, USA), the pH 

adjusted to 7.4 and incubated at 37 ºC for 1 h to allow the temperature and pH of the 

medium to reach equilibrium before the first-rate measurement. Oligomycin, carbonyl 

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone and antimycin A were 

prepared in DMSO. 

For oxygen consumption rate (OCR) measurements, 2 µM oligomycin, injected 

into reagent delivery port A, 0.33 µM FCCP injected into port B, 1 µM rotenone and 1µM 

antimycin A injected into reagent delivery port C were diluted in low-buffered serum-

free DMEM medium and the pH adjusted to 7.4 with 1 M NaOH. 25 µL of compounds 

was then pre-loaded into the ports of each well in the XFe96 sensor cartridge. The sensor 

cartridge and the calibration plate were loaded into the XFe96 Extracellular Flux 

Analyzer for calibration. When the calibration was complete, the calibration plate was 

replaced with the study plate. Three baseline rate measurements of OCR and 

extracellular acidification rate (ECAR) of the HepG2 cells were made using a 3 minutes 

mix, 5 minutes measuring cycles. The compounds were then pneumatically injected by 

the XFe96 Analyzer into each well, mixed and OCR measurements made using a 3 

minutes mix, 5 minutes measuring cycles. Results were analyzed by using the Software 

Version Wave Desktop 2.6. 
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8.2.13. Measurement of caspase 8 and 9-like activities 

Cells were seeded in 100 mm cell culture dish and then exposed to the different 

treatments. To obtain total cellular extracts, cells were harvested, washed with cold PBS 

1X and then two centrifugation steps were performed for 5 minutes at 1000Xg (4 °C). 

Floating cells were also collected and combined with adherent cells. Cellular pellets were 

resuspended in cell lysis buffer supplemented with 100 µM PMSF, 2 mM DTT. The 

resuspension was homogenized by 30 passages through a 27-gauge needle, followed by 

3 cycles of freeze / thaw in liquid nitrogen and kept at –80 ºC until used. Protein content 

was determined by the Bradford method [506], using BSA as standard. To measure 

caspase 9-like activity, aliquots of cell extracts containing 100 μg of total protein were 

incubated in a reaction buffer containing 10 % sucrose, 10 mM dithiothreitol (DTT), 0.1% 

3[(3-cholamidopropyl) dimethylammonio]-propanesulfonic acid, 25 mM HEPES (pH 7.4) 

and 100 μM caspase substrate (Ac-LEHD-pNA) for 2 h at 37ºC. Caspase-like activity was 

determined by following the appearance of the chromophore pNA after cleavage from 

the labeled substrate Ac-LEHD-pNA (405 nm). The method was calibrated with known 

concentrations of pNA. To measure caspase 8-like activity, 80 μg of total protein 

dissolved in reaction buffer containing 10% sucrose, 10 mM dithiothreitol (DTT), 0.1% 

3[(3-cholamidopropyl)dimethylammonio]-propanesulfonic acid, 25 mM HEPES (pH 7.4) 

was added directly into a 96 well black polysterene microplate (CLS3603, Sigma-Aldrich, 

USA). To initiate the reaction, 5 μL of 1 mM substrate for caspase-8 (Ac-LETD-AFC, final 

concentration 50 μM) was added and the reaction mixture was incubated by 2 h at 37 

ºC. Caspase-like activity was measured fluorimetrically with 400 nm excitation and 505 

nm emission in a Biotek Cytation 3 reader (Biotek Instruments, Winooski, VT, USA). The 

method was calibrated with a standard curve of AFC (7-amino-4-trifluoromethyl 

coumarin). 

8.2.14. Measurement of caspase 3/7-like activity 

Caspase-Glo 3/7 (Promega, WI, USA) is a homogenous chemiluminescent kit 

available and widely used to measure apoptosis. Compound-treated plates were 

prepared as described above and after incubation time, caspase-3/7 activity was 



PART III 
Chapter 8 

 

 

154    Ricardo Amorim | University of Coimbra 
 

measured by using Caspase-Glo 3/7 following manufacturer's instructions. Briefly, 100 

μL per well Caspase-Glo 3/7 reagent was added to the cells and plates were agitated for 

2 h in the dark at room temperature before luminescence was measured using a 

microplate reader (Cytation 3; BioTek US, Winooski, VT, USA). 

8.2.15. Cell metabolic activity 

Cells were seeded in 96-well plate and then subjected to the different treatments. 

After incubation time, the cell metabolic activity was assessed through the resazurin 

reduction assay [507]. Briefly, the culture medium was discarded and cells were 

incubated for 1 h with 80 μL of culture medium supplemented with 10 μg/mL resazurin. 

The appearance of resorufin, indicative of metabolic activity, was measured 

fluorimetrically with 570 nm excitation and 600 nm emission in a Biotek Cytation 3 

reader (Biotek Instruments, Winooski, VT, USA).  

8.2.16. Cell mass 

Cells were seeded in 96-well plate and then subjected to the different treatments. 

After incubation time, the sulforhodamine B (SRB) assay was performed  for cell mass 

determination based on the measurement of cellular protein content [506]. Briefly, the 

cell culture medium was discarded, and wells rinsed with PBS 1X. Cells were fixed by 

adding 1 % acetic acid in 100 % methanol for at least 2 h at -20 ºC. The fixation solution 

was then discarded, and the plates were dried at 37 ºC. 150 µL of 0.05 % SRB in 1 % 

acetic acid solution was added and incubated at 37 °C for 1 h. The wells were then 

washed with 1 % acetic acid in water and dried. Then, 100 μl of Tris (pH 10) was added 

and the plates were stirred for 15 minutes and optical density was measured at 540 nm 

in Biotek Cytation 3 reader (Biotek Instruments, Winooski, VT, USA). 

8.2.17. Intracellular ATP levels 

Cells were seeded in 100 µL of culture medium, in a white opaque-bottom, 96-well 

plate, and then subjected to the different treatments. After incubation time, 

intracellular ATP levels were measured using CellTiter-Glo Luminescent Cell Viability 

Assay (Promega, WI, USA). Briefly, 50 µL of culture medium was removed from the wells 
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and 50 µL of medium containing CellTiter-Glo Reagent (CellTiter-Glo Buffer + CellTiter-

Glo Substrate) was added to the cells. Contents were mixed for 2 minutes on an orbital 

shaker to induce cell lysis and, after 10 minutes of incubation at 22 °C, the luminescence 

signal was monitored in a Cytation 3 reader (BioTek Instruments Inc., USA). An ATP 

standard curve was also generated following manufacturer's instructions.  

8.2.18. Computational data analysis 

Data analysis comprised the computation of correlation matrices to summarize 

correlations between every pair of variables, the estimation of individual feature 

importance regarding how useful they are to identify the different groups of the study 

and the definition of clusters to group similar samples. The correlation was computed 

using the Pearson coefficient, whose values belong to the interval [-1, +1]: +1 signals a 

total positive linear correlation, 0 identifies no linear correlation, and -1 refers to a total 

negative linear correlation. The individual feature importance for determining the target 

was estimated by calculating the mutual information gain measure, i.e., by applying a 

nonparametric method that approximates the decrease of entropy [577]. Non-

hierarchical clustering was performed with the K-means algorithm [578], after 

standardization of the data. The computational analysis of the data was performed using 

Python 3, version 3.7.3. We relied on the Pandas [579], NumPy [580], and SciPy [581] 

packages to load, store and transform the data. Correlations were calculated with 

Pandas, whereas mutual information gain and clustering were performed with scikit-

learn [582]. All data analysis figures were created with Matplotlib and Seaborn modules.  

8.2.19. Statistics 

Data were analyzed in GraphPad Prism 8.02 software (GraphPad Software, Inc.). 

Unless stated otherwise, data from multiple experiments is presented as the mean ± 

standard error of the mean (SEM) and statistical significance was assessed using a 2-way 

ANOVA with Tukey multiple comparison post-test to compare more than two groups 

with two independent variables (treatment and time). A 2-way ANOVA with Sidak 

multiple comparison post-test allowed the comparation between different time 
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incubations in the same group. Significance was accepted with *P < 0.05, **P < 0.01, 

***P < 0.0005, ****P < 0.0001 for comparisons between treatment vs CTL and #P < 0.05, 

##P < 0.01, ###P < 0.0005, ####P < 0.0001 for comparisons during time in the same group 

(24 and 6 h vs 1 h). Significance for additional fructose effect as accepted with $P < 0.05, 

$$P < 0.01, $$$P < 0.0005. 

8.3. Results 

8.3.1. Supra-physiological concentrations of FA increase the accumulation 

of lipid droplets 

Human hepatocarcinoma cells (HepG2) were incubated for a period of 1, 6, and 24 

h with palmitic acid (PA; 0.5 mM) or with a mix of free fatty acid (FFA; 0.25 mM) [573] 

in the absence and presence of F (10 mM). The cytotoxic effects of each treatment were 

evaluated through changes in intracellular lipid content using Nile Red staining. PA and 

FFA treatments significantly increased intracellular neutral lipid content in a time-

dependent manner (Figure 30A). Fructose by itself neither increased intracellular lipid 

content nor aggravated the effects of PA or FFA (Figure 30A). In agreement with results 

from neutral lipid droplets accumulation, the intracellular lipid content increased in the 

order: CTL ≈ F <<< FFA ≈ FFA+F ≈ PA ≈ PA + F. Taken together, these results demonstrate 

that the increase in intracellular lipid content is mainly due to the FA added, as the 

presence of sugar has a residual role on the different degrees of hepatic steatosis. 
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Figure 30. Effect of supra-physiological concentrations of FA on the accumulation of lipid and 

mitochondrial phospholipids content. (A) Lipid droplet content in HepG2 cells treated with palmitic acid 

(PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the presence or absence of fructose (F, 10 mM) 

for 1, 6, and 24 h. (B) A typical chromatogram showing the mitochondrial phospholipids profile (CL, 

cardiolipin; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PC, phosphatidylcholine; SM, 

sphingomyelin; LPC, lysophosphatidylcholine) of HepG2 cells treated with PA or FFA in the presence or 

absence of F for 24 h. This image was inverted and contrast-optimized for visualization purposes. 

Quantification of the bands was performed using the original images. (C) Quantification of phospholipid 

content (CL, PE, PI, PC, SM, and LPC) in multiple experiments. (D) PC/PE ratios obtained in all conditions. 

Data are the mean _ SEM of four independent experiments, and the results normalized on the control 

condition (CTL = 100%, marked by a dotted line). Significance was accepted with * p < 0.05, ** p < 0.01, 

*** p < 0.0005, **** p < 0.0001 for comparations between treatment vs. CTL (BSA 0.01 g/mL) and # p < 

0.05, ## p < 0.01, ### p < 0.0005 for comparations during time in the same group (24 and 6 h vs. 1 h). 

8.3.2. Fructose treatment increased HepG2 fructokinase protein levels 

Fructose overload can lead to a large, rapid increase in the hexose- and triose-

phosphate pools, potentially increasing substrate delivery for central carbon metabolic 

pathways increasing the risk for the development and progression of NAFLD [583, 584]. 

In this context, we measured the protein amount of the first enzyme responsible for 

fructolysis after 24h incubation with PA, FFA, F, PA + F and FFA+F. F treatments increased 
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hepatic fructokinase (Ketohexokinase; KHK) protein level, mainly in F and FFA + F groups 

(Figure 31A-B). Control liver homogenates from 16-week-old C57BL/6J mice was used 

as control, showing that KHK is noticeably more expressed in mouse liver than in HepG2 

cell extracts, as expected (Figure 31A-B). These results suggest that the initial conversion 

of F to Fructose-1-P is likely to occur in HepG2 cells, although lipid accumulation 

resulting from F treatment was not observed under these experimental conditions.  

Figure 31. Effect of supra‐physiological concentration of fructose on hepatic fructokinase protein level. 

(A) Typical Western blot result of whole cell homogenates showing the protein level of Ketohexokinase 

(KHK) in cells treated with palmitic acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the 

presence or absence of F (F, 10 mM) for 24 h. Mouse liver homogenate (30 μg) was used as positive 

control, as KHK is highly expressed in liver. This blot was inverted and contrast‐optimized for visualization 

purposes. Quantification of the bands was performed using the original blots. (B) Quantification of KHK 

protein levels under the different treatment conditions normalized to β‐actin levels and for the control 

group (100% marked by a dotted line). Data are the mean ± SEM of four independent experiments, and 
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the results normalized on the control condition (CTL = 100 %, marked by a dotted line). Significance was 

accepted with *P < 0.05 for comparisons between treatment vs CTL or 0.1 % BSA. 

8.3.3. Supra-physiological concentrations of FA altered mitochondrial phos-

pholipid content 

Given the higher amount of neutral lipids accumulation in cells under different 

treatments, we next investigated whether PA and FFA, alone or in combination with F 

for 24h could alter phospholipid composition of HepG2 mitochondrial-enriched 

fractions (Figure 30B). The analysis of phospholipid classes upon separation by thin-layer 

chromatography (TLC) showed no alterations in phosphatidylcholine (PC) content under 

the different PA- and FFA-treatment regimens. However, there was an increased 

content of PE for FFA alone or in combination with F (Figure 30C). Among the most 

abundant phospholipids in mitochondria, cardiolipin showed an increased content for 

all PA- or FFA-treatments (Figure 30C). Moreover, PA and PA + F treatment resulted in a 

significant increase in phosphatidylinositol (PI) content, and treatment with PA alone 

also resulted in a significant increase in LPC (Figure 30C). Interestingly, treatment with 

F, by itself, significantly decreased CL, PC, and SM (Figure 30C). On the other hand, PA-

treatment significantly increased the PC/PE ratio, and FFA+F treatment decreased this 

parameter (Figure 30D). Overall, our results demonstrate that PA treatment caused 

broader changes in the content of mitochondrial membranes phospholipids.  

8.3.4. Supra-physiological concentrations of FA time-dependently increase 

CM-H2DCFDA oxidation  

We next studied the effect of the different treatment groups in cellular oxidative 

stress by following CM-H2DCFDA dye. PA- and FFA, alone or in combination with F, 

induced a significant time-dependent increase in intracellular ROS levels (Figure 32). 

Fructose by itself showed increased oxidative stress in comparison with control cells for 

all analyzed time points, although no time-dependent effects were observed (Figure 32). 

Interestingly, PA- but not FFA-induced dye oxidation was further increased by F (Figure 

32). Taken together, these results demonstrate that an increase in intracellular oxidative 
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stress paralleled the increase in intracellular neutral lipid content and some 

phospholipids classes. 

Figure 32. Time-dependent effect of supra-physiological concentrations of FA on the levels of CM-

H2DCFDA-oxidizing ROS. Average cellular CM-H2DCFDA oxidation signal in cells treated with palmitic acid 

(PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the presence or absence of fructose (F, 10 mM) 

for 1, 6 and 24 h. Data are the mean _ SEM of four independent experiments, and the results normalized 

on the control condition (CTL = 100%, marked by a dotted line). Significance was accepted with * p < 0.05, 

** p < 0.01, **** p < 0.0001 for comparisons between treatment vs. CTL (BSA 0.01 g/mL) and  ## p < 0.01, 

### p < 0.0005 for comparisons during time in the same group (24 and 6 h vs. 1 h). Significance for additional 

fructose effect as accepted with $$$ p < 0.0005. 

8.3.5. Supra-physiological concentrations of FA altered mitochondrial mem-

brane potential (ΔΨm) and induced changes in mitochondrial mor-

phology  

In order to determine whether PA or FFA treatments alone or in combination 

with F affected mitochondrial morphology and ΔΨm, HepG2 cells were labeled with the 

fluorescent dyes Hoechst (nuclear) and TMRM (polarized mitochondria) and visualized 

by confocal fluorescence microscopy. PA or PA + F treatments induced time-dependent 

alterations in mitochondria structure, including conversion into small round-shaped 
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structures, likely the result of mitochondria fragmentation (Figure 33A). Accordingly, a 

60% decrease in ΔΨm was observed for these treatment regimens at 24h (Figure 33B). 

These alterations were paralleled by the observation of warped nuclei in PA- or PA + F- 

treated cells in contrast with more circular-like structures observed in control cells 

(Figure 33A). FFA alone or in combination with F also showed time-dependent 

mitochondrial fragmentation events, as proven by the decrease in the index of 

interconnectivity (Figure 33C), with no morphological differences in nuclei shape when 

compared with control (Figure 33A). A decrease in ΔΨm was observed under those 

conditions, but the difference only reached statistical significance for FFA treatment 

(Figure 33B). Fructose alone did not affect either cell morphology or ΔΨm (Figure 33A-

B). Taken together the data suggests that FA decreased ΔΨm, which could result in or 

result from alterations in mitochondrial structure and integrity. 

Figure 33. Effect of supra-physiological concentrations of FA on mitochondrial morphology and mtDNA 

copy number. (A) Typical background-corrected (COR) image of HepG2 cells stained with the fluorescent 

cation TMRM and Hoechst 33342 after treatment with palmitic acid (PA, 0.5 mM) or a mix of free fatty 
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acids (FFA, 0.25 mM) in the presence or absence of fructose (F, 10 mM) for 6 and 24 h. The TMRM and 

Hoechst fluorescence intensity was color-coded in red and blue, respectively. (B) Average mitochondrial 

TMRM fluorescence intensity calculated from the images. (C) Index of mitochondrial interconnectivity 

calculated from the images. (D) mtDNA copy number in HepG2 cells treated with PA or FFA in the presence 

or absence F for 6 and 24 h. mtDNA copy number was based on the amplification of cytochrome B 

(encoded on the mitochondrial genome) and -2-microglobulin (encoded on the nuclear genome) ratio. 

Data are the mean ± SEM of three independent experiments, and the results normalized on the control 

condition (CTL = 100%, marked by a dotted line). Significance was accepted with * p < 0.05, ** p < 0.01, 

*** p < 0.0005 for comparisons between treatment vs. CTL (BSA 0.01 g/mL) and ## p < 0.01 for comparisons 

during time in the same group (24 and 6 h vs. 1 h). 

8.3.6. Supra-physiological concentrations of unsaturated FA significantly in-

crease mtDNA copy number 

To understand whether mitochondrial alterations are accompanied by variations 

in mitochondrial DNA (mtDNA), we next studied the time-dependent impact of the 

different treatment groups on mtDNA copy number. No changes were observed on 

mtDNA copy number in cells treated PA ± F (Figure 33D). Interestingly, FFA, regardless 

of F, time-dependently increased mtDNA copy number (Figure 33D). Fructose by itself 

neither increased mtDNA copy number nor aggravated the effects observed for PA- or 

FFA-treatment regimens (Figure 33D). The results suggest that the FFA-treatment 

regimens lead to different mtDNA content, which could result in or result from different 

oxidative damage, being the later more severe. 

8.3.7. Supra-physiological concentrations of FA altered level of OXPHOS 

subunits 

To determine whether fatty acids overload is implicated with mitochondrial 

defects in a time-dependent manner, we semi-quantified protein levels for OXPHOS 

Complex I (NDUFB8), complex II (SDBH), complex III (UQCRC2), complex IV (COXII) and 

complex V (ATP5A) subunits (Figure 34A). PA or PA + F increased the level of complex I 

NDUFB8 subunit by ≈ 50 % at 6 h followed by a decrease to control levels at the 24 h 

time point (Figure 34B).  
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Figure 34. Effect of supra-physiological concentrations of FA on mitochondrial OXPHOS protein levels. 

(A) Typical Western blot result of whole cell homogenates showing the protein level of NDUFB8 (complex 

I), SDHB (complex II), UQCRC2 (complex III), COXII (complex IV), ATP5A (complex V) subunits, and β-actin 

(cytosolic marker) in cells treated with palmitic acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 

mM) in the presence or absence of fructose (F, 10 mM) for 6 and 24 h. This blot was inverted and contrast-

optimized for visualization purposes. Quantification of the bands was performed using the original blots. 

(B) Quantification of OXPHOS proteins levels in multiple experiments normalized to β-actin levels and for 
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the control group (100% marked by a dotted line). (C) Typical BN-PAGE in-gel activity result of 

mitochondrial-enriched fraction homogenates depicting the protein activity of mitochondrial complex I 

(NADH:ubiquinone oxidoreductase) in cells treated with palmitic acid (PA; 0.5 mM) or a mix of free fatty 

acids (FFA; 0.25 mM) in the presence or absence of fructose (F; 10 mM) for 6 and 24h. This image was 

inverted and contrast-optimized for visualization purposes. Quantification of the bands was performed 

using the original images. Data are the mean ± SEM of four independent experiments, and the results 

normalized on the control condition (CTL = 100%, marked by a dotted line). Significance was accepted 

with * p < 0.05, ** p <0.01, *** p < 0.0005 for comparisons between treatment vs. CTL (BSA 0.01 g/mL) 

and # p < 0.05, ## p < 0.01 for comparisons during time in the same group (24 and 6 h vs. 1 h). Significance 

for additional fructose effect as accepted with $ p < 0.05, $$ p < 0.01, $$$ p < 0.0005. 

Although no alterations were found for complex II SDBH subunit at 6 h for any of 

the treatments, the presence of F in combination with fatty acids (PA or FFA) decreased 

this subunit at 24 h (Figure 34B). The level of complex III UQCRC2 subunit was decreased 

at 6 h in PA and FFA treatments in the presence of F, while in the absence of this sugar, 

only the FFA treatment resulted in the same effect. Similarly, F also decreased the 

protein levels of complex III UQCRC2 subunit. 

Interestingly, this effect was also observed at 24 h for F and PA + F treatments, 

while the levels of this protein recovered to control levels after FFA + F treatment (Figure 

34B). Except for PA treatment, all the remaining treatments significantly reduced the 

protein levels of complex IV COXII subunit at 6 h. Interestingly, the levels of COXII subunit 

were equal in all experimental conditions (Figure 34B).  

The level of ATP5A subunit was decreased in PA, and FFA treated cells in the 

presence of F at 6 h, while in the absence of F, no alterations were observed for the 

same time point. Similarly, F also decreased the level of this subunit of complex V. 

Interestingly, in F and PA + F treatment, this effect was also observed at 24 h, while in 

FFA + F treatment, the levels of complex V subunit recovered to control level at the same 

time-point (Figure 34B)  

8.3.8. Supra-physiological concentrations of FA altered native mitochondrial 

electron transport complex I activity 

Altered mitochondrial respiration as resulted from impairment of OXPHOS 

complexes activity has been described as a primary "hit" of NAFLD progression to NASH 
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[585, 586]. To investigate the contribution of these abnormalities to the final 

dysfunction outcome, we measured the in-gel activity of the major OXPHOS complex 

(Complex I) using BN-PAGE electrophoresis at 6 and 24 hours. PA- and FFA-treatment 

showed increased CI activity at 6 h, followed by a decrease to control values at 24 h 

(Figure 34C). Fructose-treatments did not affect complex I activity (Figure 34C). These 

results suggest an early increase of CI activity to overcome the high accumulation of FA, 

with a later decrease possibly due to the excessive fatty acids β-oxidation and ROS 

production. 

8.3.9. Supra-physiological concentrations of FA time-dependently decrease 

oxygen consumption rates (OCR) and increased extracellular acidifica-

tion rates (ECAR) 

In order to determine whether fatty acid overload, in the absence or presence of 

F, affects mitochondrial function, the oxygen consumption rate (OCR) of HepG2 cells 

was measured by using the Seahorse XF-96 Extracellular Flux Analyzer (Figure 35A).  
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Figure 35. Time-dependent effect of supra-physiological concentration of FA on mitochondrial oxygen 

consumption. (A) Typical representation of oxygen consumption rate (OCR) measurement in HepG2 cells 

treated with palmitic acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the presence or 

absence of fructose (F, 10 mM) for 1, 6 and 24 h. Several respiratory parameters were evaluated: (B) 

cellular basal respiration; (C) maximal respiration; (D) ATP production-linked respiration; and (E) proton 

leak. Data are mean ± SEM (expressed as pmol O2/min/cell mass) of four independent experiments, and 

the results normalized on the control condition (CT = 100%, marked by a dotted line. The data obtained 

for the different treatments was compared with the control group. Significance was accepted with * p < 

0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001 for comparisons between treatment vs. CTL (BSA 0.01 

g/mL) and # p < 0.05, ## p < 0.01, ### p < 0.0005, #### p < 0.0001 for comparisons during time in the same 

group (24 and 6 h vs. 1 h). Significance for additional fructose effect as accepted with $ p < 0.05. Legend: 

FCCP—carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone, ROT—rotenone, AA—antimycin A. 

PA- and FFA-treatments significantly decreased basal (Figure. 35B), ATP-linked 

(Figure 35D), and maximal (Figure 35C) OCR respiration in a time-dependent manner, 

while only FFA + F, for the 6h time-point, affected proton leak respiration (Figure 35E). 

Fructose by itself neither altered mitochondrial OCR nor aggravated the effects 

observed for PA- or FFA-treatment regimens (Figure 35). The extracellular acidification 
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rate (ECAR), mostly resultant from extrusion of protons to the surrounding medium 

when lactate is produced, was increased in a time-dependent manner for F-treated cells 

(Figure 37A), although no alterations were observed in PA- or FFA - treated cells (Figure 

37A). The average data are plotted in Figure 35B and 37A. At the data points tested, 

cells subjected to PA treatment were shifted for a more quiescent status, while F-treated 

cells shifted for a more energetic status compared to control data points (Figure 37B). 

8.3.10. Supra-physiological concentrations of FA induced caspases activation 

in HepG2 cells which follows ROS and mitochondrial dysfunction 

In order to determine whether mitochondrial dysfunction resulting from fatty acid 

treatment precedes caspase-dependent apoptotic pathways, caspases 8, 9 and 3/7- like 

activities assays were performed. PA and FFA treatments, in the presence or absence of 

F significantly decreased caspase 8-like activity at 6 and 24 h. On the other hand, F alone 

increased caspase 8-like activity at 24 h time-point (Figure 36A). Regarding caspase 9-

like activity, FFA alone or in combination with F significantly increased its value at 24 h 

time-point (Figure 36B).  
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Figure 36. Time-dependent effect of fatty acid excess on caspase activity and cell viability. (A) Caspase 

8-like activity in HepG2 cells treated with palmitic acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 

mM) in the presence or absence of fructose (F, 10 mM) for 6 and 24 h. (B) Same as panel A but now for 

caspase 9-like activity. (C) Same as panel A but now for caspase 3/7. (D) Cell viability of HepG2 cells 

cultured in the presence of palmitic acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the 

presence or absence of fructose (F, 10 mM) for 6 and 24 h. Data are the mean ± SEM of four independent 

experiments, and the results normalized on the control condition (CT = 100%, marked by a dotted line). 

Significance was accepted with * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001 for comparisons 

between treatment vs.CTL (BSA 0.01 g/mL) and ## p < 0.01, ### p < 0.0005, #### p < 0.0001 for comparisons 

during time in the same group (24 and 6 h vs. 1 h). Significance for additional fructose effect as accepted 

with $ p < 0.05, $$ p < 0.01.  

A slight increase was observed in PA treatments alone or in combination at 24h, 

but only PA-treated cells showed an increased caspase 9-like activity at 6h (Figure 36B). 

On the other hand, PA alone or in combination with F, significantly increased caspases-

3/7 activities in a time-dependent manner (Figure 46C), while FFA treatment had no 

effects on caspase 3/7 activity (Figure 36C). Taken together, these results suggest that 

fatty acids induced an early increase in the mitochondrial-independent apoptotic 

pathway, as observed for the decrease in caspase 8-like activity. Moreover, the 
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activation of mitochondrial-dependent caspase activation appears to be relevant in PA 

and FFA treatments. The data reinforce the idea that FFA- and PA-treatments lead to 

different apoptotic outcomes, being the latter more severe, as observed for the 

significant increase in caspase 3/7 activities. 

8.3.11.  Supra-physiological concentrations of saturated FA time-de-

pendently decrease intracellular ATP levels 

Considering all observed alterations in the mitochondrial activity, we next 

measured cellular ATP levels in all treatment groups.  PA-treatment (+/- F) significantly 

decreased ATP levels in a time-dependent manner, while no changes were observed in 

the case of FFA (Figure 37C).  

Interestingly, F by itself promoted an initial decrease on intracellular ATP levels, 

which were restored to control levels after 24 h (Figure 37C), a pattern that was also 

observed for FFA + F treatment (Figure 37C). Taken together, these results suggest that 

the increase in intracellular lipid droplets did not significantly alter intracellular ATP 

levels. Moreover, the absence of dramatic drop on intracellular ATP levels suggests that 

FA-induced cell damage trigger apoptotic and not necrotic cell death mechanisms. 
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Figure 37. Time‐dependent effects of fatty acid excess on extracellular acidification, ATP levels and cell 

mass. (A) Basal extracellular acidification rate of HepG2 cells treated with palmitic acid (PA, 0.5 mM) or a 

mix of free fatty acids (FFA, 0.25 mM) in the presence or absence of fructose (F, 10 mM) for 1, 6 and 24 h. 

(B) The average mitochondrial basal OCR was plotted against the average basal ECAR (data points taken 

from Fig. 5b and S2a) in cells submitted to the treatments described above. (C) ATP levels in HepG2 cells 

treated with palmitic acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the presence or 

absence of fructose (F, 10 mM) for 6 and 24 h. (D) Same as panel A but now for cell mass density. Data 

are the mean ± SEM of four independent experiments, and the results normalized on the control condition 

(CT = 100 %, marked by a dotted line). Significance was accepted with *P < 0.05, **P < 0.01, ***P < 0.0005, 

****P < 0.0001 for comparisons between treatment vs CTL (BSA 0,01g/mL) and #P < 0.05, ###P < 0.0005, 

####P < 0.0001 for comparisons during time in the same group (24 and 6 h vs 1 h). Significance for additional 

fructose effect as accepted with $$P < 0.01. 

8.3.12. Supra-physiological concentrations of FA time dependently decrease 

cell metabolic activity and mass of human hepatocarcinoma cells  

Final endpoints for lipotoxicity were evaluated by measuring cell metabolic activity 

changes (NADH/NADPH dehydrogenase activity) and mass using the resazurin reduction 

and sulforhodamine B (SRB) assays, respectively. PA regimens reduced HepG2 metabolic 
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activity (Figure 36D) and mass (Figure 37D) in a time-dependent manner, while FFA 

treatment had no effects on cell metabolic activity (Figure 36D) or mass (Figure 37D). 

Fructose by itself increased metabolic activity at 24h (Figure 36D), whereas no 

alterations were observed in cell mass (Figure 37D). Moreover, Fructose did not 

aggravate any of the effects caused by PA- or FFA-treatments alone (Figure 36D and 

37D). These results demonstrate that different fatty acids treatment regimens (FFA or 

PA) induced different changes on cell viability and mass, being the later treatment more 

severe due to hepatic metabolism driven this FA, as observed for the significant 

decrease in cell viability.  

8.3.13. Exploratory data analysis clearly separated PA and FFA regimens by 

identifying a subset of critical mitochondrial markers  

In the present work, we applied exploratory and unsupervised computational data 

analysis techniques to gain insight into the relations between the biomarkers considered 

for this study and identify a minimal subset of critical mitochondrial markers can be used 

to investigate cellular and mitochondrial dysfunction in NAFLD in vitro models. The small 

number of samples prevents a complete and robust statistical analysis of the results, but 

it nevertheless allows for identifying relevant hidden patterns and trends.  

The 6 matrices from Figure 38A present the pairwise correlations for all 

experimental endpoint measures considered in the study. To enhance clarity and focus 

the analysis on the most relevant correlations, only absolute values above 0.7 are 

shown. We present results separately for the PA and FFA treatments, with and without 

F. For completeness, we also present results obtained in a media without any of the 

treatments. The analysis of the results unveils the existence of different correlation 

profiles, regarding PA and FFA treatment groups. While the PA treatment shows a strong 

positive correlation between PC/PE and caspase 9 activation, the same was not 

observed in the FFA regimen. Interestingly, a clear negative correlation is observed when 

comparing ATP levels and basal respiration to caspase 9 activation in FFA treatment.  
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Figure 38. Computational data analysis of all experimental endpoint measures analyzed in different 

lipotoxicity models on human hepatocytes. (A) Correlation matrices of HepG2 cells treated with palmitic 

acid (PA, 0.5 mM) or a mix of free fatty acids (FFA, 0.25 mM) in the presence or absence of fructose (F, 10 

mM). (B) Mutual information gain of each individual experimental endpoint (24 h), regarding the existence 
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of 3 or 6 experimental groups. (C) K-means clustering results, for k = 3, using a subset of selected 

experimental endpoints. 

 

Moreover, metabolic activity correlates negatively with caspase 9 activation, 

suggesting an important role of these mitochondrial markers in future cell death events 

for this treatment. Individual mutual information takes every experimental endpoint 

separately and estimates how relevant this measure is to differentiate targets. It is a 

relevant step, e.g., in the process of building decision trees [577] and, when considered 

in the early stages of an exploratory data analysis, it identifies a subset of features that 

might be particularly relevant to separate experimental samples with different 

treatments. In this step we consider two alternative target definitions: on the first stage, 

we consider 6 targets {CTL, F, PA, PA+F, FFA, FFA+F}; on a second approach we aggregate 

the experimental samples of the original targets two-by-two, ending up with the 

following groups: {{CTL,F},{ PA, PA+F}, {FFA, FFA+F}}. Charts presented in Figure 38B 

display the individual mutual information for the two scenarios. A brief inspection of the 

results reveals that the pattern is similar for both situations: ATP levels, lipid 

accumulation, metabolic activity, ROS levels, cell mass and caspase 3 and 8 are the most 

relevant features to individually estimate the target, both in the detailed and aggregated 

scenarios. There are some slight variations, but no single experimental endpoint exhibits 

a clear different behavior when moving from one situation to the other. 

To complete the computational analysis, we applied a non-supervised learning 

method to verify if it is possible to separate the samples considering just the information 

provided by a limited subset of experimental endpoints. Building on the analysis of the 

mutual information, we selected the following endpoints: {Lipid accumulation, ATP 

levels, Caspase 3, Caspase 9, mtDNA, Metabolic Activity}. All these features exhibit a 

comparatively high discriminative power of the targets, with the exception of mtDNA. 

Nevertheless, we verified that this last endpoint was essential for a good 

separation. between groups. After standardization, the k-means clustering algorithm 

was applied to the selected data. The result obtained, when the parameter specifying 

the number of clusters to form is set to 3, is displayed in Figure 38C. Three well-formed 

clusters, exhibiting good cohesion and separation, are reported by k-means. The clusters 
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are perfectly homogeneous when considering the aggregated 3 experimental groups 

previously defined, confirming that the selected subset of features can separate targets. 

We did some additional experiments and verified that it is not possible to separate the 

6 original groups considering any subset of the experimental endpoints. One result from 

the computational analysis is that the presence or absence of F does not interfere with 

any separation of the different groups studied, at least in the cell lines used. Indeed, the 

output of computational analysis strongly correlates with the biological outcomes 

observed, reinforcing the crucial importance of mitochondria in apoptotic pathways in 

fatty acid overload scenarios  

8.4. Discussion 

Supra-physiological accumulation of FA and/or sugars overload in hepatic cells 

lead to a significant increase in lipid accumulation in the cytoplasm, which can be toxic 

after a concentration threshold is reached [571]. Here, we investigated time-dependent 

cellular effects of different in vitro FA overload strategies in the presence or absence of 

F to understand the chronological events leading to mitochondrial dysfunction upon su-

pra-physiological FA exposure.  Exploratory and unsupervised computational approach 

identified a minimal subset of critical mitochondrial markers that can be used to predict 

cell death in NAFLD models on human hepatocytes to create a model for high through-

put screening of possible therapeutic agents, with particular focus in measuring mito-

chondrial function. Lipotoxicity driven by high concentrations of lipids and/or 

carbohydrates exposure has been reported in several in vitro studies [548, 549, 587–

589]. However, different cellular outcomes were attained depending on lipid 

composition and/or number of double bonds, which suggest different cellular responses 

depending on FA composition and time of exposure. We used a well-established human 

hepatoma cell model (HepG2) owning to the fact that these cells contain major lipid 

metabolizing enzymes such as triglyceride lipase or 3-hydroxy-3-methyl-glutaryl-coen-

zyme A reductase (HMG-CoA reductase) [590], which validate that cell line as a proper 

model for steatotic phenotype studies. To study FA overload, we exposed HepG2 cells 

to PA, which is the most abundant saturated FFA in mammals and a mixture of FFA (39 

% C16:0; 5 % C18:0; 50 % C18:1; 4 % C18:2; 2 % C20:4), in order to mimic FFA 
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composition in a liver of 24 weeks Western diet- fed mice [572, 573]. The novelty of this 

work was that we performed initial time-dependent experiments on lipids droplets ac-

cumulation and demonstrated that both PA and FFA induced a progressive steatotic 

phenotype. Although the FFA mixture has been used at half the PA concentration, com-

pared to PA, an identical steatotic phenotype was measured. This result is following pre-

vious studies demonstrating that FA structure but also the cellular availability of FA af-

fects lipid droplets accumulation [591]. The addition of F did not result in the accumula-

tion of lipid droplets by itself and did not aggravate the degree of hepatic steatosis when 

combined with FA. Interestingly, an increased protein amount of hepatic fructokinase 

was observed in the F group, suggesting that fructolysis may be stimulated by F treat-

ment in this cell model. The small decrease in ATP levels observed at 6h hours for F 

treatment reinforces the idea of an efficient conversion of Fructose to Fructose-1-P. This 

result is in accordance with previous studies demonstrating that the initial decreased 

ATP levels for treatments involving F can be due to the rapid conversion of F to fructose-

1-P and later to fructose-1,6-bis P in liver cells, which are both ATP-dependent processes 

[592]. However, in HepG2 cells, the rate of this process seems to be lower when com-

pared with mouse liver homogenates, as observed by the higher amount of KHK, prob-

ably explaining the lack of lipid droplets accumulation in F treatments. Although meta-

bolic effects of F were well documented in these experimental conditions, longer incu-

bation periods should be addressed to reflect TG accumulation in HepG2 cells. 

Cellular (phospho)lipid homeostasis is important, particularly for mitochondrial 

activity, as it plays an important role in coordinating the synthesis of some key mem-

brane phospholipids [593]. The major constituting mitochondrial membrane phospho-

lipids are phosphatidylcholine (PC) (41%) and phosphatidylethanolamine (PE) (32%) 

[594]. Both PA and FFA treatments showed to induce alterations in phospholipids con-

tent with a crucial role in maintaining the structure, integrity, and bioenergetics of mi-

tochondria [595]. On the other hand, F-treated cells showed decreased levels of most of 

the phospholipids. Phosphatidylinositol (PI) was increased in PA and PA+F treatments, 

although no difference was observed with FFA (± F). Increased PI and phosphoinositides 

were reported and associated with vacuolar membranes formation and endocytosis 

[596]. PC/PE ratio alterations may modulate membrane plasticity and bending rigidity 
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with impact on the conformation dynamics of protein transmembrane domains and reg-

ulate the appearance of lipid packing defects influencing fusion phenomena and binding 

and activity of peripheral membrane properties[597]. PE is highly enriched in mitochon-

drial inner membranes (~ 40% of total phospholipids) compared to other organelle 

membranes (15–25% of total phospholipids). In our work, PE was significantly increased 

on FFA regimens (but not in PA treatments) with no significant alterations for PC, which 

results in lower PC/PE ratios for FFA treatments, mainly FFA + F. This result, together 

with higher mtDNA content for the same conditions could indeed mean an increase in 

mitochondrial mass as an adaptative response to FFA overload. A recent study in 

hepatocytes from mice showed that lower ratios of PC/PE, a consequence of PE in-

crease, stimulate mitochondrial respiration and activities of proteins of the electron 

transport chain [598]. 

Moreover, lower hepatic PC/PE ratios were reported in simple steatosis (SS) 

patients [599]. In contrast, we observed a decrease in mitochondrial respiration, which 

may indicate that increase in PE content imposes a curvature stress on the membranes 

that result not as closely packed as those formed by PC [600], creating lipid-packing 

defects with deleterious consequences in ΔΨm and O2 consumption. Interestingly, an 

increase in mitochondrial PC/PE molar ratio in Chinese hamster ovary cells leads to an 

impairment in cell survival and growth. In addition, oxygen consumption, cellular ATP 

levels and the rate of ATP production were markedly reduced, consistent with defects 

in OXPHOS complexes [601]. Furthermore, a rise in PC/PE ratio has also been found to 

induce ER stress, leading, in this case, to the unfolding protein response (UPR) through 

disrupted calcium homoeostasis in leptin-deficient obese mice [309]. As a matter of fact, 

PA regimens induced a slight increase in PC/PE ratios, as well as a decrease in ATP and 

OXPHOS complexes, followed by cell death This result is in accordance with previous 

studies demonstrating that FA overload led to changes in mitochondrial membrane 

phospholipids profile, possibly with deleterious effects on cellular ROS production and 

mitochondria function [602].  

In our work, supra-physiological levels of FA, in the presence or absence of F, time-

dependently increased intracellular ROS levels [548]. In fact, increased mitochondrial β-

oxidation of FA, in which FA are repeatedly cleaved to produce acetyl-CoAs that feed the 
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Krebs cycle and produce reducing equivalents for oxidative phosphorylation [603], is an 

important source of ROS in NASH [604]. Different levels of steatosis could correlate with 

stages of mitochondrial health and vice versa. Moreover, altered phospholipids content 

paralleled by a time-dependent increase in ROS levels support the idea that lipid perox-

idation and membrane remodeling could be related. Our work also showed that PA or 

PA + F treatments resulted in mitochondrial network fragmentation and decreased mi-

tochondrial membrane potential (ΔΨm) The data suggests that the FFA-treatment regi-

mens and PA-treatment led to different oxidative damage status, being the later more 

severe, and mitochondrial dysfunction, probably due to alterations in mitochondrial 

structure and integrity. Mitochondria are highly dynamic organelles with constant 

changes in shape, size and localization around the cell [605]. Mitochondrial shapes vary 

from small sphere-shaped and oval to extremely interconnected filamentous networks 

[606]. Altered ΔΨm followed by morphological deformation of mitochondria has been 

reported in NAFLD, suggesting the involvement of mitochondrial dynamics in the path-

ogenic progression [607]. This result follows previous studies demonstrating that in vitro 

incubation of cells with saturated fatty acids induces mitochondrial dysfunction, playing 

a crucial role in NAFLD progression [608].  

Mitochondrial dysfunction is commonly associated to mitochondrial 

fragmentation and loss of mitochondrial DNA (mtDNA) integrity [609]. FFA, but not PA, 

both in the absence or presence of F, time-dependently increased mtDNA copy number. 

This result is in accordance with previous studies demonstrating that polyunsaturated 

fatty acids increase mtDNA copy number in human skeletal muscle cells and mouse 

muscle myoblasts (C2C12) [610, 611], while supra-physiological saturated fatty acid 

overload treatment reduced mtDNA copy number in C2C12 cells [612]. Although the 

initial response to high FA import would be an adaptative response to increasing the 

number of copies of mtDNA [613] and consequently mitochondrial biogenesis, long-

term oxidative stress lead to the depletion of mtDNA alongside mitochondrial 

dysfunction [614]. The data reinforce the idea previously described in the literature that 

polyunsaturated fatty acids can increase mtDNA copy number as an adaptative response 

to counteract the initial oxidative stress-induced damage in HepG2 cells [610]. The 

increase of cardiolipin levels for different treatments also corroborates a possible 



PART III 
Chapter 8 

 

 

178    Ricardo Amorim | University of Coimbra 
 

adaptation mediated by mitochondrial biogenesis due to CL role in maintaining inner 

membrane architecture and osmotic stability and the ability to assemble the respiratory 

supercomplexes [601]. Several studies in rats showed increased levels of CL in the liver 

as trigger to maintain or boost mitochondrial function in response to the excessive 

energy substrate availability [615, 616]. However, excess cardiolipin has also been 

shown to have harmful effects on mitochondria, mainly to its highly susceptible to 

peroxidation driven by the proximity to respiratory chain proteins, which are the main 

ROS generators [617]. 

Mitochondrial dysfunction is commonly associated to mitochondrial fragmenta-

tion and alteration of oxidative phosphorylation process [609]. In fact, a defective mito-

chondrial OXPHOS has been linked to the deleterious effects of FA accumulation and the 

generation of oxidative stress on hepatocytes during NAFLD [608]. The present results 

suggested an early increase of complex I NDUFB8 subunit possibly to overcome the ex-

cess of supply of fatty acids deposition on the cell and to compensate the decrease of 

OXPHOS complexes III (UQCR2), IV (COX2) and V (ATP5A) subunits, which is progressively 

lost with time. The data also suggests a fructose-induced decrease in the level of several 

OXPHOS subunits, which could be explained by the decrease in phospholipid content 

[618]. 

Excess FA critically induces ROS formation, resulting in lipotoxicity associated with 

ER stress, calcium dysregulation, mitochondrial dysfunction, and bioenergetics failure 

[619]. PA- and FFA-treatments significantly decreased basal, ATP-linked, and maximal 

OCR respiration in a time-dependent manner, while no changes were observed on pro-

ton leak respiration. Fructose by itself neither decreased mitochondrial function nor ag-

gravated the effects observed for PA- or FFA-treatment regimens. The extracellular acid-

ification rate (ECAR) increased for all treatments involving F, in a time-dependent man-

ner, although no alterations were observed in PA- or FFA- treated cells. Consequently, 

PA-treated cells' metabolic profile shifted for a more quiescent status, while F-treated 

cells shifted for a more energetic status compared to control data points. Taken to-

gether, these results demonstrate that the increase in intracellular lipid droplets, paral-

leled by an increase in intracellular ROS levels, led to mitochondrial impairments and 

consequently, failure of mitochondrial bioenergetics. In most mammalian cells, cellular 
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energy is generated by the integrated action of the glycolysis pathway in the cytosol, 

and the tricarboxylic acid (TCA) cycle and OXPHOS system in the mitochondrion [620, 

621]. These systems produce energy by catabolizing substrates (e.g. glucose, FA and glu-

tamine) and generate protons (H+) and lactate during pyruvate metabolism. Alterations 

in cellular energy metabolism often induce extracellular acidification, the rate and 

mechanism of which depend on the cell type and used energy substrate [516]. This re-

sult agrees with previous studies demonstrating that different FA (PA or FFA) overload 

progressively led to failure of mitochondrial bioenergetics [622, 623], while sugars (e.g. 

fructose) may potentiate the glycolytic machinery [624]. 

Excessive FA accumulation in the liver can trigger oxidative stress, due mainly to 

early mitochondrial adaptation and further mitochondrial dysfunction, ending with up-

regulating of hepatocyte apoptosis via oxidative stress-mediated mechanisms [625]. So 

far, studies indicate that there are two main apoptotic pathways: the extrinsic or death 

receptor pathway and the intrinsic or mitochondrial pathway, both resulting from 

caspase 3 cleavage and dismantling of intracellular components [626].  

Our results suggest that FA induced an intrinsic or mitochondrial apoptotic 

pathway as observed to decrease caspase 8-like activity and time-dependent increase 

in caspase 9. Indeed, caspase-9 is required for mitochondrial morphological changes and 

ROS production by cleaving and activating Bid into tBid [627]. Moreover, FFA-treated 

cells showed a later onset in caspase activation when compared with PA-regimens. The 

data reinforce the idea described above that FFA-treatment regimens and PA-treatment 

lead to different oxidative damage status, being the later more severe, as observed for 

the significant increase in caspase 3/7-like activities. F-treated cells showed increased 

caspase 8-like activity at 24h with no changes in caspase 9 activation, which suggests 

that fructose could induce apoptosis by activating extrinsic pathway. When caspase-8 is 

activated, the execution phase of apoptosis is triggered in this pathway [628]. 

Furthermore, the presence of fructose in FA treatments increase caspase 8 activity when 

compared with FA alone, without increase caspase 3/7-like activities or aggravate cell 

viability. 
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This result is in accordance with previous studies demonstrating the involvement 

of caspase-dependent cell death in the lipotoxicity associated with fatty acid overload 

treatment [629] and that different FA and their cellular availability differentially affected 

cell's response [549]. Moreover, a link between changes in other mitochondrial lipids 

and apoptosis events has been described [596]. Concentrations of lysolipids, or 

ceramides, above their critical micellar concentration can be cytotoxic, as they favor the 

permeabilization of the outer mitochondrial membrane to release apoptogenic factors 

into the cytoplasm, acting like detergents [630–633]. In our study, PA-treatment in-

creased LPC levels, corroborating similar results observed in Huh-7 cells [564] and hu-

man plasma [634].  

Intracellular ATP levels is an in vitro and in vivo determinant parameter of the cell's 

decision to die by apoptosis or necroptosis. PA-treatment regimens (in the absence or 

presence of F) time-dependently significantly decreased ATP levels, while no changes 

were observed on FFA-treatment regimen. This suggests that the increase of intracellu-

lar in intracellular lipid droplet did not significantly alter intracellular ATP levels, proba-

bly because in this treatment, cells can still supply ATP demands through glycolysis. 

Moreover, the absence of a dramatic drop in intracellular ATP levels suggests that FA-

induced cell damage triggers apoptotic and not necrotic cell death mechanisms [635], 

although we did not measure necrosis markers in this work. 

Activation of apoptotic caspases results in inactivation or activation of substrates, 

and the generation of a cascade of signaling events permitting the controlled demolition 

of cellular components [636]. Hereupon, PA treatment time-dependently reduced 

HepG2 metabolic activity and mass, while FFA treatment had no effects on cell meta-

bolic activity or mass. Fructose by itself neither reduced cell metabolic activity and mass 

nor aggravated the effects observed for PA- or FFA-treatment. The FFA regimens dis-

played similar features regarding PA treatments, such as decreased basal and ATP-linked 

respiration and ΔΨm reduction and increased ROS levels and CL content but the ener-

getic state of the cell was unaltered with no evidence for caspases 3/7 activation. These 

data demonstrate that different FA overload (FFA or PA) induced different changes on 

cell metabolism and death, being the later more severe due to hepatic metabolism 

driven by PA, as observed for the significant decrease in cell viability. This result is in 
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accordance with previous studies demonstrating that unsaturated FA showed protective 

effects against PA-induced toxicity [637–639]. 

8.5. Conclusions  

In summary, we suggest a mechanism of fatty acid overload with a strong associ-

ation between mitochondria dysfunction and cell death in the HepG2 in vitro model (Fig-

ure 39). Our results confirmed that both FA treatments induce a time-dependent mito-

chondrial apoptotic pathway, with the deleterious phenotype observed in PA regimens. 

In agreement, a more comprehensive understanding of how mitochondria chronologi-

cally behave in different FA ± fructose incubations in in vitro model allowed to attain a 

feasible model in which mitochondria dysfunction increased in the order: CTL < F < FFA 

+ F≤ FFA < PA ≤ PA + F. 

The unsupervised learning algorithms used here created homogeneous and 

cohesive clusters, with a clear separation between PA and FFA treated samples, 

identifying a minimal subset of critical mitochondrial experimental endpoints that 

predict cell dysfunction and death in NAFLD or for high throughput screening of possible 

therapeutic agents. 
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Figure 39. Proposed mechanism for fatty acid overload and mitochondrial dysfunction on human hepatocytes. FA overload are toxic and trigger a time-dependent caspase apoptotic cell death. 
The progressive increase in neutral lipids content and phospholipid modifications in mitochondria, followed by a large increase in ROS levels compromise mitochondrial function (decrease in 
ΔΨm, O2 consumption, and OXPHOS protein levels). Mitochondrial impairment can potentiate even more ROS production. ROS itself, or in conjugation with mitochondrial dysfunction, can lead 
to activation of caspase-dependent apoptotic cell death pathways. Thus, fatty acid overload led to a time-dependent decrease in cell viability.  
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9. Chapter  
Mitochondria-targeted antioxidant AntiOxCIN4 
improved liver steatosis in Western Diet-fed mice by 
preventing lipid accumulation due to upregulation of 
fatty acid oxidation, quality control mechanism and 
antioxidant defense systems 

 
The in vivo data presented in this chapter was a collaborative work between the 

Centre for Neuroscience and Cell Biology (CNC) in Coimbra, Portugal, the University of 

Porto, Portugal, and the Nencki Institute of Experimental Biology of the Polish Academy 

of Sciences in Warsaw, Poland. This collaboration work resulted in the already submitted 

paper, to Redox Biology (REDOX-D-22-00179) entitled “Mitochondria-targeted 

antioxidant AntiOxCIN4 improved liver steatosis in Western Diet-fed mice by 

preventing lipid accumulation due to upregulation of fatty acid oxidation, quality 

control mechanism and antioxidant defense systems” and which I am co-first author. 

 

Regarding to this in vivo study, I was responsible, together with Inês Simões (at 

the time a PhD student from Nencki Institute of Experimental Biology of the Polish 

Academy of Sciences) to daily supplement animals with AntiOxCIN4, the weekly change 

of water and food in the cages and to weight of the animals at UC-Biotech bioterium, 

Cantanhede. 

 

9.1. Introduction 

NAFLD has become a worldwide public health concern as metabolic syndrome-

associated disorders rise. Although the cellular mechanisms behind NAFLD pathogenesis 

are still controversial, a redox imbalance promoted by exacerbated ROS production 

seems to contribute to hepatotoxicity and pro-inflammatory processes [372]. These 

events ultimately culminate in the deleterious progression of the disease from an early 

stage (NAFL into NASH) and fibrosis. Accumulating evidence of OxS-related phenomena 

in NAFLD progression fomented antioxidant-based therapies research in NAFLD context. 
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For instance, vitamin E reduced serum alanine aminotransferase (ALT) levels and hepatic 

inflammation in NASH patients. However, no improvement in fibrosis was observed 

[332]. Moreover, in phase II of a clinical trials, silymarin, an extract of milk thistle, known 

for its antioxidant properties, did not reduce NAFLD activity score (NAS) in NASH pa-

tients [640]. More recently, accumulating evidence showing that impairments in mito-

chondrial function contribute to NAFLD progression spurred active drug discovery ef-

forts focused on mitochondrial pharmacology [641]. Among those, mitochondria-tar-

geted antioxidant MitoQ decreased OxS, cell death and inflammation, reducing liver fi-

brosis in carbon tetrachloride (CCl4)-treated mice [642]. Moreover, MitoQ increased 

liver mitochondrial cardiolipin content in obesogenic diet-fed rats [447]. Nonetheless, 

MitoQ failed or had minimal beneficial effects in clinical trials of OxS-related disorders, 

such as Parkinson disease or hepatitis C [449, 450]. 

As NAFL progresses compromised activation and execution of cellular quality con-

trol processes have been widely described [643]. In fact, the blockage of the autophagic 

pathway contributes to an exacerbation of hepatocyte lipid accumulation and subse-

quent NAFLD progression, due to impaired regulation of lipophagy [644]. Several poly-

phenol antioxidants are important autophagic inducers [645, 646]. Caffeic acid im-

proved hepatic steatosis in HFD-fed mice by stimulating autophagy [647] or by alleviat-

ing endotoxemia and the proinflammatory response [648]. Notwithstanding, caffeic acid 

was shown to have poor permeability across human colorectal Caco-2 cells, with low 

intestinal absorption and low oral bioavailability in rodents [647].  

NAFLD is a complex and multifactorial disease, which stimulates diverse therapeu-

tic approaches. Thus, new potential drug candidates presenting target-specific affinity 

(mitochondria engagement) and the ability to regulate several cellular processes (mito-

chondrial redox status and quality control mechanisms) to confer cellular protection 

against oxidative insults are needed. Previously, we demonstrated that the mitochon-

driotropic antioxidant based on natural dietary caffeic acid (AntiOxCIN4) can prevent 

OxS-related complications through activation of endogenous ROS-protective pathways 

in normal primary human fibroblasts (PHSF) [460] and in PHSF from sporadic Parkinson 

disease patients [461]. AntiOxCIN4 also increases cell stress resistance in human 
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hepatoma-derived cells (HepG2) by activating the Nrf2-p62-KEAP1 axis, leading to up-

regulation of antioxidant defenses, triggering macroautophagy and/or mitochondrial 

autophagy (mitophagy) and mitochondrial biogenesis, contributing to higher resistance 

to OxS and lipotoxicity events [649]. 

In this chapter, we collected clear evidence for the therapeutic benefits of the An-

tiOxCIN4 supplementation in a Western diet (WD)-induced NAFL mice model. Cellular 

and molecular evidence in human hepatocytes (HepG2) subjected to supraphysiological 

FFA were acquired to corroborate the in vivo data. Our study shows the beneficial role 

of AntiOxCIN4 supplementation in NAFL, suggesting the potential mechanism of action 

for improving steatotic liver phenotype. The remarkable effects of AntiOxCIN4 supple-

mentation on fatty acid oxidation (FAO) and endogenous antioxidant defense stimula-

tion as well as the prevention of obesity-induced autophagic blockage in WD-fed mice 

highlight AntiOxCIN4 as a great potential candidate for the prevention/treatment of 

NAFL. 

 

9.2. Material and Methods 

9.2.1. Chemicals and reagents 

Cell culture medium, medium components, chemicals and reagents were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified. 

9.2.2. Synthesis of AntiOxCIN4 

The synthetic strategy and procedures used in the synthesis of the mitochondrio-

tropic antioxidant AntiOxCIN4 have been previously described [458]. The structural data 

is in accordance with the literature [458]  and the purity of AntiOxCIN4 was higher than 

98%. 

9.2.3. Ethics 

The animal study was approved by the Animal Welfare Committee at the Univer-

sity of Coimbra (ORBEA_131_2016/24032016) and by the Portuguese Authority of Di-

rectorate-General for Food and Veterinary (DGAV - 0421/000/000/2016). All the 



PART III 
Experimental Procedure and Results 

 

 

PhD in Experimental Biology and Biomedicine  187 
 

procedures were also conducted in accordance with the European Union directive 

(2010/63/EU) by accredited users. 

9.2.4. Animal study 

Four-week-old male C57BL/6J mice were obtained from Charles River Laboratories 

(Charles River, Barcelona, Spain). Animals were housed at the Bioterium of the Center 

for Neuroscience and Cell Biology, University of Coimbra (UC) – Biotech (Pathogen Free 

Animal Facility, according to the FELASA agents exclusion list) under controlled 12 h 

light/dark cycles at 20-24ºC with 45-65% of humidity environment. Upon delivery to the 

Bioterium, animals acclimatized for 1 week with unlimited access to sterilized water and 

standard chow diet (SD), composed of 48 % carbohydrate, 14 % protein and 4 % fat 

(2014S). The chow diet was purchased from ENVIGO Teklad (Madison, MI, USA). At the 

beginning of the experimental study, animals (n = 20) were divided in 2 experimental 

groups: in the first one (n = 10), mice were fed with a SD and a vehicle sugar free jelly 

(daily) (Vehicle + SD), whereas in the other group (n = 10), mice were fed with SD and a 

sugar free jelly containing AntiOxCIN4 (2.5mg/animal/day) (AntiOxCIN4 + SD). After two 

weeks, each experimental group was divided into two other groups: half of the mice 

were maintained in SD while the other half of the mice were fed with “Western Diet” 

(WD) for sixteen weeks. Therefore, the Vehicle + SD group was divided in Vehicle + SD 

(n = 5) and Vehicle + WD (n = 5); while AntiOxCIN4 + SD was divided in AntiOxCIN4 + SD 

(n = 5) and AntiOxCIN4 + WD (n = 5). WD was composed of 35 % carbohydrate, 21 % 

protein and 3 0% fat (E15126 - Ssniff, Soest, Germany), being supplemented with 30 % 

sucrose in drinking water. The group of mice fed with Vehicle + SD was established as 

the control group of the study. After the period of feeding, mice were anesthetized by 

isoflurane inhalation and then, animal euthanasia by cervical dislocation. Right before 

cervical dislocation, blood samples were taken by cardiac puncture into EDTA KE-coated 

microtubes (Sarsted, Nümbrecht, Germany), centrifuged and the plasma was collected 

and stored for further analysis (−80ºC). The livers were excised, weighed and divided 

either for mitochondrial isolation, histological staining or stored at -80ºC until further 

investigations. 
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The main goal of this study is to evaluate the preventive effects of AntiOxCIN4 on 

WD-fed animals with an induced NAFL phenotype. Therefore, animals that did not de-

velop the expected phenotype [487] were excluded from the study. 

9.2.5. Plasma analysis 

Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity lev-

els, indicators of hepatocyte function, and cholesterol levels were measured using com-

mercially available kits (A-R0200001001, A-R0200001101 and A-R0100000501, respec-

tively; I.S.E. S.r.l., Guidonia, Italy) according to the manufacturer's protocol in an auto-

mated analyzer Miura 200 (I.S.E. S.r.l.). 

9.2.6. Liver histology 

For hematoxylin and eosin (H&E), Masson trichrome and immunohistological 

stainings, excised livers were fixed in 10 % neutral buffered formalin (HT 50-1-1, Sigma-

Aldrich) for 48 h at room temperature. Then, the tissue was trimmed and processed for 

paraffin embedding. Briefly, the protocol was as follows: 70 % ethanol (two times, 1 h 

each), 80 % ethanol (1 h), 95 % ethanol (1 h), 100 % ethanol (three times, 1.5 h each); 

then xylene (3 times, 1.5 h each); and paraffin wax (two times at 58-60 ºC, for 2 h each) 

in order to get paraffin blocks. 

1) For H&E and Masson trichrome, paraffin blocks were cut into 3 µm slices 

and mounted on SuperFrost microscope slides (Gerhard Menzel GMBH, Braunschweig, 

Germany). Liver slices were deparaffinized and rehydrated before H&E and Masson tri-

chrome staining were applied according to the standard protocol [650]. For Masson’s 

staining, Bouin’s solution (HT10132, Sigma-Aldrich), Weigert’s iron hematoxylin solution 

(HT1079-1SET, Sigma-Aldrich) and Masson Trichrome Stain kit (HT15-1KT, Sigma-Al-

drich) were used. 

2) For immunohistochemistry of CD3, CD4 and CD68 inflammatory markers, 

formalin-fixed embedded paraffin samples were used. Before antigen detection, antigen 

retrieval was performed using low pH Target Retrieval Solution (DAKO, Glostrup, Den-

mark) at 99.5°C for 30 min. Then, the following antibodies were used: CD3 (A0452, 
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Agilent, Santa Clara, USA), CD4 (orb4830, Biorbyt, St Louis, USA) and CD68 (GTX37743, 

GeneTex, Alton Pkwy Irvine, USA).  

3) All the stainings were visualized in a Hamamatsu NanoZoomer 2.0 RS 

scanner (Hamamatsu Photonics, Hamamatsu, Japan) at the original magnification of 

40×. 

4) NAFLD activity (NAS) score was firstly described by Kleiner et al [650]. This 

system is based on the histopathological evaluation of four criteria: steatosis, hepato-

cellular ballooning, lobular inflammation and fibrosis. Steatosis grade comprises: grade 

0 = <5 %; grade 1 = 5-33 %; grade 2 = 34-66 %; grade 3 = >66 %. Ballooning grade includes: 

grade 0 = none; grade 1 = a few ballooned cells; grade 2 = many ballooned cells. Lobular 

inflammation comprises: grade 0 = none; grade 1 = < 2 foci per field of view (200x mag-

nification); grade 2 = 2-4 foci per field of view; grade 3 = > 4 foci per field of view (note: 

lipogranulomas are considered in this category). Fibrosis grade includes: grade 0 = none; 

grade 1a = zone 3, perisinusoidal fibrosis; grade 1b = zone 3, perisinusoidal fibrosis being 

detected in H&E; grade 1c = only periportal/ portal fibrosis; grade 2 = zone 3 plus peri-

portal/portal fibrosis; grade 3 = zone 3 plus periportal/portal fibrosis with bridging fibro-

sis; grade 4 = cirrhosis. & - represents the sum of steatosis, hepatocyte ballooning, lob-

ular inflammation and fibrosis grades obtained. This analysis was performed blindly by 

a pathologist of The Children’s Memorial Health Institute (Warsaw, Poland). 

9.2.7. Mitochondrial isolation  

Livers (without gallbladder) were washed, minced and homogenized in an ice-

cold homogenization solution I (50 mM Tris-HCl, pH 7.4, 75 mM sucrose, 225 mM man-

nitol, 0.5 % fatty acid free bovine serum albumin (BSA), 0.5 mM EGTA). Liver homoge-

nate was centrifuged at 740Xg at 4 ºC for 3 min. The supernatant was collected and 

centrifuged again at 740Xg at 4 ºC for 5 min. Then, supernatant was collected and cen-

trifuged at 10000Xg at 4 ºC for 10 min. The supernatant was isolated and stored as the 

cytosolic fraction. The mitochondrial fraction pellet was resuspended in ice-cold solution 

II (50 mM Tris-HCl, pH 7.4, 75 mM sucrose, 225 mM mannitol, 0.5 % fatty acid free BSA) 

and centrifuged at 10000x g at 4ºC for 10 min. The resulting pellet was resuspended in 

ice-cold solution III (50 mM Tris-HCl, pH 7.4, 75 mM sucrose, 225 mM mannitol) and for 
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the last time centrifuged at 10000Xg at 4 ºC for 10 min. The final pellet was resuspended 

in ice-cold solution III. Mitochondrial protein content was quantified according to the 

bicinchoninic acid (BCA) assay. 

9.2.8. Isolated hepatic mitochondria oxygen consumption rate measure-

ment 

A XFe96 sensor cartridge placed in a 96-well calibration plate was left to hydrate 

at 37ºC in the day before the assay. For the coupling assay, XFe96 sensor cartridge was 

loaded with ADP (4 mM final), oligomycin (2 µg/µL final), FCCP (4 µM final) and antimycin 

A (2 µM final) in MAS 3x. Plate injections were performed according to: ADP into port A, 

oligomycin into port B, FCCP into port C and antimycin A into port D. 2.5 µg of fresh liver 

fresh isolated mitochondria was diluted in mitochondrial assay solution (MAS) 1x (70 

mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1.0 mM 

EGTA and 0.2 % fatty acid-free BSA (pH 7.2)) containing the substrates: succinic acid (10 

mM) and rotenone (2 µM); and pyruvic acid (10 mM) and malic acid (5 mM). OCR mito-

chondrial states: State 2 - basal oxygen consumption; State 3 - ADP-stimulated respira-

tion; State 4o - no-ADP stimulated respiration; State 3u - maximal uncoupled respiration; 

AA - inhibition of respiration. 

For the electron flow assay, inhibitors were prepared in MAS 3x and injected as 

follows: rotenone (2 µM final) into port A, succinic acid (10 mM final) into port B, anti-

mycin A (2 µM final) into port C and ascorbate (10 mM final)/N,N,N′,N′-tetramethyl-p-

phenylenediamine (TMPD) (100 µM final) into port D. 2.5 µg of fresh liver fresh isolated 

mitochondria was diluted in mitochondrial assay solution (MAS) 1x (70 mM sucrose, 220 

mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1.0 mM EGTA and 0.2 % fatty 

acid-free BSA (pH 7.2)) containing the substrates: pyruvic acid (10 mM),  malic acid (2 

mM) and FCCP (2 µM).  

After seeding mitochondria in the 96-well assay plate, the plate was centrifuged 

at 2000Xg per 20 min at 4ºC followed by 10 min of incubation at 25 ºC. Compounds were 

pneumatically injected, and three baseline rate measurements of OCR and electron flow 

assay were performed using a 30 s mix followed by 3 min cycle. Data obtained was ana-

lyzed using Software Version Wave Desktop 2.6. 
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9.2.9. Evaluation of mitochondrial permeability transition pore (mPTP) 

opening in isolated liver mitochondria 

The sensitivity of isolated liver mitochondrial fractions to mitochondrial permea-

bility transition pore (mPTP) opening was measured at 540 nm using a Cytation 3 multi-

mode microplate reader (BioTek Instruments, Inc.). The assay was done using 150 µg of 

mitochondrial protein in the presence of reaction buffer (225 mM mannitol, 75 mM su-

crose, 1 mM KH2PO4, 3 mM HEPES and 10 µM EGTA), 10 mM succinate and 2 µM rote-

none. The reaction was initiated by adding the following mPTP inducers: 200 µM tert-

butyl hydroperoxide and 150 µM CaCl2. A negative control for mPTP opening was per-

formed by adding the specific pore de-sensitizer 1 µM cyclosporin-A to the well plate 

prior to mPTP inducers. 

9.2.10. Evaluation of H2O2 production in isolated liver mitochondria 

Mitochondrial ROS (mtROS) production was measured at an excitation wavelength 

of 560 nm and emission wavelength of 590 nm using a Cytation 3 multi-mode microplate 

reader (BioTek Instruments, Inc.) using the Amplex Red kit. The measurement was initi-

ated by adding 100 µg of mitochondrial protein to the reaction buffer (50 mM Tris-HCl, 

pH 7.4, 75 mM sucrose, 225 mM mannitol) supplemented with 5 µM Amplex Red, 20 

U/mL horseradish peroxidase and 40 U/mL superoxide dismutase (SOD) in the presence 

of 5 mM glutamate/malate or 10 mM succinate/2 µM rotenone as the source of the 

substrate. mtROS were determined from the slope of the linear regression of experi-

mental values. 

9.2.11. Lipidomic analysis 

Liver lipids were extracted following the Bligh and Dyer method [651]. 1.8 mg of 

frozen liver and 500 µg of frozen liver isolated mitochondria were used for neutral lipids 

and phospholipid analysis of each sample, respectively. Briefly, samples were homoge-

nized in 2:1 mixture of chloroform and methanol with 0.01 % of butylated hydroxytolu-

ene. After, distilled water was added and samples were vortexed before being centri-

fuged at 1000Xg, 4ºC for 10 min. A two-phase system composed by the aqueous and 
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organic phase was obtained. The organic phase was collected and stored at -20 ºC until 

further analysis. 

For mitochondrial phospholipids quantification, the solvents in the organic phase 

of the samples were evaporated in a N2 flow. Then, chloroform/methanol (2:1) mixture 

was added to the lipid extracts, followed by its loading into a pre-activated thin-layer 

chromatography (TLC) silica gel-60 plate (1003900001, Merck, Darmstadt, Germany) (at 

110 ºC for 90 min). Mitochondrial phospholipids content was developed in a TLC tank 

using chloroform/methanol/acetic acid/water (50/37.5/3.5/2 (v/v/v/v)) as the mobile 

solvent for approximately 2 h. In order to reveal phospholipids levels, the plate was 

soaked in a 10 % cupric sulfate/8% phosphoric acid and burned at 140 ºC for 20 min. 

Different classes of phospholipids were quantified with Image Studio Lite (version 5.2). 

For hepatic neutral lipids quantification, the solvents in the organic phase of the 

samples were evaporated in a N2 flow. Lipids extracts were then redissolved in chloro-

form/methanol (2:1) mixture, followed by its loading into a TLC silica gel-60 plate 

(Merck, Darmstadt, Germany). Neutral lipids were developed in a TLC tank using hep-

tane/isopropyl ether/glacial acetic acid (60/40/3 (v/v/v)) as a mobile phase for 1 h. The 

neutral lipids bands were revealed by soaking the TLC plate in a 10 % cupric sulfate/8 % 

phosphoric acid and heated at 140 ºC for 20 min. Different classes of neutral lipids were 

quantified with Image Studio Lite (version 5.2). 

9.2.12. Metabolomic analysis  

A metabolomic analysis of livers was obtained from 1H and 13C nuclear magnetic 

resonance (NMR) spectra. For it, the separation of aqueous and organic phases, contain-

ing water soluble metabolites and lipids (TG), respectively, was performed according to 

the Folch method [652]. Briefly, frozen liver tissue was homogenized in methanol (6.7 

mL/g) and mixed with chloroform (13.3 mL/g). Samples were incubated under agitation 

for 1 h on ice. Next, samples were centrifuged at 13000Xg for 10 min, 4 ºC, with the 

pellet saved and supernatant collected for further processing. Separation of phases was 

induced by addition of distilled water, followed by another centrifugation at 13000Xg 

for 10 min, 4 ºC. Aqueous phase was lyophilized and organic phase was left to air dry for 

two days, before its storage at -80 ºC until further use. 
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a) Liver TG purification. Organic phase was purified with the use of discov-

ery solid phase extraction DSC-Si silica columns (2 g/12 mL). Columns were washed with 

8 mL of hexane/methyl tert-butyl ether (MTBE) (96/4 (v/v)) and with 24 mL of hexane. 

After washed, columns were loaded with 500 µL of hexane/ MTBE (200/3 (v/v)) of each 

resuspended sample plus another volume resultant from tube wash. Next, each column 

was eluted with 32 mL of hexane/ MTBE (96/4 (v/v)) for several dark flasks. Flasks of 

each sample were then pooled together and afterwards air dried and saved at -20 ºC 

until running NMR spectra.  

b) NMR experiments. NMR spectra of purified TG were obtained at 25 ºC 

with an Agilent V600 spectrometer (12.1 T, 600 MHz), equipped with a 3 mm broadband 

probe. TG samples were dissolved in 0.2 mL of CDCl3 and 10 µL of pyrazine standard and 

placed in 3 mm NMR tubes. Spectra were acquired with a 70 º pulse, 2.5 sec of acquisi-

tion time, 0.5 sec of pulse delay, with the collection of 2000-4000 fid. Spectra were pro-

cessed and peaks were integrated using an ACD/NMR Processor Academic Edition. 13C 

spectra were set with chloroform as a reference standard (77.36 ppm) while 1H spectra 

were set with pyrazine as the reference (8.6 ppm). FA profile (in percentage) of SFAs, 

MUFAs, palmitoleate acid and linoleate acid were estimated from the 13C spectra, while 

ω-3 FAs and non ω-3 FAs were estimated from 1H spectra described by Duarte et al 

[224]. 

9.2.13. Measurement of non-enzymatic antioxidants: 

9.2.13.1. Measurement of glutathione (GSH) levels 

GSH levels were determined following the method proposed by Rahman et al 

[653]. 50 mg of liver tissue was washed in cold 0.9 % NaCl solution. After that, the liver 

was minced and homogenized in ice-cold working solution (5 % metaphosphoric acid 

and 0.6% sulfosalicylic acid mixture). Homogenates were centrifuged at 3000Xg at 4 °C 

for 10 min. The upper clear aqueous layer was collected and kept at 0–4 °C for the assay 

(within 1 h). For GSH assessment, reaction of 30 µg of liver lysate and equal volumes of 

DTNB and GR solutions were combined. After 30 s (conversion of GSSG to GSH), β-

NADPH was added, and the absorbance measured every 30 s for 2 min in a Cytation 3 

multi-mode microplate reader (BioTek Instruments, Inc.) at 412 nm. The rate of 2-nitro-
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5-thiobenzoic acid formation was calculated. Total GSH concentration in the samples 

was assessed by using linear regression to calculate the values obtained from the stand-

ard curve of GSH and expressed as nM/mg protein.  

9.2.13.2. Total antioxidant capacity 

The determination of antioxidant activity present in cytosolic and mitochondrial 

fractions was based on an adaptation of the method described by Arnao et al [654]. This 

method measures the antioxidant capacity of each sample by determining the decrease 

in the amount of the 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radi-

cal. The ABTS radical was prepared by mixing 50 mM phosphate buffer, pH 7.5, 50 mM 

ABTS, 10 mM hydrogen peroxide (H2O2), 1 mM horseradish peroxidase, followed by its 

incubation in dark, at 4 ºC for 4 h. After, 90-150 µg of cytosol or 150-300 µg of mito-

chondrial fractions were mixed with stabilized ABTS radical and the absorbance was 

measured at 730 nm in a microplate reader (Infinite 200Pro, Tecan, Männedorf, Swit-

zerland) for 15 min. Results are expressed per % of Vehicle + SD. 

9.2.14. Measurement of antioxidant enzymes activities 

9.2.14.1. Catalase activity 

The rate of decomposition of H2O2 by catalase was calculated following the 

method proposed by Grilo et al [655]. Briefly, 10 mg of frozen liver tissue was homoge-

nized in 50 mM phosphate buffer, pH 7.8. The method was based on the reaction of 10 

µg of mitochondria with 50 mM phosphate buffer (pH 7.8) and 10 mM H2O2 solution in 

a 96 well plate, being the absorbance measured at 240 nm for 2 min and 30 s in a Cy-

tation 3 multi-mode microplate reader (BioTek Instruments, Inc.). 

9.2.15. Superoxide dismutase activity 

The conversion of O2
●- into H2O2 by SOD was determined in freshly isolated mito-

chondria and in total liver lysate. Both samples were prepared according to the manu-

facturer’s protocol of SOD assay kit (ADI-900-157, Enzo Life Sciences, NY, USA). After 

protein quantification using BCA method, 10 µg of isolated mitochondria were used in a 
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96 well plate, being the absorbance measured at 450 nm for 10 min at room tempera-

ture in a Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.). 

9.2.16. Measurement of glutathione disulfide reductase (GR) activity 

50 mg of frozen liver tissue was homogenized in 1 mL of phosphate buffer [50 mM 

NaH2PO4/ Na2HPO4, pH 7.5; 1 mM NaF, 1 mM Na3VO4, 100mM NaCl, 0.1% Triton X-100, 

1 mM phenylmethylsulfonyl fluoride (PMSF)] supplemented with protease and phos-

phatase inhibitors (1861281, Thermo Fisher Scientific). Homogenates were centrifuged 

at 1500 xg for 6 min at 4ºC. Protein contents were determined by the BCA method [656] 

using BSA as a standard. GR activity was determined using GSSG as a substrate and mon-

itoring its reduction to GSH through quantification of NADPH oxidation at 340 nm[657] 

in a Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.), at 37°C. GR ac-

tivity was expressed in international units of enzyme per microgram of protein (U/μg 

prot). 

9.2.17. Determination of aconitase activity 

Physiological aconitase activity was assessed based on the protocol described by 

Quirós et al [658]. 80 µg of frozen isolated mitochondria was added to 50 mM Tris-HCl, 

21.25 mM sodium citrate, 0.60 mM MnCl2, 0.61 mM NADP, 0.2 % Triton X-100 and 

2U/mL isocitrate dehydrogenase. Absorbance was measured at 340 nm for 30 min in a 

Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.). 

Reactivated aconitase activity was performed following the method of Razmara A. 

et al. [659]. Firstly, 60 µg of frozen isolated mitochondria were reduced with 12 mM 

dithiothreitol (DTT) and 1.2 mM iron chloride for 5 min. Then, the assay above described 

for measuring physiological aconitase activity was repeated.  

Inhibition of aconitase activity was expressed:  

 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =  100 −  
𝑝ℎ𝑦𝑠𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑎𝑐𝑜𝑛𝑖𝑡𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑 𝑎𝑐𝑜𝑛𝑖𝑡𝑎𝑠𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
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9.2.18. Western blot analysis 

50 mg of frozen liver tissue was homogenized in 1 mL of phosphate buffer [50 mM 

NaH2PO4/Na2HPO4, pH 7.5; 1 mM NaF, 1 mM Na3VO4, 100 mM NaCl, 0.1 % Triton X-100, 

1 mM phenylmethylsulfonyl fluoride (PMSF)] supplemented with protease and phos-

phatase inhibitors (1861281, Thermo Fisher Scientific, Waltham, MA, USA). Homoge-

nates were centrifuged at 1500Xg for 6 min at 4ºC. Mitochondria and cytosol were re-

suspended in RIPA lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% IGEPAL, 0.5 % 

sodium deoxycholate, 0.1 % SDS) also supplemented with protease and phosphatase 

inhibitors. After incubation on ice for 30 min, samples were centrifuged at 15000Xg, at 

4 ºC for 15 min. The protein content was determined using the BCA method  [660] with 

BSA as a standard. Then, an equivalent of 20-50 µg of protein was prepared with 

Laemmli sample buffer and denatured at 95 ºC for 5 min. Protein samples were sepa-

rated in 7–14 % sodium dodecyl sulfate-polyacrylamide gels followed by transfer to 

PVDF membranes. Membranes were blocked with 5 % milk or 5 % BSA in TBS-T for 1 h 

and incubated overnight with primary antibodies. Membranes were further incubated 

with goat anti-rabbit (1:10000, ab6721, Abcam) and anti-mouse (1:10000, ab216772, 

Abcam) secondary antibodies for 1 h at room temperature. Membranes were then in-

cubated with ECL Prime Western Blotting System (RPN2232, Sigma-Aldrich) and proteins 

were visualized using a GBOX Chemi XT4 (Frederik, MD, USA) with GeneSys software 

(version 1.2.5.0). Protein bands were quantified using Image Studio Lite (version 5.2). 

The following primary antibodies were used: 4E-BP1 (1:1000; sc9977, Santa Cruz Bio-

technology, Dallas, TX, USA), AKT (1:1000; #4691, Cell Signaling, Danvers, TX, USA), 

AMPKα (1:1000; #2603, Cell Signaling), Beclin1 (1:1000; #3495, Cell Signaling), LC3 

(1:1000; #12741, Cell Signaling, USA), mTOR (1:500; #2972, Cell Signaling), p-4E-BP1 

(Thr45) (1:1000; sc-271947, Santa Cruz Biotechnology), p62 (1:1000; sc-28359, Santa 

Cruz Biotechnology), p-AKT (Ser473) (#4060, Cell Signaling), p-AMPKα (Thr172) (1:1000; 

#2531, Cell Signaling), PGC-1α (1:1000; ST1202, Sigma-Aldrich), p-mTOR (1:500; #2971, 

Cell Signaling), p-p70 S6K1 (Thr389) (1:1000; #9205, Cell Signaling), p70 S6K1 (1:1000; 

#sc-8418, Santa Cruz Biotechnology), Parkin (1:1000; #4211, Cell Signaling), PINK1 

(1:1000; ab65232, Abcam), SIRT3 (1:1000; #5490, Cell Signaling). The protein in liver 
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lysates and cytosol was normalized by β-actin (1:5000; A5441, Sigma-Aldrich) or glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH) (1:1000; #365062, Cell Signaling) while 

mitochondria protein was normalized by VDAC1 (1:1000; ab34726, Abcam). Once incu-

bation was completed, membranes were washed with TBST and incubated at room tem-

perature with anti-rabbit (1:5000; 1677074S, Cell Signaling) or anti-mouse (1:5000; 

1677076S, Cell Signaling) HRP-conjugated secondary antibodies. Clarity™ Western ECL 

Substrate (1705061, Bio-Rad Laboratories) was used for chemiluminescence detection. 

The densities of each band were calculated with T Image Studio Lite (version 5.2) 

9.2.19. Proteomic analysis 

Liquid chromatography-mass spectrometry (LC-MS/MS) was performed at the 

Thermo Fisher Center for Multiplexed Proteomics (Department of Cell Biology, Harvard 

Medical School, Cambridge, MA, USA). Liver samples were analysed by application of a 

LC-MS3 data collection strategy on an Orbitrap Fusion mass spectrometer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA). 

1) Quantitative MS analysis. Liver tissue lysates were prepared in lysis cold 

buffer (50 mM Tris, pH 8.5, 8 M urea and 1 % SDS) supplemented with protease and 

phosphatase inhibitors (Roche, Basel, Switzerland). Protein quantification was meas-

ured with a micro bicinchoninic acid (BCA) assay (Pierce Biotechnology Inc., Rockford, IL, 

USA). Protein precipitation was performed by mixing 2-8 mg/mL of liver lysates with four 

parts of methanol, one part of chloroform and three parts of water. Samples were mixed 

and centrifuged in order to separate the aqueous phase from chloroform phase. Then, 

protein was washed with ice-cold methanol, allowed to dry and re-dissolved in 50 mM 

Tris, pH 8.5 and 4 M urea. Precipitated protein was firstly digested with LysC (1 en-

zyme:50 protein) for 12 h. After the addition of 1 M urea and 50 mM Tris, pH 8.5, pre-

cipitated proteins were digested in the presence of trypsin (1 enzyme:100 protein) for 8 

h. Subsequently, the peptide fractions were desalted in C18 solid phase extraction car-

tridges and peptides were resuspended in 200 mM EPPS, pH 8.0. Peptides quantification 

was done by a micro BCA assay (Pierce Biotechnology Inc.). Next, peptides were orga-

nized in 10-plexes and labelled with tandem mass tag (TMT) reagent (1 peptide:4 TMT) 
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(Pierce Biotechnology Inc.) for 2 h. The reaction of TMT - tyrosine residues was reversed 

using 5% hydroxylamine for 15 min. After quenching the reaction with 0.5 % TFA, sam-

ples (1:1:1:1:1:1:1:1:1:1 ratio) were ordered in 10-plex experiments, desalted and frac-

tionated offline into 24 fractions according to Weekes et al. [661]. 

2) LC-MS/ MS. 12 of the 24 peptide fractions obtained were examined using 

a LC-MS3 data collection strategy [662] on an Orbitrap Fusion mass spectrometer 

(Thermo Fisher Scientific Inc.) containing a Proxeon Easy nLC 1000 for online peptides 

handling and its separation. 5 µg of peptides were mixed in 5 % formic acid and 5 % 

acetonitrile (ACN), before its loading into 100 μm inner diameter fused-silica micro ca-

pillary in a column with a C18 reversed-phase resin (GP-C18, 1.8 µM, 120 Å, Sepax Tech-

nologies Inc., Newark, DE, USA). Samples were separated with a 3 %-25 % gradient of 

100 % ACN with 0.125 % formic acid, equilibrated with 3% ACN and 0.125% formic acid, 

at a flow rate of 600 nL/min for 2 h. The scan order for the Fusion Orbitrap started with 

a MS1 spectrum (Orbitrap analysis; resolution, 120000; 400−1400 m/z scan range; AGC 

target, 2 × 105; maximum injection time, 100 ms; dynamic exclusion, 75 sec). ‘Top speed’ 

(2 sec) was chosen for MS2 analysis, which consisted of CID (quadrupole isolation set at 

0.5 Da and ion trap analysis; AGC, 4 × 103; NCE, 35; maximum injection time, 150 ms). 

Then, top ten precursors from MS2 scan were used for MS3 investigation, in which pre-

cursors were fragmented by HCD prior to Orbitrap analysis (NCE, 55; max AGC, 5 × 104; 

maximum injection time, 150 ms; isolation window, 2.5 Da; resolution, 60000). 

3) LC-MS3 analysis. Raw data was analyzed to control protein false discov-

ery rates, assembled proteins and protein quantification from peptides. Data was iden-

tified based in an UniProt mouse database (2014) (both forward and reverse sequences).  

A set of different criteria was used for the peptides/ protein identification: tryptic with 

two missed cleavages, a precursor mass tolerance of 50 ppm, fragment ion mass toler-

ance of 1.0 Da, static cysteine alkylation (57.02146 Da), static TMT labelling of lysine 

residues and N-terminal of peptides (229.162932 Da), and variable methionine oxidation 

(15.99491 Da). TMT reporter ion intensities were evaluated with a 0.003 Da window 

around the theoretical m/z for each reporter ion in the MS3 scan for 10-plex data. Poor 

quality data were excluded from the analysis. 
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4) Data analysis. Protein quantification data (ProteinQuant) for 5930 dis-

tinct protein IDs (SwissProt/ UniProt ID) consisted of several plexes (groups of 10 sam-

ples analyzed per plex), having each plex the same reference sample. In each plex, data 

was normalized by dividing the quantification value of each protein per sample by the 

(non-zero) quantification value of the same protein in the reference sample. In the cases 

when the quantification value of the reference sample was zero or null, the quantifica-

tion value of the protein in the sample was also set as null. In total, the data with no null 

values consisted of 5109 rows (distinct protein IDs) and were clustered with the number 

of significant clusters according with the gap statistics. The mean value (between the 

group and the respective control group) were loaded in KeggAnim in order to allow the 

visualization of molecular pathways [663]. Protein abbreviations are detailed in Table 8. 

9.2.20. Measurement of cathepsin B activity 

The sample preparation was performed as described for the catalase assay. Sam-

ple aliquots of 50 µL at 0.2 mg/mL protein concentration (10 µg total liver lysate) were 

incubated at 37 ºC with 70 µL incubation buffer (100 mM sodium acetate, pH 5.5, 1 mM 

EDTA, 5 mM DTT and 0.05% (v/v) Brij-35). The cathepsin B activity assay was started by 

the addition of 70 µL of the substrate Z-Arg-Arg-N-methyl-coumarin at 40 µM. Substrate 

cleavage was followed during 20 min by fluorescence reading at 460 nm emission using 

360 nm excitation with the Cytation 3 multi-mode microplate reader (BioTek Instru-

ments, Inc.). A curve with known concentrations of N-methyl-coumarin was used as 

standard. Cathepsin B activity was determined from the slope of the linear regression of 

experimental values and the results were normalized using the amount of protein in 

each sample. 

9.2.21. Cell culture and AntiOxCIN4 treatment 

Human hepatocellular carcinoma HepG2 cells (85011430, ECACC, UK) were cul-

tured in low-glucose medium composed by Dulbecco's modified Eagle's medium 

(DMEM; D5030) supplemented with 5 mM glucose, sodium bicarbonate (3.7 g/L), HEPES 

(1.19 g/L), L-glutamine (0.876 g/L), sodium pyruvate (0.11 g/L), 10 % fetal bovine serum 
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(FBS), 1 % penicillin-streptomycin 100x solution in a humidified atmosphere (5 % CO2, 

37ºC). HepG2 cells were seeded (4.5 x 104 cells/cm2) and grown for 24 h until reaching 

60–70 % confluence. Then, cells were treated for 48 h with the mitochondriotropic an-

tioxidant (AntiOxCIN4, 100 μM) or vehicle (DMSO, 0.1 %) following BSA (0.01 g/mL) or 

FFAs mixture (250 µM) treatment for 24 h period. Cell condition defined as Vehicle + 

BSA was established as the control group of the study. 

9.2.22. Free fatty acids (FFAs) conjugation 

The fatty acid mixtures (FFA) were prepared as saponified 10 mM stock solutions 

and complexed (1:1) with Free-fatty acid BSA (10 minutes at 50 °C), cooled to room tem-

perature. The Free-fatty acid BSA (0.2 g/mL) was diluted in the same proportion with 25 

mM KOH and used as a control. The same ratios of FA dilutions were used for free fatty 

acid BSA control. The amounts of the different FA in the mixture were: 39 % C16:0 

(Catalogue Nº: P0500, Sigma-Aldrich, USA); 5 % C18:0 (Catalogue Nº: 85679, Sigma-

Aldrich, USA); 50 % C18:1 (Catalogue Nº: O1008, Sigma-Aldrich, USA); 4 % C18:2 

(Catalogue Nº: L1376, Sigma-Aldrich, USA); 2 % C20:4 (Catalogue Nº: A3611, Sigma-

Aldrich, USA). 

9.2.23. Evaluation of neutral lipid content 

Cells were seeded in 96-well plate and subjected to different treatments After in-

cubation, the neutral lipid accumulation was assessed using the Nile Red assay [662]. 

Briefly, cell culture medium was removed and 100 µL of the Nile red solution was added 

to each well for 1 h/1.5 h in the dark conditions at 37ºC. Nile Red is freshly diluted 1:200 

in medium without FBS from the stock solution (stock: 0.5 mg/mL dissolved in acetone). 

Nile Red was then removed, and cells were washed twice with PBS 1X. The fat content 

per well (in 100 µL PBS 1x) was measured fluorimetrically with 520 nm excitation and 

620 nm emission wavelengths in a Cytation 3 multi-mode microplate reader (BioTek In-

struments, Inc.). Results were normalized for cell mass content at the end of assay, using 

the SRB method [506].  
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9.2.24. Lipid Droplet (LD) Staining 

Cells were seeded in pre-coated (collagen I 0.15 mg/mL) µ-Slide 8 well ibiTreat 

Ibidi (2 x 104/cm2) with a final volume of 300 µL per well, and then subjected to the 

different treatments. Then, cells were fixed with 4 % paraformaldehyde for 20 min at RT 

and after washing with PBS 1x stained with HCS LipidTOX Green (1:1000, Catalog num-

ber: H34475, ThermoFisher Scientific) for 20 min at RT to detect neutral lipid droplets. 

Subsequently, nuclei were stained using Hoechst 33342 (1 µg/mL, Catalog number: 

H1399, ThermoFisher Scientific). Images were acquired using a Laser Scanning Confocal 

Microscope (LSM 710, Zeiss, USA) equipped with an α-Plan-Apochromat 63x/1.4 Oil DIC 

M27 objective (Zeiss) and analyzed with ImageJ Fiji program (Scion Corporation, USA). 

LD number, size and area were quantified by using an MRI_Lipid_Droplets_Tool Macro 

[664]. 

9.2.25. Cell mass measurements 

HepG2 cells (4.5 x 104 /cm2) were seeded in 96-well plates and then subjected to 

the different treatments. After incubation time, the sulforhodamine B (SRB) assay was 

used for cell mass determination based on the measurement of cellular protein content 

[506]. Briefly, the cell culture medium was removed and wells rinsed with PBS (1x). Cells 

were fixed by adding TCA 60 % overnight at 4ºC. Later, the fixation solution was dis-

carded and the plates were dried in an oven at 37ºC. 150 µL of 0.05% SRB in 1 % acetic 

acid solution was added and incubated at 37°C for 1 h. The wells were then washed with 

1 % acetic acid in water and dried. Then, 100 μL of Tris (pH 10) was added and the plates 

were stirred for 15 min and optical density was measured at 540 nm in a Cytation 3 

multi-mode microplate reader (BioTek Instruments, Inc.). 

9.2.26. Mitochondrial membrane potential (ΔΨm) measurements 

Vital confocal fluorescent microscopy was used to visualize alterations in mito-

chondrial polarization and network distribution in HepG2 cells. Cells were seeded in pre-

coated (collagen I 0.15 mg/mL) µ-Slide 8 well ibiTreat Ibidi (2 x 104/cm2) with a final 

volume of 300 µL per well, and then subjected to the different treatments. Cells were 
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incubated with fluorescent dyes MitoTracker Red FM (100 nM, Catalog number: 

M22425, ThermoFisher Scientific, Waltham, MA, USA) and Hoechst 33342 (1 µg/mL, Cat-

alog number: H1399, ThermoFisher Scientific) for mitochondrial network and nuclei, re-

spectively, 30 min before the end of the treatment time in fresh cell culture medium 

with no FBS at 37 °C and 5 % CO2 in dark conditions. Images were acquired using a Laser 

Scanning Confocal Microscope (LSM 710, Zeiss, USA) equipped with an α-Plan-

Apochromat 63x/1.4 Oil DIC M27 objective (Zeiss) and analyzed with ImageJ Fiji program 

(Scion Corporation, USA). Mitochondrial network was quantified by using a Mitochon-

dria Morphology Macro [511]. 

9.2.27. Cellular ROS detection 

Cells were seeded in 96-well plate (flat bottom clear, black polystyrene plate) 

and then subjected to the different treatments. After incubation time, general ROS lev-

els were assessed through variation in ROS-induced CM-H2DCFDA fluorescence (C6827, 

ThermoFisher Scientific). Briefly, cells were loaded with the CM-H2DCFDA as an indicator 

of ROS levels, by incubating them with 5 μM of the CM-H2DCFDA in assay buffer (120 

mM NaCl, 3.5 mM KCl, 5 mM NaHCO3, 1.2 mM NaSO4, 0.4 mM KH2PO4, 20 mM HEPES) 

supplemented with 1.3 mM CaCl2, 1.2 mM MgCl2 and 10 mM sodium pyruvate, pH 7.4). 

After that, the medium was discarded and PBS 1x added. Fluorescence signal was ob-

tained in a Cytation 3 multi-mode microplate reader (BioTek Instruments, Inc.) at 

495/527 nm. All treatments were normalized by cell mass, using the SRB method. 

9.2.28. Evaluation of cellular fatty acid oxidation (FAO)-linked OCR  

HepG2 cells (1 x 104 cells/100µl/well) were seeded in Agilent Seahorse XF96 Cell 

Culture microplates and allowed to grow overnight in typical growth medium. After An-

tiOxCIN4 treatment, the cell culture medium was replaced with a “starvation medium” 

composed by glucose (0.5 mM), glutamine (1 mM), and serum (1 % FBS) to deplete en-

dogenous substrates within the cell (glycogen, triglycerides (TG), amino acids), thus 

priming the cells to oxidize exogenous FAs. 

For OCR measurement, 25 µL of 250 µM Palmitoyl-L-carnitine and 25 µL of 1 µM 

rotenone diluted in low-buffered serum-free DMEM medium (pH 7.4) were pre-loaded 



PART III 
Experimental Procedure and Results 

 

 

PhD in Experimental Biology and Biomedicine  203 
 

in the XFe96 sensor cartridge. Palmitoyl-L-carnitine was loaded into port A and rotenone 

into port B. After the calibration of the sensor cartridge and the calibration plate in the 

XFe96 Extracellular Flux Analyzer, the latter was substituted by the assay plate. Com-

pounds were pneumatically injected, and three baseline rate measurements of OCR 

were performed using a 3 min mix followed by 5 min cycle. Data obtained was analyzed 

using Software Version Wave Desktop 2.6.1. 

9.2.29. Gene expression measurements 

Transcript analysis was assessed by performing quantitative polymerase chain re-

action (qPCR). HepG2 cells were seeded in 100 mm cell culture dishes and later sub-

jected to the respective treatments. After 48h AntiOxCIN4 (100 µM) plus 24 h FFA (250 

µM), total cellular extracts were obtained by firstly washing the cells with PBS 1x and 

immediately thereafter through gentle scraping of the bottom of the plates onto 1 mL 

of PBS 1x. In order to collect the highest number of cells possible, two microtube cen-

trifugation steps were performed at 12000Xg for 10 min at 4 ºC. Total cellular RNA con-

tents were extracted utilizing the Qiagen RNeasy kit (Qiagen, Hilden, Germany) accord-

ing to the manufacturer’s instructions. RNA was readily quantified, and its purity as‐

sessed utilizing Thermo Scientific® NanoDrop 2000™ spectrophotometer (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). Upon quantification, the RNA conversion into 

complementary DNA (cDNA) was performed utilizing the iScript™ cDNA Synthesis Kit, by 

utilizing Bio-Rad® CFX96™ Real-Time PCR system (Bio-Rad Laboratories, Hercules, Cali-

fornia, USA). RT-PCR was performed using the SsoFast Eva Green Supermix, in a CFX96 

real time-PCR system (Bio-Rad, Hercules, CA, USA), with the primers defined in Table 9 

at 500 nM. Amplification of 25 ng was performed with an initial cycle of 30 s at 95 ºC, 

followed by 40 cycles of 5 s at 95 ºC plus 5 s at 60 ºC. At the end of each cycle, Eva Green 

fluorescence was recorded to enable determination of Cq. After amplification, melting 

temperature of the PCR products was determined by performing melting curves. One of 

the negative controls included one sample being subjected to a similar conversion in the 

absence of the reverse transcriptase enzyme (no reverse transcriptase – NRT). Addition-

ally, for each primer, a second negative control was performed, one in which the DNA 
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sample was replaced by water (no template control – NTC). Each reaction was per-

formed in triplicate with efficiency between 90 and 110 %. Each sample was run in trip-

licate. Total gene expression was calculated utilizing the Bio-Rad® CFX96 Manager Soft-

ware (version 3.1) (Bio-Rad Laboratories, Hercules, California, USA). All primers were 

designed using the web-based Primer–Basic Local Alignment Search Tool (Primer-BLAST) 

after obtaining nucleotide accession numbers from the database. Both services are pub-

lic and supported by the National Center for Biotechnology Information (NCBI). Primers 

were diluted in RNase-free water to the concentration of 100 μM upon arrival and 

stored at -20ºC. 

9.2.30. Cellular labelled RMN 

For carbon labelling experiments on HepG2, DMEM D5030 (with L-glutamine, 

without glucose and sodium bicarbonate) media was reconstituted with 10 mM 99 % 

[U-13C] glucose (CLM-1396; Euriso-top). For 2H NMR experiments, regular RPMI media 

(R6504) was reconstituted with 20 % 2H2O (A2521, Euriso-top). For NMR experiments, 

cells were grown in Petri dishes and treated for 48 h with AntiOxCIN4. After, medium 

was discarded and a new one containing FFA (250 µM) with tracers was added for 24 h. 

Cells were washed twice with ice-cold PBS and 1 mL of ice-cold solution methanol/water 

80:20 (containing NaN3) was directly added. This solution was spread manually through-

out the petri dish to swiftly lyse cells. Cells were scraped and collected into 2 mL micro-

tubes. Another 750 µL were added to the Petri dish to properly remove remnant cells 

and collected to the microtube. Extracts were centrifuged 5 min at 4 ºC, 5000Xg. The 

supernatant (aqueous phase) was transferred to another microtube, lyophilized and 

stored until NMR experiments. One mL of a chloroform/methanol/water 1:1:0.1 (con-

taining NaN3) solution was added to the pellet from the previous extraction. The solu-

tion was kept 1 h on ice, with 3-4 vortex mixes. Extract was centrifuged at 5 min at 4 ºC, 

5000Xg and supernatant (organic phase) transferred to another microtube. After lyoph-

ilization, extracts were stored until NMR acquisition. The denatured protein pellet was 

kept and used for normalization purposes. 

a)  Quantification of TG positional 2H-enrichments and estimation of FA 

and glycerol concentrations - TG positional 2H-enrichments in the glycerol and FA 
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moieties were quantified by analysis of 1H and 2H NMR TG spectra as previously de-

scribed [224]. 

b)  Intracellular metabolism by 13C NMR experiments in HepG2 cells - 13C 

NMR spectra of the same extracts were used to access intermediary metabolism. By 

analyzing the glutamate labelling at the C4 and C3, we were able to measure quantita-

tively some TCA cycle parameters. At glutamate C4 expansion, the peaks were origi-

nated by the following isotopomers: [4-13C]glutamate generated a singlet (C4S) at 34.2 

ppm; [4,5-13C2]glutamate generated a doublet (C4D45) due to the 1JC4C5=51.3 Hz; and 

[3,4,5-13C3]glutamate generated a doublet of doublets (C4Q) due to the 1JC4C5 and 

1JC3C4=34.5 Hz, but also an unresolved, multiple bond, 2JC3C5  ≈1 Hz. HepG2 cells exhibited 

a C4S, C4D45 and C4Q. The glutamate C3 was also formed by several peaks: a singlet 

(C3S) at around 27.8 ppm, formed from [3- 13C]glutamate; a doublet from [3,4-13C2]glu-

tamate due to 1JC3C4; and a triplet due to [2,3,4-13C3]glutamate. Since 1JC2C3=34.8 Hz and 

1JC3C4=34.5 Hz were very similar, it was not a true triplet but rather an unresolved center 

peak. The methyl group of labelled lactate showed a small singlet at around 20.9 ppm 

and as a doublet from 1JC2C3=36.9 Hz. TCA coupling was calculated by the ratio between 

the amount of labelling on glutamate C4 isotopomers and [U-13C]lactate 

(GluC4F/LacC3F). TCA turnover is presented as the ratio between [3,4,5-13C3]glutamate 

and [4,5-13C2]glutamate (C4Q/C4D45). Finally, anaplerosis was assessed by the differ-

ence between the unit and the ratio of the amount of labelling on glutamate C3 and 

glutamate C4 (1-(GluC3/GluC4)). 

Every spectrum was processed using ADC lab’s 12.0 1D NMR processor software 

(Advanced Chemistry Development, Inc., Toronto, Ontario, Canada) applying a line 

broadening of 0.2 Hz, zero-filling to 64k, phasing and baseline correction. 

9.2.31. Computational data analysis 

Orange 3.27.1 was used for the computational data analysis and visualization. 

Principal component analysis (PCA), considering the features physiological parameters, 

is shown in Figure 42E, with the two first components explaining 53 % of the variance. 

Linear projections were generated for the features of physiological parameters (Body 

weight; Liver weight; AST; ALT; Hepatic lipid accumulation; TG; DAG; SFAs; MUFAs; 
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Palmitoleate; Linoleate; ω-3 FAs) after application of PCA and evidencing the directions 

of each individual component.  

9.2.32. Statistics 

Data were expressed as the mean value ± standard error of the mean (SEM). 

Statistical analysis was performed using GraphPad Prism version 8.0.2 (GraphPad Soft-

ware Inc., San Diego, CA, USA). The normality of the data was assessed using the Shapiro-

Wilk test. Non-normality data was analyzed using the non-parametric Kruskal-Wallis test 

while with normal data was used the parametric test two-way ANOVA, followed by 

Fisher’s LSD test for multiple comparisons. The level of significance considered was 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 for multiple comparisons vs SD or Vehi-

cle + BSA and #P < 0.05, ##P < 0.01, ###P < 0.0005, ####P < 0.0001 vs WD or Vehicle + FFAs. 

 

Table 8. Informative table on proteomic analysis 

Proteomics abbreviations 

ABCD1 ATP-binding cassette sub-family D member 1 

ABCD2 ATP-binding cassette sub-family D member 2 

ACACA acetyl-CoA carboxylase 1 

ACLY ATP-citrate synthase 

ACOT12 acyl-coenzyme A thioesterase 12 

ACOT3 acyl-coenzyme A thioesterase 3 

ACOT4 acyl-coenzyme A thioesterase 4 

ACOT8 acyl-coenzyme A thioesterase 8 

ACOX1I1 acyl-coenzyme A oxidase 1, isoform 1 

ACOX1I2 acyl-coenzyme A oxidase 1, isoform 2 

ACSL4 long-chain-fatty-acid-CoA ligase 4 
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AGPAT3 glycerol-3-phosphate acyltransferase γ 

ATP5L ATP synthase subunit g, mitochondrial 

CAT catalase 

CD36 platelet glycoprotein 4 

CTSB cathepsin B 

CTSD cathepsin D 

CTSL cathepsin L1 

CTSO cathepsin O 

CTSS cathepsin S 

DGAT1 diacylglycerol O-acyltransferase 1 

DGAT2 diacylglycerol O-acyltransferase 2 

ECH1 δ(3,5)-δ(2,4)-dienoyl-CoA isomerase, mitochondrial 

ECHDC3 enoyl-CoA hydratase domain-containing protein 3, mitochondrial 

ECHS1 enoyl-CoA hydratase, mitochondrial 

ELOVL1 elongation of very long chain fatty acids protein 1 

ELOVL2 elongation of very long chain fatty acids protein 2 

ELOVL5 elongation of very long chain fatty acids protein 5 

ELOVL6 elongation of very long chain fatty acids protein 6 

FABP2 fatty acid-binding protein, intestinal 

FABP4 fatty acid-binding protein, adipocyte 

FADS1 fatty acid desaturase 1 

FADS2 fatty acid desaturase 2 

FASN fatty acid synthase 
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G6PC glucose-6-phosphatase 

GK glycerol kinase 

GLRX glutaredoxin-1 

GLRX3 glutaredoxin-3 

GPX4 glutathione peroxidase, mitochondrial 

HADHA trifunctional enzyme subunit α, mitochondrial 

HMOX1 heme oxygenase 1 

LAMP2 lysosomal associated membrane protein 2 

LPIN2 phosphatidate phosphatase LPIN2 

M6PR mannose-6-phosphate receptor 

MAVS mitochondrial antiviral-signaling protein 

MLXIPL carbohydrate-responsive element-binding protein 

MPO myeloperoxidase 

MSRA mitochondrial peptide methionine sulfoxide reductase 

MTATP8 ATP synthase protein 8 

MTCO1 cytochrome c oxidase subunit 1 

MTND5 NADH-ubiquinone oxidoreductase chain 5 

NDUFA3 NADH dehydrogenase [ubiquinone] 1α subcomplex subunit 3 

NDUFB4 NADH dehydrogenase [ubiquinone] 1β subcomplex subunit 4 

NDUFS3 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, 

mitochondrial 

NDUFS8 
NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, 

mitochondrial 

NDUFV2 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 

NQO1 NAD(P)H quinone dehydrogenase 1 
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PCK2 phosphoenolpyruvate carboxykinase 2, mitochondrial 

PGK2 phosphoglycerate kinase 2 

PCX pyruvate carboxylase, mitochondrial 

PDIA6 protein disulfide-isomerase A6 

PEX14 peroxisomal membrane protein PEX14 

PEX19 peroxisomal biogenesis factor 19 

PEX26 peroxisome assembly protein 26 

PEX3 peroxisomal biogenesis factor 3 

PEX5 peroxisomal targeting signal 1 receptor 

PEX6 peroxisome assembly factor 2 

PEX7 peroxisomal targeting signal 2 receptor 

SCAP 
sterol regulatory element-binding protein cleavage-activating 

protein 

SCD1 acyl-CoA desaturase 1 

SLC27A4 long-chain fatty acid transport protein 4 

SLC25A17 solute carrier family 25 member 17 

SOAT2 sterol O-acyltransferase 2 

SOD1 superoxide dismutase [Cu-Zn] 

SOD2 superoxide dismutase [Mn], mitochondrial 

SOD3 superoxide dismutase [Mn], mitochondrial 

TECR very-long-chain enoyl-CoA reductase 

TXNDC5 thioredoxin domain-containing protein 5 

TXNDC17 thioredoxin domain-containing protein 17 

UQCR10 cytochrome b-c1 complex subunit 9 
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UQCRB cytochrome b-c1 complex subunit 7 
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Table 9. Informative table on primers used for transcript amplification. 

Gene Accession Number mRNA Sequence Name Forward Primer Reverse Primer 

ACOT2 NM_006821 

Homo sapiens, acyl-coenzyme A 

thioesterase 2, mitochondrial, Acyl-CoA 

thioesterase, transcript variant 1, mRNA 

CCATTCAGTTGTTCTCAGGTC GAACTCTTCAGGCTCCATTG 

ACOX1 NM_004035 

Homo sapiens Peroxisomal acyl-

coenzyme A oxidase 1, transcript variant 

1, mRNA 

TGAACCAGAACCACAGATT TGACCAATGCCTTCGTTA 

ATP5MC1 NM_001002027 

Homo sapiens ATP synthase, H+ trans-

porting, mitochondrial Fo complex, subu-

nit C1 (subunit 9), transcript variant 2, 

mRNA 

GGCTAAAGCTGGGAGACTGAAA GTGGGAAGTTGCTGTAGGAAGG 

ATP6V1A NM_001690 
Homo sapiens ATPase H+ Transporting 

V1 Subunit A, mRNA 
GGGTGCAGCCATGTATGAG TGCGAAGTACAGGATCTCCAA 

ATP6V1H NM_015941 
Homo sapiens ATPase H+ Transporting 

V1 Subunit H, transcript variant 1, mRNA 
GCTGCTGTCCCCACCAATAT GCTTCTCTTCAGGGCTTCGT 

CAT NM_001752 Homo sapiens catalase, mRNA CTCAGGTGCGGGCATTCTAT AGCGGTCAAGAACTTCACTGA 

COX4I1 NM_001861 
Homo sapiens cytochrome c oxidase 

subunit IV isoform 1, mRNA 
GAGAAAGTCGAGTTGTATCGCA GCTTCTGCCACATGATAACGA 

CPT1A NM_001876 

Homo sapiens carnitine O-

palmitoyltransferase 1A, transcript 

variant 1, mRNA 

CAGGAGAGGAGACAGACA TAGAGCCAGACCTTGAAGTA 

ECHS1 NM_004092 
Homo sapiens enoyl-CoA hydratase, 

Short Chain 1l, mRNA 
TGACATTAACAGAAGGAAGTAAGT CCAAGCAGAGGTGTGAAG 
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GPX1 NM_000581 
Homo sapiens glutathione peroxidase 1, 

transcript variant 1, mRNA 
GGAGAACGCCAAGAACGAAG CCAACTTCATGCTCTTCGAGAA 

GPX4 NM_002085 
Homo sapiens glutathione peroxidase 4, 

transcript variant 1,mRNA 
AAGATCTGCGTGAACGGGG CTGGGAAATGCCATCAAGTGG 

HMOX1 NM_002133 Homo sapiens heme oxygenase 1, mRNA CTGCTGACCCATGACACCAA GGGCAGAATCTTGCACTTTGT 

HPRT1 NM_000194 
Homo sapiens hypoxanthine phosphori-

bosyltransferase 1, mRNA 
CCCTGGCGTCGTGATTAGTG CGAGCAAGACGTTCAGTCCT 

LAMP1 NM_005561 
Homo sapiens lysosomal associated 

membrane protein 1, mRNA 
CAGATGTGTTAGTGGCACCCA TTGGAAAGGTACGCCTGGATG 

LAMP2 NM_002294 

Homo sapiens lysosomal-associated 

membrane protein 2, transcript variant 

A, mRNA 

CTGCCGTTCTCACACTGCTC ATGCTGAAAACGGAGCCATTAAC 

MT-ATP6 
NC_012920 
(8527-9207) 

Homo sapiens mitochondrially Encoded 

ATP Synthase Membrane Subunit 6, 

mRNA 

GCGCCACCCTAGCAATATCA GCTTGGATTAAGGCGACAGC 

MT-CO1 NC_012920 (5904-7445) 
Homo sapiens mitochondrially encoded 

cytochrome C oxidase, mRNA 
ATACCAAACGCCCCTCTTCG TGTTGAGGTTGCGGTCTGTT 

MT-CYB 
NC_012920 (14747-

15887) 

Homo sapiens mitochondrially encoded 

cytochrome B, mRNA 
CCACCCCATCCAACATCTCC GCGTCTGGTGAGTAGTGCAT 

MT-ND5 
NC_012920 (12337-

14148) 

Homo sapiens mitochondrially encoded 

NADH: biquinone Oxidoreductase Core 

Subunit 5, mRNA 

AGTTACAATCGGCATCAACCAA CCCGGAGCACATAAATAGTATGG 

NDUFA9 NM_005002 

Homo sapiens NADH dehydrogenase 

(ubiquinone) 1 alpha subcomplex, 9, 

mRNA 

GCCTATCGATGGGTAGCAAGAG TGAGTTCCAGTGGTGTTGCC 
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NQO1 NM_000903 

Homo sapiens NAD(P)H quinone 

dehydrogenase 1, transcript variant 1, 

mRNA 

CTGGAGTCGGACCTCTATGC GGGTCCTTCAGTTTACCTGTGAT 

PEX14 
NM_004565 Homo sapiens Peroxisomal biogenesis 

factor 14, mRNA 
GGCTTCTTTTAAATCGGAGGCA CTCGTTGCTGACAGGTGAGA 

PPARA NM_005036 

Homo sapiens peroxisome proliferator-

activated receptor alpha, trasncript 

variant 5, mRNA 

TCAGGCTATCATTACGGAGTC CGGTCGCACTTGTCATAC 

SDHA NM_004168 

Homo sapiens succinate dehydrogenase 

complex, subunit A, flavoprotein (Fp), 

transcript variant 1, mRNA 

CGGGTCCATCCATCGCATAAG 
TATATGCCTGTAGGGTG-

GAACTGAA 

SOD1 NM_000454 
Homo sapiens superoxide dismutase 1, 

mRNA 
CGAGCAGAAGGAAAGTAATG GGATAGAGGATTAAAGTGAGGA 

SOD2 NM_000636 

Homo sapiens superoxide dismutase 2, 

mitochondrial, transcript variant 1, 

mRNA 

GAAGTTCAATGGTGGTGGTCAT TTCCAGCAACTCCCCTTTGG 

TBP NM_003194 
Homo sapiens TATA box binding protein, 

transcript variant 1, mRNA 
CGAATATAATCCCAAGCGGTTTGC AGCTGGAAAACCCAACTTCTGT 

TFEB NM_007162 
Homo sapiens transcription factor EB, 

transcript variant1, mRNA 
ACCTGTCCGAGACCTATGGG CGTCCAGACGCATAATGTTGTC 

UQCRC2 NM_003366 
Homo sapiens ubiquinol-cytochrome c 

reductase core protein II, mRNA 
TTCAGCAATTTAGGAACCACCC GGTCACACTTAATTTGCCACCAA 

YWHAZ NM_003406 

Homo sapiens tyrosine 3-monooxygen-

ase/tryptophan 5-monooxygenase activation 

protein, transcript variant 1, mRNA 
TGTAGGAGCCCGTAGGTCATC GTGAAGCATTGGGGATCAAGA 
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9.3. Results 

9.3.1. AntiOxCIN4 decreased body weight and improved hepatic-related 

physiological parameters in a WD-fed mice model with a NAFL pheno-

type  

Hypercaloric diets significantly enriched in saturated fat and sucrose are corre-

lated with increased visceral adiposity, thereby contributing to metabolic syndrome-as-

sociated disorders [665]. In this study, a rodent diet mimicking WD eating habits induced 

an increase in body weight (by 74 %) along a sixteen-week feeding period, when com-

pared to the Vehicle + SD mice group (Figure 40A-B). AntiOxCIN4 supplementation pre-

vented WD-induced weight gain (Figure 40B), being this effect significant from the 15th 

week of WD feeding until the time of euthanasia (by 43 %). Final body weight, as well as 

liver, adipose tissue, kidneys, heart and brain weight were collected at euthanasia and 

provided in Figure 41A. Importantly, no alterations were observed in food intake or wa-

ter consumption (Figure 41B), or in the visual inspection of animal welfare upon AntiOx-

CIN4 supplementation. Noteworthy, WD feeding also induced an increase of liver weight 

gain (164 %) and size, which was significantly prevented by AntiOxCIN4 supplementation 

(by 39 %) (Figure 40C, D). Plasma from WD-fed mice presented alterations in hepatocyte 

damage hallmarks such as increased aspartate aminotransferase (AST) (282 %), ALT (763 

%) activities (Figure 40E), and cholesterol (Chol) (176 %) levels (Figure 41C). Interest-

ingly, AntiOxCIN4 decreased WD-induced increase of plasmatic ALT (by 134 %), AST (by 

89 %) and cholesterol (by 18 %) circulating levels, when compared with the WD-fed mice 

without AntiOxCIN4 supplementation (Figure 40E and 41C). Histological staining with 

H&E and Masson's Trichrome revealed that physiological outcomes of WD feeding are 

associated with the development of simple steatosis (NAFL) (Figure 40F, G). The NAFL 

stage was characterized by mixed steatosis (grade 3), hepatocyte ballooning (grade 2), 

and the absence of inflammation and fibrosis (Figure 40G and S41D).  
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Figure 40. Effects of AntiOxCIN4 on body and liver weight, hepatocellular injury hallmarks and hepatic 
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histology in a WD-fed mice with NAFL phenotype. (A) Animal and human cells study experimental time-

line. (B) Body weight progression along 18 weeks of antioxidant regimen and 16-weeks of diet (SD or WD) 

(left). Body weight from euthanized animals at 18th week of intervention (right). (C) Wet liver weight from 

euthanized animals. (D) Representative images of body and abdominal cavity (upper) and livers (lower) of 

euthanized mice. (E) Plasma AST and ALT activity levels in WD-fed mice in the absence/presence of Anti-

OxCIN4 (2.5 mg/day/animal). (F) Representative histological images of liver sections stained with H&E and 

Masson's Trichrome stainings. Scale bar: 250 μm with 10x magnification. (G) NAFLD activity score (NAS) 

evaluation following guidelines provided in SI. & represents the sum of steatosis, hepatocyte ballooning, 

lobular inflammation and fibrosis grades obtained. Data are expressed as the mean ± SEM and the results 

were normalized to the respective control condition (set as 100 %). Statistically significant compared using 

two-way ANOVA followed by Fisher's LSD test for multiple comparisons (*P<0.05, **P < 0.01,***P < 

0.0005, ****P < 0.0001 vs Vehicle + SD); (#P < 0.05, ###P < 0.0005,####P < 0.0001 vs Vehicle + WD). Contri-

bution to this panel: I was responsible for the conceptualization, experimental work, and data analysis of 

Figure 40A-E. In the Figures 40F and G, I was responsible for liver fixation in 10 % neutral buffered forma-

lin. The tissue was trimmed and processed for paraffin embedding in a paid service at the Instituto Gul-

benkian de Ciência (IGC). The histological images and the NAS assessment was realized by our collabora-

tors in the Department of Pathology, The Children’s Memorial Health Institute, Warsaw, Poland. 

Significantly, AntiOxCIN4 supplementation diminished hepatic lipid accumula-

tion, highlighted by a reduction of the steatotic grade from 3 to 2, while no alterations 

were observed at hepatocyte ballooning level in comparison with the Vehicle + WD 

group (Figure 40F, G).  
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Figure 41. Effects of AntiOxCIN4 on hepatic inflammatory markers and plasma parameters of WD-fed 

mice induced steatosis. (A) Selected physiological parameters of C57BL/6J mice supplemented with Anti-

OxCIN4 or vehicle and fed with SD or with WD. (B) Average food intake (left) and water consumption (right) 

in WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). (C) Plasma levels of choles-

terol in WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). (D) Liver histology of 

CD3, CD45 and CD68 inflammatory markers. Scale bar: 250 μm, with 10x magnification. Statistically sig-

nificant compared using two-way ANOVA followed by Fisher's LSD test for multiple comparisons (**P < 

0.01 vs Vehicle + SD). Contribution to this panel: I was responsible by conceptualization, experimental 

work, and data analysis of Figure 41 A-C. The histological images in Figure 41D were realized by our col-

laborators in the Department of Pathology, The Children’s Memorial Health Institute, Warsaw, Poland. 
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9.3.2. AntiOxCIN4 improved alterations in hepatic lipid profile in the liver of 

a WD-fed mice model with a NAFL phenotype 

In agreement with the histological analysis and NAS score (Figure 40F, G), the 

quantification of LD relative intensity by H&E staining confirmed that Vehicle + WD in-

creased hepatic lipid accumulation (2147 %) when compared to the Vehicle + SD group 

(Figure 42A). These observations align with MS-proteomic data evidencing an increase 

of DNL and elongation/unsaturation-related proteins in the Vehicle + WD group (Figure 

42D). The data from TLC analysis revealed that hepatic tissue from WD-fed mice have 

increased TG (214 %) and cholesteryl esters (CEs) (411 %) content, with an associated 

increase of diacylglycerols (DAGs) (395 %) and free Chol (119 %) levels (Figure 42B). Re-

garding the saturation/unsaturation of FAs acyl chains, WD feeding induced a decrease 

of saturated fatty acids (SFAs) levels (23 %) in comparison with the Vehicle + SD group 

(50 %) (Figure 42C). Moreover, WD feeding favored an enrichment of oleate (63 %), 

while a decrease of linoleate (3 %) and ω-3 FAs (2 %) was noticed in comparison with 

oleate (17 %), linoleate (15 %) and ω-3 FAs (7 %) of Vehicle + SD group (Figure 42C). 

AntiOxCIN4 per se did not alter the hepatic lipid profile of SD-fed mice (Figure 42A-C). 

However, AntiOxCIN4 supplementation induced the expression of proteins involved in 

DNL but also in elongation/ unsaturation-related pathways (Figure 42D). In WD-fed 

mice, AntiOxCIN4 supplementation partially prevented hepatic lipid accumulation by in-

ducing a decrease (by 570 %) in the LD relative intensity compared to the Vehicle + WD 

group (Figure 42A). Moreover, AntiOxCIN4 also improved the lipid composition profile 

with a decrease in the TG (by 30 %) and DAGs (by 103 %) levels (Figure 42B). Interest-

ingly, AntiOxCIN4 supplementation in WD-fed mice led to higher CEs levels (by 105 %) 

while no significant differences were found in Chol levels (Figure 42B). The data sug-

gested that AntiOxCIN4 can modulate FAs acyl chain composition, as demonstrated by a 

non-statistically significant decrease of oleate (by 9 %) and a non-statistically significant 

increase of linoleate (by 4 %) and ω-3 FAs (by 2 %) in the AntiOxCIN4 + WD group, relative 

to the Vehicle + WD group (Figure 42C).  
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Figure 42. Effects of AntiOxCIN4 on hepatic lipid content and composition of WD-fed mice with NAFL 

phenotype. (A) Hepatic lipid accumulation. Lipid quantification was obtained from three independent im-

ages/per animal of each experimental group of H&E staining. (B) Representative image of hepatic neutral 

lipid profile in WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal) using thin-layer 

chromatography (TLC). Several parameters were evaluated: triglycerides (TGs), diacylglycerols (DAGs), 

cholesteryl esters (CEs) and free cholesterol (chol). (C) Fatty acyl chain composition of hepatic triglycerides 

in terms of saturated fatty acids, palmitoleate, oleate, linoleate and ω-3 fatty acids in liver homogenates 

from WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). (D) MS-proteomic analy-

sis of hepatic de novo lipogenesis and fatty acids elongation/unsaturation-related proteins in WD-fed mice 

in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). Blue color represents a decrease, while red 
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color represents an increase of protein levels. Protein abbreviations are detailed in Table 8 (E) PCA of 

physiological parameters, hepatocyte damage hallmarks and lipid content with respective composition 

(data taken from Figure 41A, Figure 40E, Figure 42A-C, respectively). Data are expressed as the mean ± 

SEM and the results were normalized to the control condition (set as = 100 %). Statistically significant 

compared using two-way ANOVA followed by Fisher's LSD test for multiple comparisons (**P < 0.01,***P 

< 0.0005, ****P < 0.0001 vs Vehicle + SD); (#P < 0.05, ###P < 0.0005 Vehicle + WD). Contribution to this 

panel: I was responsible by the conceptualization of Figure 42A-E. Team member Teresa Cunha-Oliveira 

performed the principal component analysis of the data in the Figure 42E, which was then analyzed by 

me. 

To identify relevant parameters for the characterization of the experimental 

groups, we performed principal component analysis (PCA) using the subset of physio-

logical parameters (Body weight; Liver weight; AST; ALT; Hepatic lipid accumulation; TG; 

DAG; SFAs; MUFAs; Palmitoleate; Linoleate; ω-3 FAs). The measured parameters allow 

us to discriminate between the experimental groups. In fact, samples belonging to Ve-

hicle + SD and AntiOxCIN4 + SD cluster close to each other while Vehicle + WD sit distant 

from SD groups. Interestingly, AntiOxCIN4 + WD cluster is more closer to SD groups (Fig-

ure 42E). These observations point out an amelioration in hepatic lipid profile, which 

could indicate a healthier liver phenotype when NAFL models were supplemented with 

AntiOxCIN4.  

9.3.3. AntiOxCIN4 decreased LD size of FFAs-treated human HepG2 cells 

Cellular and molecular evidences in human hepatocytes (HepG2) were acquired to 

corroborate the in vivo data. AntiOxCIN4 (48 h, 100 μM) counteracted the lipotoxicity of 

supraphysiological FFA concentrations (24 h, 250 μM). Control (BSA-treated) cells incu-

bated with FFAs showed an increase in neutral lipid content (210 %) without signs of 

toxicity (Figure 43A). AntiOxCIN4 incubation (48h, 100 μM) before FFAs exposure signif‐

icantly reduced lipid accumulation (by 29 %) (Figure 43A). Additionally, AntiOxCIN4 pre-

treatment showed to significantly reduced LD size while slightly decreased their abun-

dance when compared with vehicle + FFA cells (Figure 43B). Nuclear magnetic resonance 

(NMR) experiments strengthened that AntiOxCIN4 decreased TG and FAs levels in HepG2 

cells exposed to FFAs (Figure 43C). Altogether, these in vitro observations supported the 

beneficial effects of AntiOxCIN4 in the lipid accumulation of human HepG2 cells. 
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Figure 43. Effects of AntiOxCIN4 on hepatic lipid content and composition of human HepG2 cells. (A) 

Neutral lipid accumulation (upper) and respective cell mass (lower) in human HepG2 cells treated with 

vehicle (BSA) or FFAs (24 h, 250 μM) in the absence/presence of AntiOxCIN4 (48 h, 100 μM). (B) Typical 

background-corrected images of HepG2 cells stained with the LipidTOX Green (lipids, green) and Hoechst 

33342 (nucleus, blue), and treated with vehicle (BSA) or FFAs (24 h, 250 μM) in the absence/presence of 

AntiOxCIN4 (48 h, 100 μM) (upper). The LipidTOX Green and Hoechst 33342 fluorescence intensity was 

color-coded to green and blue, respectively. Average lipid droplet number, area and size was calculated 

from four images in multiple experiments (lower). (C) Triglycerides (left) and intracellular fatty acids (right) 

in cells treated with vehicle (BSA) or FFAs (24h, 250 μM) in the absence/presence of AntiOxCIN4 (48h, 100 

μM). Data are expressed as the mean ± SEM and the results were normalized to the respective control 

condition (set as 100 %). Statistically significant compared using two-way ANOVA followed by Fisher's LSD 

test for multiple comparisons (*P<0.05, **P < 0.01, ***P < 0.0005, ****P < 0.0001 vs Vehicle + BSA); (#P 

< 0.05, ##P < 0.01 vs Vehicle + FFAs). 



PART III  
Chapter 9 

 

 

222    Ricardo Amorim | University of Coimbra 
 

9.3.4. AntiOxCIN4 increased mitochondrial and peroxisomal fatty acid oxi-

dation (FAO) markers in the liver of WD-fed mice with a NAFL pheno-

type 

As FAO is a major pathway responsible for FAs metabolism in hepatocytes under 

nutrient overload [259], we evaluate the effects of AntiOxCIN4 in FAO in WD-fed mice 

Using MS-proteomic analysis, we observed that AntiOxCIN4 + SD mice presented higher 

levels of mitochondrial-FAO related proteins (ACOT12, ECHS1 and ECHDC3), peroxiso-

mal-FAO related proteins (ACOT3/4, ABCD1/2 transporters and ACOX1i2), and peroxiso-

mal markers (SLC25A17 and MAVS) (Figure 44). Although WD feeding can also cause an 

increase in some of these FAO- and peroxisomal-related proteins, it is important to note 

that AntiOxCIN4 supplementation had a major impact in mitochondrial- and peroxisomal 

FAO-related enzymes and peroxisomal-related protein levels (Figure 44).  

The results suggest that supplementation with AntiOxCIN4 improved both mito-

chondrial and peroxisomal FAO. 

Figure 44. Effects of AntiOxCIN4 on mitochondrial and peroxisomal fatty acid oxidation (FAO) of WD-fed 

mice with a NAFL phenotype. Mass spectrometry (MS)-proteomic analysis of hepatic mitochondrial, pe-

roxisomal FAO-related proteins, and peroxisomal markers levels in WD-fed mice in the absence/presence 

of AntiOxCIN4 (2.5 mg/day/animal). Blue color represents a decrease, while red color represents an 
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increase of the protein levels. Protein abbreviations are detailed in Table 8. Contribution to this panel: I 

was responsible by the conceptualization and experimental work of Figure 44. 

9.3.5. AntiOxCIN4 increased mitochondrial and peroxisomal fatty acid oxi-

dation (FAO) markers and FAO-linked oxygen consumption in FFAs-

treated human HepG2 cells 

Cellular evidences in human hepatocytes (HepG2) were acquired to corroborate 

the in vivo effects of AntiOxCIN4 in both mitochondrial and peroxisomal FAO. In fact, we 

observed that AntiOxCIN4 increased mRNA levels of peroxisome proliferator-activated 

receptor-α (PPARA) in both Vehicle + FFAs (169 %) and in Vehicle + BSA (173 %) regimens 

(Figure 45A). PPARα is a master regulator of FAO-related pathways, being its elevated 

levels correlated with elevated mitochondrial-FAO (ACOT2, 169 %; CPT1A, 151 %, ECHS1, 

140 %) and peroxisomal-FAO related genes (PEX14, 117 %; ACOX1, 174 %) in AntiOxCIN4 

+ FFAs condition. The markers CPT1A (175 %), ACOT2 (173 %) and PEX14 (178 %) were 

also induced in the BSA + AntiOxCIN4 treatment group (Figure 45A). The functional cel-

lular oxygen consumption rate (OCR) resulting from palmitoyl-L-carnitine oxidation in 

human HepG2 cells was analyzed to estimate the mitochondrial contribution for FAO. 

No significant differences were found between Vehicle + BSA and AntiOxCIN4 + BSA-

treated cells (Figure 45B). Acute cell treatment with palmitoyl-L-carnitine led to an in-

crease of 33 % in FAO-linked OCR, being this parameter increased by 15 % in AntiOxCIN4 

+ palmitoyl-L-carnitine cells (Figure 45B). Altogether, the observed decrease in hepatic 

fat accumulation by AntiOxCIN4 supplementation results from an upregulation of both 

mitochondrial and peroxisomal FAO. 
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Figure 45. Effects of AntiOxCIN4 on mitochondrial and peroxisomal fatty acid oxidation (FAO) of FFAs-

treated human HepG2 cells. (A) mRNA transcript levels of FAO-related genes (PPARA, ACOX1, PEX14, 

ACOT2, CPT1A, and ECSH1) in human HepG2 cells treated with vehicle (BSA) or FFAs (24 h, 250 μM) in the 

absence/presence of AntiOxCIN4 (48 h, 100 μM). (B) Representative image of FAO-related oxygen con-

sumption rate (OCR) measurement. BSA or palmitoyl-L-carnitine (250 μM) were acutely injected in HepG2 

in the absence/presence of AntiOxCIN4 (48 h, 100 μM). Data are expressed as the mean ± SEM and the 

results were normalized to the control condition (set as 100 %). Statistically significant compared using 
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two-way ANOVA followed by Fisher's LSD test for multiple comparisons (*P<0.05, **P < 0.01, ****P < 

0.0001 vs Vehicle + BSA); (#P < 0.05, ##P < 0.01, ###P < 0.0005 vs Vehicle + FFAs). 

9.3.6. AntiOxCIN4 improved mitochondrial oxygen consumption and de-

creased the susceptibility to mitochondrial permeability transition 

pore (mPTP) opening in the liver of WD-fed mice with NAFL pheno-

type 

Considering the observed stimulation of the mitochondrial FAO pathway, we in-

vestigated whether AntiOxCIN4 also impacts the mitochondrial oxygen consumption. 

This was assessed by using isolated hepatic mitochondrial fractions from the experi-

mental mice groups. Liver mitochondria from Vehicle + WD energized with py-

ruvate/malate showed an increase in ADP-stimulated respiration (st3) and maximal un-

coupled respiration (st3u) OCR (Figure 46A). AntiOxCIN4 supplementation significantly 

prevented the WD-induced increase in st3u OCR (Figure 46A). Moreover, AntiOxCIN4 

promoted a decrease in st3u in SD-fed mice (Figure 4A). The respiratory control ratio 

(RCR, state 3/state 4o), a measure of OXPHOS-coupling efficiency, was decreased in liver 

mitochondria from Vehicle + WD, an effect that was partially prevented by AntiOxCIN4 

supplementation in WD (Figure 46C). Although similar results were observed for succin-

ate-energized mitochondria (Figure 46B), RCR was not affected in complex II-driven res-

piration (Figure 46D). Notwithstanding, we observed no differences in the transport of 

electrons through complex I, II and III between both WD-fed groups (Vehicle + WD vs. 

AntiOxCIN4 + WD), despite an increase in the Vehicle + SD mice group (Figure 46F). Next, 

we evaluated the susceptibility of the hepatic mitochondria to mPTP opening in the 

presence of Ca2+ and tBHP. Isolated mitochondria from Vehicle + WD mice had higher 

susceptibility to mPTP opening (150 %), while AntiOxCIN4 supplementation showed a 

non-statistically significant protection against mPTP opening (by 18 %) in this group (Fig-

ure 46E). These results suggest that AntiOxCIN4 improves overall liver mitochondrial 

function of WD-fed mice. 
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Figure 46. Effects of AntiOxCIN4 on mitochondrial function in a WD-fed mice with NAFL phe-

notype. (A) Oxygen consumption rate (OCR) of Complex I-linked respiration (pyruvate/malate, 

10 mM/5 mM) in isolated liver mitochondria from WD-fed mice in the absence/presence of An-

tiOxCIN4 (2.5 mg/day/animal). Adenosine di-phosphate (ADP) (4 mM), oligomycin (olig) (2 

μg/μL), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) (4 μM) and antimycin A 

(AA) (2 μM) were sequentially added to modulate mitochondrial function as described in the 

section 9.2.8. (B) Oxygen consumption rate (OCR) of Complex II-linked respiration (succinate, 10 

mM) in isolated liver mitochondria of WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 
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mg/day/animal). ADP (4 mM), olig (2 μg/μL), FCCP (4 μM) and AA (2 μM) were sequentially 

added to modulate mitochondrial function. (C) Respiratory control ratio (RCR) (state 3/state 4o) 

of pyruvate/malate-energized isolated liver mitochondria of WD-fed mice in the absence/pres-

ence of AntiOxCIN4 (2.5 mg/day/animal). (D) Respiratory control ratio (RCR) (state 3/state 4o) of 

succinate-energized isolated liver mitochondria of WD-fed mice in the absence/presence of An-

tiOxCIN4 (2.5 mg/day/animal). (E) Mitochondrial swelling after induction of mitochondrial per-

meability transition pore opening in succinate-energized isolated liver mitochondria of WD-fed 

mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal), in the presence of tBHP and 

CaCl2. (F) Mitochondrial electron flow-associated OCR measurement in pyruvate/malate-ener-

gized isolated liver mitochondria, supplemented with FCCP (2 µM), of WD-fed mice in the ab-

sence/presence of AntiOxCIN4 (2.5 mg/day/animal). Rotenone (2 µM), succinate (10 mM), anti-

mycin A (2 µM) and Asc/TMPD (10 mM/100 µM) were sequentially added to modulate mito-

chondrial function. Data are expressed as mean ± SEM and the results were normalized to the 

control condition (set as = 100%). Statistically significant compared using two-way ANOVA fol-

lowed by Fisher's LSD test for multiple comparisons (*P<0.05, **P < 0.01, ***P < 0.0005, ****P 

< 0.0001 vs Vehicle + SD); (#P < 0.05, ##P < 0.01, ###P < 0.0005 vs Vehicle + WD). Contribution to 

this panel: I was responsible by the conceptualization, experimental work and data analysis of 

Figure 46 A-F. 

9.3.7. AntiOxCIN4 avoided alterations in mitochondrial phospholipid profile 

in the liver of WD-fed mice with NAFL phenotype 

Phospholipid composition in mitochondrial membranes is crucial for the architec-

ture and functionality of mitochondria [666]. So, we analyzed the mitochondrial phos-

pholipid composition of steatotic livers in the absence/presence of AntiOxCIN4. Vehicle 

+ WD mice showed decreased levels of sphingomyelin (62 %) and phosphatidylethano-

lamine (PE) (77 %), with the latter contributing to an increase of phosphatidylcholine 

(PC)/PE ratio (126 %) (Figure 47). Importantly, AntiOxCIN4 supplementation decreased 

cardiolipin levels (85 %) when compared with Vehicle + WD (110 %), while maintaining 

PC/PE ratio to levels similar to the SD-fed groups (93 %) (Figure 47). AntiOxCIN4 per se 

(SD group) did not affect mitochondrial phospholipid levels (Figure 4D and S2D). The 

data reinforced the indication that AntiOxCIN4 supplementation can prevent mitochon-

drial membrane composition alterations in WD-fed mice. Modifications in mitochondrial 
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membrane composition may determine alterations on parameters such as fluidity and 

stability which modulate mitochondrial bioenergetics.  

Figure 47. Effects of AntiOxCIN4 on mitochondrial phospholipid profile in a WD-fed mice with NAFL phe-

notype Mitochondrial phospholipid profile in isolated liver mitochondria from WD-fed mice in the ab-

sence/presence of AntiOxCIN4 (2.5 mg/day/animal) using TLC. Several parameters were evaluated: cardi-

olipin (CL), phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylinositol (PI) and sphin-

gomyelin (SM), PC/PE ratio levels. Data are expressed as mean ± SEM and the results were normalized to 

the control condition (set as = 100%). Statistically significant compared using two-way ANOVA followed 

by Fisher's LSD test for multiple comparisons (*P<0.05 vs Vehicle + SD); (#P < 0.05 vs Vehicle + WD). Con-

tribution to this panel: I was responsible by the conceptualization of Figure 47. 

9.3.8. AntiOxCIN4 upregulated mitochondrial OXPHOS subunits by increas-

ing PGC-1α and mitochondrial SIRT3 protein levels in the liver of WD-

fed mice with NAFL phenotype 

SIRT3, a member of NAD+-dependent deacetylases mainly localized in mitochon-

dria, modulates mitochondrial ROS and biogenesis in a NAFLD context [276, 667]. To 

unravel the origin of the mitochondrial bioenergetics alteration induced by WD, we an-

alyzed SIRT3 and peroxisome proliferator-activated receptor-gamma coactivator (PGC-

1α) protein levels. Vehicle + WD group showed a non-statistically significant increase of 

SIRT3 (5-fold) and PGC-1α (173 %) protein levels (Figure 48A). Interestingly, AntiOxCIN4 

supplementation in WD-fed mice further amplified that effect by 53 % in PGC-1α and 

603 % in SIRT3 (Figure 48A). Moreover, PGC-1α protein expression in both AntiOxCIN4-
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treated groups (SD or WD) was correlated with a higher protein expression of OXPHOS 

complexes subunits, mainly at Complex I level (MT-ND5, NDUFA3, NDUFV2, NDUFB4, 

NDUFS8, NDUFS3) (Figure 48B). These findings indicate that AntiOxCIN4 modulates mi-

tochondrial metabolism by increasing protein levels of OXPHOS complexes subunits 

through PGC-1α-SIRT3 pathway in the liver of WD-fed mice with NAFL phenotype.  

Figure 48. Effects of AntiOxCIN4 on SIRT3-PGC-1α axis and mitochondrial OXPHOS subunits in a WD-fed 

mice with NAFL phenotype. (A) Typical Western blot result of whole-liver homogenates depicting the 

cytosolic protein levels of PGC-1α and mitochondrial protein levels of SIRT3 from WD-fed mice in the 

absence/presence of AntiOxCIN4 (2.5 mg/day/animal). These blots were inverted and contrast-optimized 

for visualization purposes. Quantification of the bands was performed using the original blots. Quantifi-

cation of protein levels in multiple experiments were normalized to β- actin (cytosol) or VDAC (mitochon-

dria) levels. (B) MS-proteomic analysis of mitochondrial OXPHOS complexes subunits protein levels in liver 

homogenates from WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). Blue color 
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represents a decrease, while red color represents an increase of protein levels. Blue color represents a 

decrease, while red color represents an increase of protein levels. Protein abbreviations are detailed in 

Table 8. Data are expressed as the mean ± SEM and the results were normalized to the control condition 

(set as 100 %). Statistically significant compared using two-way ANOVA followed by Fisher's LSD test for 

multiple comparisons (*P<0.05, **P < 0.01 vs Vehicle + SD). Contribution to this panel: I was responsible 

by the conceptualization, experimental work, and data analysis of Figure 48A-B. 

9.3.9. AntiOxCIN4 improved mitochondrial morphology and function of 

FFAs-treated human HepG2 cells 

To assess the mice-to-human translation of the mitochondrial implications, we 

evaluated the effects of AntiOxCIN4 in ΔΨm by incubating BSA- or FFAs-treated human 

HepG2 cells with the fluorescent cation Mitotracker Red. (Figure 49A) FFA-treated cells 

showed a decreased ΔΨm (65 %), but the pre-incubation with AntiOxCIN4 (48 h, 100 

μM) not only prevented FFAs alterations but increased ΔΨm (160 %) when compared to 

control cells (Figure 49B). AntiOxCIN4 induced a ΔΨm hyperpolarization (130 %) in BSA-

treated HepG2 cells (Figure 49B). The cellular consequences of AntiOxCIN4 and/or FFAs 

treatments on gene expression of mitochondrial OXPHOS-related genes was also deter-

mined. The mRNA transcripts levels were significantly increased in the presence of An-

tiOxCIN4 (Figure 49C). Human HepG2 cells treated with FFAs (24 h, 250 μM) showed 

decreased mRNA levels of the mitochondrial DNA-encoded NADH dehydrogenase sub-

unit 5 of respiratory complex I gene (MT-ND5, 64 %) and the nuclear DNA-encoded suc-

cinate dehydrogenase subunit A of respiratory complex II gene (SDHA, 32 %) (Figure 

49C). Pre-incubation with AntiOxCIN4 prevented a FFAs-induced MT-ND5 gene mRNA 

depletion. However, no differences were observed in the mRNA level of SDHA gene (Fig-

ure 49C). AntiOxCIN4 also increased mRNA levels of other mitochondrial OXPHOS subu-

nits genes (e.g., NDUFA9, UQCRC2, COX4l1, MT-ATP6 and ATG5MC1) in the FFAs treated 

cells (Figure 49C). These results propose that in HepG2 cells AntiOxCIN4 induced a mito-

chondrial membrane potential hyperpolarization due to an increased mitochondrial 

OXPHOS content in human HepG2 cells.  
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Figure 49. Effects of AntiOxCIN4 on mitochondrial morphology and function of FFAs-treated human 

HepG2 cells. (A) Typical background-corrected images of HepG2 cells stained with the fluorescent cation 

MitoTracker Red FM (red) and Hoechst 33342 (blue) and treated with vehicle (BSA) or FFAs (24h, 250 μM) 

in the absence/presence of AntiOxCIN4 (48h, 100 μM). The MitoTracker Red FM and Hoechst 33342 fluo‐

rescence intensity was color-coded to red and blue, respectively. (B) Average mitochondrial MitoTracker 

Red fluorescence intensity was calculated from four imagens of each independent experiment (n=3). (C) 

mRNA transcript levels of mitochondrial OXPHOS complexes subunits genes (MT-ND5, NDUFA9, SDHA, 

MT-CYB, UQCRC2, MT-CO1, COX4I1, MT-ATP6 and ATP5MC1) in cells treated with vehicle (BSA) or FFA 

(24h, 250 μM) in the absence/presence of AntiOxCIN4 (48h, 100 μM). Data are expressed as the mean ± 

SEM and the results were normalized to the control condition (set as = 100%). Statistically significant 



PART III  
Chapter 9 

 

 

232    Ricardo Amorim | University of Coimbra 
 

compared using two-way ANOVA followed by Fisher's LSD test for multiple comparisons (*P<0.05, **P < 

0.01, ****P < 0.0001 vs Vehicle + BSA); (####P < 0.0001 vs Vehicle + FFA). 

9.3.10. AntiOxCIN4 increased tricarboxylic acid cycle (TCA) coupling and ana-

plerotic processes while decreased the TCA turnover in human FFAs-

treated HepG2 cells 

Alterations in mitochondrial morphology and function have been associated with 

exacerbated TCA cycle function due to excessive substrate influx, a widely described ob-

servation in the pathogenesis of diet-induced fatty liver [240]. To determine the AntiOx-

CIN4 effect on TCA cycle rates, we used 13C NMR isotopomer analysis for monitoring TCA 

cycle intermediates. AntiOxCIN4-treated human HepG2 cells in the presence of 

FFAs/BSA and [1,6-13C2]glucose will generate [3-13C]pyruvate, which can either generate 

[3-13C]lactate by lactate dehydrogenase or [4-13C]glutamate through the TCA cycle. 

Briefly, TCA coupling is a ratio between the amount of labelling on glutamate C4 isoto-

pomers and [U-13C]lactate. We observed that TCA coupling is increased in AntiOxCIN4 + 

BSA-treated human HepG2 cells (252 %) (Figure 50A). Moreover, FFAs treatment also 

increases TCA coupling (254 %), being this effect counteracted when HepG2 were pre-

incubated with AntiOxCIN4 (by 121 %) (Figure 50A). TCA turnover, a ratio between 

[3,4,5-13C3]glutamate and [4,5- 13C2]glutamate, was decreased in both AntiOxCIN4 regi-

mens (70 % in both cases), while no alteration was observed in FFAs treatment (Figure 

50B). Anaplerosis, a process responsible for replenishing TCA cycle intermediates, 

showed higher values in AntiOxCIN4-treated human HepG2 cells (143% in BSA and 135% 

in FFA conditions) (Figure 50C), while FFAs exposure by itself did not alter this process. 

These results suggest that the presence of AntiOxCIN4 causes a higher oxidation of py-

ruvate by the TCA cycle. Moreover, reduced TCA turnover and increased anaplerosis in 

AntiOxCIN4 treatment may indicate an up-regulation of the biosynthetic precursors. 
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Figure 50. Effects of AntiOxCIN4 on tricarboxylic acid cycle (TCA) coupling and anaplerotic processes in 

human FFAs-treated HepG2 cells and gluconeogenic-related proteins in the liver of WD-fed mice with 

NAFL phenotype (A) TCA coupling - [1,6-13C2]glucose consumption coupled to TCA cycle ([4-13C]gluta-

mate/[3-13C]lactate). (B) TCA cycle turnover (glutamate 13C4Q/glutamate 13C4D34). (C) Anaplerosis [1-

(glutamate 13C3/glutamate 13C4)]. (D) MS-proteomic analysis of gluconeogenic-related protein levels in 

WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). Blue color represents a de-

crease, while red color represents an increase of protein levels. Protein abbreviations are detailed in Table 

8. Data are expressed as the mean ± SEM and the results were normalized to the control condition (set as 

100 %). Statistically significant compared using two-way ANOVA followed by Fisher's LSD test for multiple 

comparisons (*P<0.05, **P < 0.01 vs Vehicle + BSA); (#P < 0.05, ##P < 0.01, vs Vehicle + FFA). 
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9.3.11. AntiOxCIN4 increased levels of gluconeogenic-related proteins in the 

liver of WD-fed mice with NAFL phenotype 

Anaplerosis is catalyzed in the liver by the combined action of mitochondrial py-

ruvate carboxylase (PCX) and phosphoenolpyruvate carboxykinase (PCK2), the two first 

enzymes of the gluconeogenic pathway [218]. In our NAFL mice model, PCK2 protein 

was diminished, while AntiOxCIN4 supplementation increased both PCX and PCK2 levels 

(Figure 50D). Moreover, other gluconeogenic enzymes such as phosphoglycerate kinase 

2 (PGK2) and glucose-6-phosphatase (G6PC) were increased in AntiOxCIN4 + WD group 

(Figure 50D). AntiOxCIN4 also increased PCX, G6PC and PGK2 protein levels in SD-fed 

mice (Figure 50D).  

9.3.12. AntiOxCIN4 stimulated endogenous antioxidant defenses in the liver 

of WD-fed mice with NAFL phenotype 

Hepatic OxS is considered a contributing factor in NAFLD pathogenesis [668], we 

next evaluated the redox status of steatotic livers from WD-fed mice. In our study, no 

alterations in hepatic mitochondrial H2O2 levels were observed in mice from Vehicle + 

WD and AntiOxCIN4 + WD (Figure 51A). As we previously described AntiOxCIN4 as a re-

dox modulator [460], we decided to investigate whether AntiOxCIN4 impacted the mito-

chondrial and/or cytosolic enzymatic antioxidant defenses system.  Consequently, mito-

chondria and cytosol subcellular fractions from SD- and WD-fed mice in the presence or 

absence of AntiOxCIN4 were prepared (Figure 51B). Aconitase is a known mitochondrial 

enzyme whose activity is compromised in the presence of mtROS. In our study, we ob-

served that AntiOxCIN4 prevented the hepatic de-activation of aconitase in SD-fed mice 

(Figure 52C). In accordance, major antioxidants enzymes such as superoxide dismutase 

(SOD) and (299 %) and catalase (159 %) activities were increased in isolated hepatic mi-

tochondria from AntiOxCIN4 + SD mice (Figure 52D). 
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Figure 51. Effects of AntiOxCIN4 on oxidative stress hallmarks and antioxidant defenses in a WD-fed 

mice with NAFL phenotype. (A) H2O2 production rate in isolated liver mitochondria from WD-fed mice in 

the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). (B) Typical Western blot results showing the 

purity of cytosolic and mitochondrial fractions by using β-actin, GAPDH and VDAC1 levels. (C) Physiological 

and reactivated aconitase activity in isolated liver mitochondria from WD-fed mice in the 

absence/presence of AntiOxCIN4 (2.5 mg/day/animal). Aconitase activity inhibition was measured as 
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described in the section 9.2.15. (D) Antioxidant defense enzymes. Superoxide dismutase (SODs) and 

catalase activity in isolated liver mitochondrial fraction from WD-fed mice in the absence/presence of 

AntiOxCIN4 (2.5 mg/day/animal). Total antioxidant capacity, glutathione reductase (GR) activity, and 

glutathione (GSH) levels in whole liver homogenate from WD-fed mice in the absence/presence of 

AntiOxCIN4 (2.5 mg/day/animal). (E) MS-proteomic analysis of hepatic antioxidant-related enzymes levels 

in WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). The blue color represents a 

decrease, while the red color represents an increase in protein levels. Protein abbreviations are detailed 

in Table 8. Data are expressed as the mean ± SEM, and the results were normalized to the control 

condition (set as 100%). Statistically significant compared using two-way ANOVA followed by Fisher's LSD 

test for multiple comparisons (*P<0.05, **P < 0.01, ***P < 0.0005 vs Vehicle + SD); (#P < 0.05, ##P < 0.01 

vs Vehicle + WD). Contribution to this panel: I was responsible by the conceptualization, experimental 

work, and data analysis of Figure 51A, C, D, E. 

 

In total mice liver homogenates, total antioxidant capacity was increased in the 

AntiOxCIN4 + WD group (Figure 51D). Moreover, a higher glutathione reductase (GR) 

activity (by 67 %) and increment of glutathione (GSH) levels (by 27 %) were observed in 

the AntiOxCIN4 + WD group, when compared with Vehicle + SD group (Figure 51D). We 

also detected increased protein levels of several antioxidant defense enzymes (e.g., CAT, 

SOD1, TXNDC5, MSRA, GLRX3) in WD + AntiOxCIN4 (Figure 51E). These findings strength-

ened the redox modulator role of AntiOxCIN4, which impacted the endogenous antioxi-

dant defense system with positive outcomes in the liver of WD-fed mice. 

9.3.13. AntiOxCIN4 decreases FFAs-induced ROS in human HepG2 cells by ris-

ing endogenous antioxidant defense gene expression 

HepG2 cells were used to corroborate the in vivo effects of AntiOxCIN4 in the he-

patic antioxidant defense system through the measurement of mRNA levels of antioxi-

dant defense enzymes in cells exposed to supraphysiological concentrations of FFAs. 

Although AntiOxCIN4 per se (AntiOxCIN4 + BSA) increased mRNA transcripts of CAT, 

SOD1, SOD2, GPX1, GPX4, NQO1, and HMOX1 genes mRNA transcripts, in the presence 

of FFA (AntiOxCIN4 + FFA) only mRNA transcripts of CAT, SOD1, GPX1, GPX4 and NQO1 

genes mRNA transcripts were augmented by AntiOxCIN4 treatment (Figure 52A). Oxida-

tion of the cellular OxS indicator CM-H2DCFDA was augmented in FFAs incubation (24 h, 

250 μM) in human HepG2 cells (143 %) (Figure 52B), an effect that was remarkably 
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prevented by AntiOxCIN4 (48h, 100 μM) (by 24 %) (Figure 52B). These findings in human 

HepG2 cells corroborated the redox modulator role of AntiOxCIN4 by increasing endog-

enous antioxidant defense system.  

Figure 52. Effects of AntiOxCIN4 on oxidative stress hallmarks and antioxidant defenses in human FFAs-

treated HepG2 cells. (B) mRNA transcript levels of antioxidant-related genes (CAT, SOD1, SOD2, GPX1, 

GPX4, NQO1 and HMOX1) in cells treated with vehicle (BSA) or FFA (24h, 250 μM) in the absence/presence 

of AntiOxCIN4 (48h, 100 μM) (right). The grey color represents a decrease, while the green color repre‐

sents an increase of gene expression levels. (C) Cellular reactive oxygen species (ROS) on HepG2 cells 

treated with vehicle (BSA) or FFA (24h, 250 μM) in the absence/presence of AntiOxCIN4 (48h, 100 μM). 

(***P < 0.0005 vs Vehicle + BSA); (#P < 0.05 vs Vehicle + FFA).   

9.3.14. AntiOxCIN4 did not alter the AKT/mTOR/S6K1/4E-BP1 pathway in the 

liver of WD-fed mice with a NAFL phenotype 

AMP-activated protein kinase (AMPK) and mammalian target of rapamycin com-

plex (mTOR) are major cellular energy sensors, which may contribute to the cellular met-

abolic adaptation under stress conditions [669, 670]. In the presence of growth fac-

tors/insulin or nutrients such as glucose or amino acids, there is a stimulation of PI3K-

AKT-mTOR pathway.  
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Figure 53. Effects of AntiOxCIN4 on AKT/mTOR axis pathway of WD-fed mice with a NAFL phenotype. 

(A) Typical Western blot result of whole liver homogenates depicting the protein level of p-AKT (Ser473), 

AKT, p-mTOR (Ser2448), mTOR, p-AMPKalpha (Thr172), AMPKalpha, p-p70 S6K1 (Thr389), p70 S6K1, p-

4E-BP1 (Thr46), 4E-BP1 and β-actin (cytosolic marker) from WD-fed mice in the absence/presence of An-

tiOxCIN4 (2.5 mg/day/animal). These blots were inverted and contrast-optimized for visualization pur-

poses. Quantification of the bands was performed using the original blots. (B) Protein expression levels in 

liver homogenates from WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/animal). Quan-

tification of proteins described above in multiple experiments was normalized to β- actin levels. Data are 

expressed as mean ± SEM and the results were normalized to the control condition (set as = 100%). 
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Statistically significant compared using two-way ANOVA followed by Fisher's LSD test for multiple com-

parisons (*P<0.05, **P < 0.01 vs Vehicle + SD). Contribution to this panel: I was responsible by the con-

ceptualization, experimental work, and data analysis of Figure 53 (except p-mTOR/mTOR WB). 

In fact, we observed that the WD induced increased phosphorylation at Ser473 

(248 %) of the protein kinase B complex (AKT) and a non-significant increase in mTOR 

phosphorylation at Ser2448 (143 %) (Figure 53A, B). A decrease of AMPKα phosphory‐

lation (Thr172) (51 %) reinforced the activation of AKT/mTOR pathway with subsequent 

phosphorylation of downstream proteins responsible for the induction of protein syn-

thesis: p-p70 S6K1 (Thr389) (262 %) and p-eIF4E-binding protein 1(4E-BP1) (Thr45) (392 

%) (Figure 53A, B). Similar results were observed when mice fed with WD were supple-

mented with AntiOxCIN4, with increased levels of p-AKT (320 %), p-mTOR (192 %), p-p70 

S6K1 (300 %) and p-4EBP1 (601 %), and decreased levels of p-AMPKα (33 %) (Figure S4A, 

B). AntiOxCIN4 had no significant effect in AKT/mTOR axis and related downstream path-

ways in SD-fed mice (Figure 53A, B). These results suggest that the high availability of 

nutrients in WD-fed groups decreases AMPKα activation while increases AKT/mTOR and 

protein synthesis activation. 

9.3.15. AntiOxCIN4 prevented autophagy impairment in the liver of WD-fed 

mice with a NAFL phenotype  

Autophagy is a downstream pathway under AKT/mTOR axis regulation [671]. A 

decrease in autophagic flux has been described to contribute to NAFLD pathophysiology 

and disease progression [285]. To determine if and whether AntiOxCIN4 counteracts 

WD-induced autophagy blockage, several autophagic markers were evaluated. Vehicle 

+ WD treatment increased LC3II/LC3I ratio (225 %) and p62 (267 %), and decreased Be-

clin1 protein levels (54 %), thereby indicating autophagosome accumulation (Figure 

54A, B).  
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Figure 54. Effects of AntiOxCIN4 on auto(mito)phagy markers in WD-fed mice with NAFL phenotype. (A) 

Typical Western blot result of whole-liver homogenates depicting the protein levels of LC3BI, LC3BII, p62, 

Beclin-1, Parkin, PINK1 and β-actin (cytosolic marker) in liver homogenates from WD-fed mice in the ab-

sence/presence of AntiOxCIN4 (2.5 mg/day/animal). (B) Protein expression levels of several autophagic 

and/or mitophagic markers from WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 mg/day/ani-

mal). These blots were inverted and contrast-optimized for visualization purposes. Quantification of the 

bands was performed using the original blots. Quantification of proteins described above in multiple ex-

periments was normalized to β- actin levels. Data are expressed as mean ± SEM. (C) MS-proteomic analysis 

of hepatic lysosomal-associated markers and cathepsins-related proteins in WD-fed mice in the ab-

sence/presence of AntiOxCIN4 (2.5 mg/day/animal). The blue color represents a decrease, while the red 
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color represents an increase in protein levels. Protein abbreviations are detailed in Table 8. (D) Cathepsin 

B activity in the whole liver homogenate from WD-fed mice in the absence/presence of AntiOxCIN4 (2.5 

mg/day/animal). Data are expressed as the mean ± SEM and the results were normalized to the control 

condition (set as = 100%). Statistically significant compared using two-way ANOVA followed by Fisher's 

LSD test for multiple comparisons (*P<0.05, **P < 0.01 vs Vehicle + SD); (#P < 0.05, ##P < 0.01 vs Vehicle + 

WD). Contribution to this panel: I was responsible by the conceptualization, experimental work, and data 

analysis of Figure 54 (except LC3BI/II WB). 

AntiOxCIN4 supplementation in WD-fed mice prevented autophagosome accumu-

lation as measured by the increase in LC3II/LC3I ratio (by 55 %) and the maintenance of 

p62 (112 %) and Beclin-1 (92 %) protein levels similar to the SD groups (Figure 54A, B). 

Mitophagy constitutes an important cellular process for mitochondrial quality control 

by eliminating dysfunctional mitochondria, maintaining a mitochondrial homeostasis 

[672]. WD-fed mice showed a non-statistically significant increase of Parkin (176 %), 

while no alterations were observed in PINK1 (93 %) protein levels (Figure 54A, B). Anti-

OxCIN4 increased Parkin (219 %) and PINK1 (130 %) protein levels in SD-fed mice, but its 

supplementation in WD-fed mice only induced an upward trend in PARKIN levels (by 126 

%) (Figure 54A, B). A decreased autophagic flux was correlated with a reduction of the 

associated lysosomal membrane protein 2 (LAMP2) protein level (Figure 54C) and ca-

thepsin B activity (78%) (Figure 54D) in the Vehicle + WD group. AntiOxCIN4 supplemen-

tation prevented a WD-induced decrease in LAMP2 and increased the levels of M6PR 

(Figure 54C), a receptor responsible for the binding and transport of acid hydrolases 

from Golgi apparatus to inside lysosomes. These findings are supported by the higher 

protein levels of lysosomal hydrolases such as CTSS and CTSL, and higher cathepsin B 

activity (increased by 20 %) observed in WD + AntiOxCIN4 mice group (Figure 54C, D). 

AntiOxCIN4 also increased cathepsin B activity in the SD-fed group (122 %) (Figure 54D). 

Altogether, these results indicate that AntiOxCIN4 prevents WD-induced autophagy 

blockage, conceivably by increasing lysosomal proteolytic capacity.  
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9.3.16. AntiOxCIN4 upregulated gene expression of lysosomal markers in 

FFAs-treated human HepG2 cells 

HepG2 cells exposed to supraphysiological concentrations of FFAs were used to 

corroborate the in vivo observed AntiOxCIN4-induced increased lysosomal capacity. 

Consequently, mRNA levels of lysosomal markers in FFA-treated cells in the presence or 

absence of AntiOxCIN4 (48 h, 100 μM) were evaluated. Transcription factor EB (TFEB) is 

a master transcriptional factor of lysosomal biogenesis, thereby coordinating the gene 

expression of lysosomal hydrolases, lysosomal membrane proteins, and other proteins 

involved in autophagy [38]. FFAs-treated cells exhibited increased mRNA levels of TFEB 

gene (172 %) (Figure 55). However, no alterations were observed in mRNA levels of ly-

sosomal associated membrane proteins encoding genes such as LAMP1, LAMP2 and 

ATP6V1A (Figure 55). FFAs regimen decreased mRNA levels of ATP6V1H gene (76 %) 

(Figure 55).  

Figure 55. Effects of AntiOxCIN4 on lysosomal markers expression in FFAs-treated human HepG2 cells. 

mRNA transcript levels of autophagy-related genes (LAMP1, LAMP2, TFEB, ATP6V1A, ATP6V1H) in cells 

treated with vehicle (BSA) or FFA (24h, 250 μM) in the absence/presence of AntiOxCIN4 (48h, 100 μM). 

Data are expressed as the mean ± SEM and the results were normalized to the control condition (set as 

100 %). Statistically significant compared using two-way ANOVA followed by Fisher's LSD test for multiple 

comparisons (*P<0.05, **P < 0.01, ****P < 0.0001 vs Vehicle + BSA); (#P < 0.05, ##P < 0.01 vs Vehicle + 

FFA). 

Outstandingly, AntiOxCIN4-treated cells in the presence of FFAs (24 h, 250 μM) 

showed an increase in mRNA levels of TFEB (by 25 %), LAMP1 (by 72 %), ATP6V1a (by 47 
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%) and ATP6V1h (by 20 %), when compared to FFAs - vehicle cells (Figure 55). Moreover, 

pre-incubation with AntiOxCIN4 (48 h, 100 μM) also increased mRNA levels of TFEB (245 

%), LAMP1 (172 %) and LAMP2 (134 %) genes in BSA-treated cells (Figure 55). The data 

reinforced our previous in vivo findings supporting the role of AntiOxCIN4 in the preven-

tion of autophagic flux blockage by upregulating lysosomal-related markers and function 

9.4. Discussion 

NAFLD has become a worldwide public health concern as metabolic syndrome-

associated disorders rise. Although the cellular mechanisms behind NAFLD pathogenesis 

are still controversial, mitochondrial dysfunction plays a determinant role in disease pro-

gression. Mitochondria, key organelles involved in energy supply and cellular survival, 

are particularly affected in NAFL/NAFLD patients [300] and animal models due to FFAs 

overload and subsequent higher FAO demand [673]. 

Consequently, development of pharmacologic strategies targeting mitochondria 

can be seen as potential candidates for the prevention/treatment of NAFLD. Recently, 

we described that the mitochondria-targeted antioxidant AntiOxCIN4 improved mito-

chondrial function by upregulating antioxidant defense systems and cellular quality con-

trol mechanisms (mitophagy/autophagy) [460, 649]. Activation of endogenous ROS-pro-

tective pathways, such as the Nrf2/KEAP1 pathway, by AntiOxCIN4 [649] can explain the 

preventive effects towards iron and H2O2-induced cell damage in human hepatoma-de-

rived HepG2 cells [458] and the cell death induced by H2O2 or 6-hydroxydopamine (6-

OHDA) in human neuroblastoma (SH-SY5Y) cells [459]. Moreover, AntiOxCIN4 also im-

proved several mitochondrial functional parameters in PHSF and in PHSF from sporadic 

Parkinson’s disease patients [460, 461].  

Herein, we hypothesize that daily supplementation with a mitochondria-targeted 

agent based on natural dietary caffeic acid (AntiOxCIN4) would prevent NAFLD pheno-

type development in a WD-fed mice. To mimic a WD, C57BL/6 mice were fed a high-fat 

(30 %) plus high-sucrose (30 %) diet for 16 weeks [487]. WD feeding induced abnormal 

body weight gain and visceral adiposity, with increased plasmatic AST and ALT levels 

suggesting hepatocyte damage. Moreover, the absence of evident inflammatory mark-

ers and signs of fibrosis confirmed the presence of NAFL, an early NAFLD stage 
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development. AntiOxCIN4 supplementation prevented body weight gain in WD-fed 

mice, reducing liver weight and its fat deposition, with improved ALT and AST levels. 

Similarly, another mitochondrially-targeted antioxidant (MitoQ) improved hepatic-re-

lated parameters in a metabolic syndrome mice model, namely reducing fat accumula-

tion and hepatic damage [448]. 

The reduction of hepatic steatosis is correlated with a lower TG content, being the 

LD number and size decreased in our in vitro model. The effects of AntiOxCIN4 appear 

not to be correlated with significant alterations in protein hallmarks of FFAs influx and 

the DNL pathway. Even so, we have found higher protein levels of elongases ELOVL1 and 

5. In fact, higher ELOVL5 activity has been shown to decrease TG levels by increasing TG 

catabolism and reducing ER stress in obese mice [674]. Notwithstanding, MUFA/PUFA 

synthesis can also protect hepatocytes from FFAs-induced toxicity [675]. 

A dysregulation between FA synthesis and FAO has been associated with NAFLD 

progression. Decreased mitochondrial FAO capacity is described to be at the origin of 

more advanced steatotic phenotypes [676]. Despite that, our NAFL mice model showed 

up-regulation of mitochondrial and peroxisomal FAO-related protein levels, which indi-

cated an adaptive response to FAs overload. Nevertheless, we observed that WD feed-

ing caused TG accumulation, which presented higher content in oleate, and reduced 

amounts of linoleate and ω-3 FAs. Notably, AntiOxCIN4 supplementation prevented the 

above-described alterations, mainly regarding ω-3 FAs. Studies exploring ω-3 PUFA sup-

plementation showed beneficial effects on decreasing blood TG levels [677], and activa-

tion of PPARs, which in turn increases hepatic FAO [678], and autophagic degradation 

[679]. 

In AntiOxCIN4-treated human HepG2 cells, up-regulation of PPARA gene expres-

sion was paralleled by downstream FAO-related genes (CPT1A, ACOX1 and ESCH1), and 

O2 consumption increased upon FA acute exposure. These effects culminate in a reduc-

tion of TG accumulation and LD number. Increased mitochondrial and peroxisomal FAO-

related protein levels were also observed in AntiOxCIN4-supplemented SD-fed mice sup-

porting the hypothesis that AntiOxCIN4 can restrain lipotoxicity by boosting FAO. Since 

elevated microvesicular steatosis is correlated with more severe NAFLD histology and 
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bad prognosis of the disease [680], an augmented FAO favors the clearance of lipid ac-

cumulation, thereby preventing lipotoxicity-associated injury.  

NAFLD pathophysiology is associated with altered lipid homeostasis that together 

with other unbalanced processes such as increased OxS or autophagic blockage may 

lead to a progression towards a more severe phenotype. Besides mitochondria, peroxi-

somes are also an important site for the generation of ROS through β-oxidation and the 

activities of numerous oxidases generating H2O2 [238]. In fact, increased mtROS levels 

or mitochondrial-associated OxS were not observed in WD-fed mice. Recent studies sup-

ported our data as they have suggested that peroxisomal H2O2 rather than mitochon-

drial H2O2 contributed for ROS production in the early stages of NAFLD [681, 682]. In-

sights in human hepatoma-derived HepG2 cells detailed the overall ROS origin within 

the cell. In fact, supraphysiological concentrations of FFAs increased total cellular 

(mainly peroxisomal) ROS in human HepG2 cells. Nevertheless, AntiOxCIN4 pre-treat-

ment significantly attenuated cellular increased ROS production. 

Interestingly, in the absence of abnormal mitochondrial H2O2, WD feeding induced 

mitochondrial remodeling with augmented respiration and had a strong impact on mi-

tochondrial membrane composition with a decreased RCR and a higher sensitivity of 

mPTP to open. AntiOxCIN4 supplementation plays a role in mitochondrial homeostasis 

by up-regulating OXPHOS complexes subunits (mainly at complex I) gene/protein ex-

pression levels, thereby preventing WD-induced abnormalities in PC/PE ratio and RCR, 

and slightly protecting mitochondria from mPTP opening episodes by Ca2+/tBHP. Our 

data indicate that PGC-1α-SIRT3 axis interplay regulates these processes. Sirtuins are 

energetic sensors that play an essential role in pathophysiological conditions. SIRT3 

showed to control global mitochondrial protein acetylation level, mitochondrial redox 

status, epigenetic regulation, and lipid homeostasis in the liver [683]. Li et al showed 

that SIRT3 overexpression prevents HFD-induced NAFLD by blocking hepatocyte mito-

chondrial apoptosis and promoting Bnip3-mediated mitophagy [667]. In agreement, 

HFD-fed Sirt3−/− mice presented marked hyperacetylation of gluconeogenic and mito-

chondrial-related proteins which exacerbates fatty liver [242, 684]. Moreover, PGC-1α, 

the main regulator of mitochondrial biogenesis, stimulates SIRT3 expression in a 
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regulatory pathway that drives mtROS generation and mitochondrial biogenesis [685]. 

The effect on the PGC-1α-SIRT3 axis increased the antioxidant power of AntiOxCIN4-

treated animals and/or cells. In fact, both in vivo and in vitro corroborated this observa-

tion as AntiOxCIN4 stimulated the endogenous antioxidant defense system, particularly 

GSH, mitochondrial SOD, and peroxisomal catalase. Upregulation of the endogenous an-

tioxidant defense system by AntiOxCIN4 treatment can attenuate the overall OxS. 

Studies in NAFLD animal models and patients using liver mitochondria showed in-

creased TCA cycle function [218, 240] but impaired respiratory coupling [241, 242]. By 

using our in vitro model [525], we observed that FFAs-treated human HepG2 cells also 

showed increased TCA coupling. As mitochondrial TCA cycle intermediates are not 

stored, the pathways of anaplerosis and cataplerosis operate continuously at the same 

rate. Interestingly, AntiOxCIN4-treated human HepG2 cells increased anaplerotic fluxes 

and β-oxidation processes, which corroborate the observation that β-oxidation and the 

generation of acetyl-CoA increase anaplerotic capacity [686]. Anaplerosis is also indis-

pensable for urea cycle function and antioxidant defenses, by maintaining NADPH pool 

[49]. In our in vivo model, WD-fed mice showed decrease in some gluconeogenic-related 

proteins (G6PC; PGK2), an effect that was prevented by AntiOxCIN4 supplementation. 

Moreover, AntiOxCIN4 supplementation also increased PCX and mitochondrial isoform 

of PCK2 protein levels in WD-fed mice. PCX is essential not only to fuel TCA cycle but 

also to provide substrates for non-enzymatic antioxidant defense system build-up, such 

as NADPH pool [687]. Insights in HepG2 cells showed that AntiOxCIN4 decrease TCA cycle 

turnover in human hepatoma-derived cells, which could limit citrate cataplerosis used 

in lipogenesis, possibly explaining the decrease in TG content in the whole liver form 

WD-fed mice supplemented with AntiOxCIN4. In vivo and in vitro observations strongly 

support that mitochondria-targeted dietary polyphenolic antioxidant AntiOxCIN4 im-

proved mitochondrial function by up-regulating antioxidant defense systems and cellu-

lar quality control mechanisms (mitophagy/autophagy) [460]. AntiOxCIN4 supplementa-

tion on WD-fed mice ameliorate mitochondrial functional parameters, even in the ab-

sence of marked OxS-associated damage. Moreover, AntiOxCIN4 induces mitochondrial 

biogenesis and upregulates the endogenous antioxidant defense system, which 
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strengthen hepatic mitochondria make them less prone to further oxidative damage in 

the later NAFLD stages. 

Diet-induced obesity/NAFLD is associated with AKT/mTORC signaling activation. 

Therefore, activation of mTORC1 produces phosphorylation of S6K1, resulting in cellular 

translation and cell growth mediated by 4E-BP1 [688]. In our in vivo model we observed 

that WD feeding upregulated the AKT/mTOR/S6K1/4E-BP1 pathway. Moreover, mTORC 

activation can block autophagic flux. In fact, it has been reported a decline of autophagic 

response in NAFLD patients [285, 289] and in NAFL mice model induced by WD [487]. 

Herein, we confirmed our previous observation of impaired autophagic flux and a pos-

sible WD-induced blocked autophagy, reflected by increased p62 levels and LC3-II/LC3-

I ratio and decreased Beclin-1 levels. Remarkably, AntiOxCIN4 supplementation in WD-

fed mice prevented p62 accumulation and maintained Beclin-1 levels comparable to SD-

fed mice. Although autophagy can contribute to hepatocyte adaptation due to the spe-

cific degradation of LD in NAFL, increased p62 levels have been linked to NASH progres-

sion [689]. AntiOxCIN4 maintains or increases normal autophagic flux, which can coun-

teract the accumulation of damaged mitochondria or other subcellular structures and 

protect hepatocytes from lipotoxicity insults in NAFLD-associated conditions. 

In vivo and in vivo observations showed that AntiOxCIN4 treatment augmented 

expression and protein levels of lysosomal markers, namely proteins responsible for the 

acidification of lysosomes/autophagolysosomes and cathepsins. We propose that Anti-

OxCIN4 overcomes autophagic blockage that can result from defective lysosomal acidi-

fication [288], by improving the lysosomal number and proteolytic activity. In fact, Anti-

OxCIN4 pre-treatment increased lysosomal content in both fibroblasts from Parkinson 

disease patients [461] and human hepatoma-derived HepG2 cells [649]. Mitophagy has 

also been implicated in NAFLD progression [690]. Although no single parameter is suffi-

cient to demonstrate mitophagy unequivocally, we observed up-regulation of the 

PINK1-Parkin protein levels axis in SD-fed mice supplemented with AntiOxCIN4. In ac-

cordance, our previous work showed that AntiOxCIN4-treated HepG2 cells increased ly-

sosomes co-localized with the mitochondria [649]. These results suggest that 
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AntiOxCIN4 could also remove functionally damaged mitochondria, maintaining mito-

chondrial homeostasis by improving proteolytic activity. 

9.5. Conclusions 

In summary, our pioneering study has shown for the first time the beneficial role 

of AntiOxCIN4 supplementation in vivo in the early NAFL stage (Figure 56). Using a WD-

fed mice model, and mechanistically complementing and translating the data with hu-

man hepatic HepG2 cells, we pointed out the potential mechanism of action for the im-

provement of steatotic liver phenotype. In addition to a decrease in body weight gain, 

AntiOxCIN4 decreased hepatic steatosis by decreasing LD number/size and its composi-

tion. Importantly, these effects were correlated with increased cellular FAO activity. The 

mitochondriotropic antioxidant AntiOxCIN4 upregulates the endogenous antioxidant de-

fense system in hepatocytes exposed to FA insults in WD-fed mice and causes mitochon-

drial remodeling of OXPHOS and phospholipid membrane composition. Finally, AntiOx-

CIN4 supplementation prevented the blockage of proper recycling/elimination of dam-

aged protein/organelles by increasing proteolytic activity. 

The amelioration of whole-body mouse parameters and especially, a healthier 

phenotype of hepatocytes support the use of AntiOxCIN4 as a great potential candidate 

for the prevention/treatment of NAFLD (Figure 56). 
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Figure 56. Schematic diagram summarizing the effects of mitochondriotropic antioxidant AntiOxCIN4 supplementation in a WD-fed mice with NAFL phenotype. AntiOxCIN4 
supplementation reduced body weight gain of mice fed with a Western diet (WD) for 16 weeks. AntiOxCIN4 also decreased liver weight with amelioration of hepatic damage 
markers (aspartate aminotransferase (AST)) and decreased steatosis with a reduction in the number/size of lipid droplets. These effects were shown to be partly attributed 
to increased fatty acid oxidation (FAO). AntiOxCIN4 supplementation promoted a mitochondrial remodeling, which resulted in increased protein levels of Complex I subunits, 
prevention of WD modification on phosphatidylcholine/phosphatidylethanolamine (PC/PE) levels. Additionally, an induction of endogenous antioxidant defense system was 
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also observed, with higher activity of mitochondrial superoxide dismutase (SOD). Furthermore, AntiOxCIN4 prevented WD-induced impairment of autophagy quality control 
mechanism as shown by the avoidance of p62 accumulation and the maintenance of Beclin-1 and LC3-II protein levels. Moreover, AntiOxCIN4 additionally increased lysosomal 
proteolytic activity as shown by higher lysosome-associated membrane glycoprotein 2 (LAMP2) and mannose-6-phosphate receptor (M6PR) levels. The amelioration of whole-
body mouse parameters and especially, a healthier phenotype of hepatocytes support the use of AntiOxCIN4 as a great potential agent for the prevention/treatment of NAFLD 
(details in Discussion).
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10. Chapter  
Final conclusion 
 

 

NAFLD is a worldwide public health concern as it affects approximately one-quar-

ter of the global adult population, causing a significant morbidity burden with wide-

spread social and economic implications. NAFLD is a multifactorial disease and is consid-

ered the hepatic component of metabolic syndrome. Although the cellular mechanisms 

behind NAFLD pathogenesis are still under focus of debate, mitochondrial dysfunction 

plays a determinant role in disease progression as demonstrated in several in vivo mod-

els as well as in NAFLD/NASH patients. In this context, and in the absence of drugs di-

rectly targeting NAFLD, development of pharmacologic strategies targeting mitochon-

dria can be seen as potential candidates for the prevention/treatment of NAFLD.  

Previously studies showed that the mitochondriotropic antioxidant AntiOxCIN4 

(100 μM; 48 h) presented significant cytoprotective effect against OxS insults without 

affecting the viability of human hepatoma-derived (HepG2) cells [458]. Based on this 

observation, the main goal of this dissertation was to study the beneficial effects of the 

hydroxycinnamic-derived mitochondriotropic antioxidant AntiOxCIN4 in in vitro and in 

vivo models NAFLD models, while obtaining mechanistic insights behind AntiOxCIN4 ef-

fects.  

First, we unraveled the Nrf2-dependent antioxidant mechanism behind the ben-

eficial effects of mitochondriotropic antioxidant AntiOxCIN4 in human HepG2 cells. An-

tiOxCIN4 induced a Nrf2-dependent cellular adaptative response mediated by a sustain-

able increase in mtROS, which resulted in the stimulation of critical antioxidant systems, 

such as SOD and GR activities and higher GSH content. AntiOxCIN4 increased mitochon-

dria biogenesis, suggested by increased PGC-1α protein levels and mtDNA copy number. 

Additionally, AntiOxCIN4 induced a ROS-dependent Nrf2 activation mediated by Nrf2-

KEAP1-p62 axis and triggered an efficient removal of potentially damaged mitochondria 

by cellular quality control mechanisms, such as autophagy and/or mitophagy. The work 

carried out in chapter 7 showed also that AntiOxCIN4 protected HepG2 cells against 
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lipotoxic insults such as palmitic acid (PA), opening a new possibility to extend its poten-

tial application in the context of a NAFLD/NASH.  

In order to validate an in vitro NAFLD model that better mimic a NAFL stage and 

which could be used as a screening tool for novel therapies, we investigate time-de-

pendent cellular and mitochondrial effects of different supra-physiological fatty acids 

treatment protocols, in the presence or absence of fructose, on human hepatoma-de-

rived HepG2 cells (chapter 8). Herein, we provided evidence that fatty acids induced a 

time-dependent increase in the intracellular neutral lipids, which was paralleled by an 

increase in OxS and altered mitochondrial phospholipid profile. Furthermore, mitochon-

drial dysfunction comprises not only alterations in ΔΨm and morphology but also a de-

crease in oxygen consumption rate and oxidative phosphorylation protein content. Al-

terations in mitochondria were observed early after treatment and these changes pre-

cede cell death in human HepG2 cells. Interestingly, we observed no lipogenic effect of 

fructose overload in this cell model, which was explained by lower levels of hepatic fruc-

tokinase (KHK) in human HepG2 cells. The FFA steatotic protocol (250 µM. 24h) was es-

tablished as more reliable NAFL model when compared with PA, since this model had a 

huge increase in intracellular lipid accumulation without stimulated cell death pathways, 

such as apoptosis. As observed in PA treatment (chapter 7), AntiOxCIN4 provided the 

best protection against lipid accumulation.  

Finally, we validated for the first-time the beneficial effects of hydroxycinnamic-

derived mitochondriotropic antioxidant supplementation in a mouse NAFL model (chap-

ter 9). By using a WD-fed mice model, while investigating mechanism of action by using 

human hepatic HepG2 cells, we dissected the potential mechanism of action for the im-

provement of steatotic liver phenotype. AntiOxCIN4 supplementation improved NAFL-

related physiological parameters, such as body and liver weight gain, lowering LD num-

ber/size and modulating their composition. Importantly, these effects were correlated 

with increased cellular FAO activity. The mitochondriotropic antioxidant AntiOxCIN4 up-

regulated the endogenous antioxidant defense system in hepatocytes exposed to FA in-

sults in WD-fed mice and causes mitochondrial remodeling of OXPHOS and phospholipid 

membrane composition. Finally, AntiOxCIN4 supplementation prevented the blockage 
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of proper recycling/elimination of damaged protein/organelles by increasing proteolytic 

activity. 

The results obtained in this thesis added knowledge to the dual role of mitochon-

dria in NAFLD development. Mitochondria early adaptations were observed in the NAFL 

mouse model, including O2 consumption and higher levels of β-oxidation-associated 

proteins. Notwithstanding, the decreased RCR and the altered mitochondrial phospho-

lipid composition anticipate a deleterious contribution of mitochondrial impairment to 

NAFLD progression. More important, this thesis described for the first-time AnitOxCIN4 

mechanisms of action, namely mediated by Nfr2 activation, mitochondrial remodeling, 

and induction of the cell repair mechanisms in NAFL and non-NAFL conditions, stimulat-

ing the use of this approach in several contexts, from other liver diseases to neurodegen-

erative conditions. 

Food insecurity defined as ‘limited or uncertain availability of nutritionally ade‐

quate and safe foods or limited or uncertain ability to acquire acceptable foods in so-

cially acceptable ways’ has been associated with an amplified risk of NAFLD among 

adults in low-income households [691]. Alongside with the estimation that NAFLD will 

be the most frequent indication for liver transplantation by 2030, projection models 

based on health insurance beneficiaries estimate a rise in annual US economic burden 

to 103 billion dollars from direct medical care costs alone and another 188 billion dollars 

in societal costs related to NAFLD [692].  

The ground-breaking nature of the AntiOxCIN4 approach was the improvement 

of mitochondrial oxidative damage and bioenergetic capacity through the specific mod-

ulation of mtROS production in a validated and comprehensive preclinical liver model, 

attenuating the signaling pathways responsible to disease progression. This validation is 

one step forward towards overcoming the absence of FDA-approved effective therapies 

for NAFLD, contributing decisively to minimizing the worldwide NAFLD-associated ill 

health and social burden, decreasing the amount of time of work absence and increasing 

healthy lifespan. In fact, this can be translated in improved quality of life, social interac-

tions as well as reduced NAFLD-associated healthcare costs.  
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Importantly, associations between cardiometabolic risk factors and NAFLD are 

well reported. The use of AntiOxCIN4 strategy may reduce the morbidity and mortality 

associated with CVD, the main cause of global death. 

Alongside with the important social impact, the economic revenues of the results 

obtained in this document are real as they can be used to stimulate AntiOxCIN4 transla-

tion to clinical trials and, later, to a pharmaceutical market. It estimated that by 2025, 

the drug market for NAFLD will be worth 20 billion to 35 billion dollars per year [693]. 

AntiOxCIN4 is already protected by intellectual property (N. º: 

PCT/IB2017/056412/WO/2018/069904), which allow a quick path from bench to market 

and attract future investors, speeding up the drug development process. Commercial 

exploitation has been licensed already to a CNC and University of Porto spin-off, Mito-

TAG. 

Although the several positive effects observed through this dissertation regard-

ing the use of AntiOxCIN4 in NAFLD context, this work presented some limitations. The 

low sample size, the lack of genetic and gender heterogeneity in the in vivo study war-

rant future more robust in vivo studies.  
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11. Chapter 

Future perspectives  
 

 

Although this dissertation has clarified some questions regarding AntiOxCIN4-in-

duced lipid lowering ability and has provided new clues with respect to its mechanism 

of action, it has also opened several doors to be further explored. For example, and not 

in any particular order: 

We demonstrated that AntiOxCIN4 induced an Nrf2-dependent cellular adaptative 

response (chapter 7). Nevertheless, it would be important to understand the Nfr2-de-

pendence of AntiOxCIN4 protective mechanisms in a more complex system using, for 

instance, a Nrf2 -/- mutant mice.  

In the search for a more relevant in vitro NAFL model, we provided news insights 

how mitochondria chronologically behave in different models of fatty acid overload 

(chapter 8). In fact, we implement a feasible in vitro model in which mitochondria dys-

function is latent and that can be used in pharmacological screening approaches. Addi-

tionally, we separated the different treatments by using a computational analysis con-

sidering just the information provided by a limited subset of experimental endpoints. 

However, a larger sample size should be considered to create a more robust method to 

predict cell death in NAFLD models on human hepatocytes. It would be also relevant to 

check if this computational approach can also be translated to human samples, more 

specially by evaluating OxS markers in plasma. In fact, the revolutionary nature of this 

approach is that the bioinformatic tools will help to elucidated proteins and metabolites 

related to mitochondrial and peroxisomal oxidative stress relevant for disease progres-

sion that could refine disease characterization, uncover pathways to monitor therapeu-

tic efficacy, and/or delineate disease-modifying targets. 

AntiOxCIN4 supplementation prevented WD-induced autophagic blockage in our 

study. However, the role of AntiOxCIN4 on lipophagy was not studied, which could give 

important insights on how of AntiOxCIN4 in prevented lipid accumulation. Moreover, a 
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more detail study how autophagy, more specially mitophagy, is achieved upon AntiOx-

CIN4 treatment is required. Understanding the involvement of AntiOxCIN4 in the mTOR-

ULK1 pathway should also be taken in consideration. 

AntiOxCIN4 has been showed remarkably antioxidant properties in studies pub-

lished so far [458, 459, 461]. Importantly, AntiOxCIN4 also demonstrated to have an im-

portant capacity in iron chelation [458], which could be also an interestingly approach 

since ferroptosis is observed in later stages of NAFLD. 

Proteomic analysis provided other indications that were not discussed in this the-

sis. For instance, AntiOxCIN4 showed to prevent a WD-induced decrease in liver glycogen 

phosphorylase (PYGL) (data not shown). In fact, PYGL deficiency leads to profibrogenic 

phenotype in a mice model [694], opening other potential target of AntiOxCIN4 treat-

ment. 

Although we confirmed the beneficial effects of AntiOxCIN4 in NAFL prevention in 

chapter 9, an increase the animal sample size would be advisable, as well as the study 

the effects of AntiOxCIN4 supplementation in later stages of NAFLD, such as NASH.  

Although TPP+-attached molecules showed good accumulation in several organs, 

AntiOxCIN4 accumulation in the liver was not accessed [695]. Further studies using liquid 

chromatography–tandem mass spectrometry (LC/MS/MS) to quantify AntiOxCIN4 in 

liver and other tissues should be addressed. Moreover, the next steps will also include 

obtaining pharmacokinetic and pharmacodynamic data for AntiOxCIN4, as well as inves-

tigating the potential interactions of the compound with gut microbiota. 

Although not the goal of our work, several considerations about OxS in NAFLD pro-

gression were raised. For instance, our mice model did not present mitochondrial OxS 

or major alterations in antioxidant enzymes, which is in accordance with the absence of 

OxS in mitochondrial adaptation in simples steatosis [696]. Interestingly, recent findings 

showed that mitochondrial H2O2 decreased from 16 to 24 weeks of WD feeding [681]. 

Following these observations, it would be relevant to check time-dependent peroxiso-

mal H2O2 generation in the same mice model and how it contributes to the simple stea-

tosis transition to NASH.  
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