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ABSTRACT

The link between obstructive sleep apnea (OSA) and metabolic disorders is unquestio-
nable. Despite different mechanisms have been proposed to explain this relationship, namely
the sympathetic nervous system overactivation, alterations in adipokine levels, oxidative stress
in white adipose tissue, none is consensual and do not completely clarify this relationship. The
liver is a major organ in the maintenance of metabolic homeostasis and whose dysfunction is
involved in several diseases, including metabolic diseases. Hence, we hypothesize that liver
dysfunction is key in the development of metabolic dysfunction commonly associated with
obstructive sleep apnea (OSA). Moreover, we aimed to explore the underlying mechanisms of
this association within the liver.

Male Wistar Rats were divided into two groups: a control and an obese group fed with
60% lipid-enriched diet (HF diet) for 12 weeks. Half of the animals from each group were sub-
mitted to a severe chronic intermittent hypoxia (CIH) paradigm (40s, 5%02/80s air, 8h/day),
that mimics OSA, in the last 14 days. Liver samples were then collected and used for the eval-
uation of different parameters: lipid deposition, insulin signalling, glucose homeostasis, hy-
poxia, oxidative stress, antioxidant defenses, mitochondrial biogenesis and inflammation, using

western blot, histological and fluorescent immunohistochemistry, HPLC and enzymatic assays.
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Both CIH and HF diet led to insulin resistance and glucose intolerance, effects not aggra-
vated in animals submitted to HF plus CIH. CIH aggravates hepatic lipid deposition in obese
animals. Hypoxia-inducible factors levels were altered by these stimuli. CIH decreased the oxi-
dative phosphorylation complexes in both groups and the levels of superoxide dismutase 1.
HF diet reduced mitochondrial density and hepatic antioxidant capacity. CIH and HF diet pro-
duced alterations in cysteine-related thiols and pro-inflammatory markers.

The results obtained suggest that mitochondrial dysfunction and oxidative stress, leading
to inflammation, may be significant factors contributing to the development of dysmetabolism

associated with OSA.

Keywords: Obstructive sleep apnea, metabolic disorders, mitochondrial dysfunction, in-

flammation, oxidative stress.
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RESUMO

A relacdo entre a apneia obstrutiva do sono (SAOS) e as doengas metabdlicas é inequi-
voca. Foram propostos diferentes mecanismos para explicar esta relacdo, nomeadamente so-
breativacdo do sistema nervoso simpatico, alteracdes nos niveis de adipocitocinas ou stress
oxidativo no tecido adiposo, contudo nenhum é consensual ou esclarece completamente esta
relagdo. O figado é crucial na manutencdo da homeostase metabdlica e cuja disfuncdo esta
associada as doencas metabdlicas. Assim, pressupomos que a disfuncdo hepatica é fundamen-
tal no desenvolvimento do dismetabolismo associado a SAOS, tendo também como objetivo
explorar os mecanismos subjacentes a esta associacao.

Foram usados dois grupos de ratos divididos em grupo controlo e grupo submetido a
uma dieta rica em lipidos (HF, 60% lipidos) durante 12 semanas. Metade dos animais de cada
grupo foram submetidos a um paradigma de hipdxia cronica intermitente severo (HCI) (40s,
5%02/80s ar, 8h/dia), que mimetiza a SAQOS, nos ultimos 14 dias. Foram recolhidas amostras
de figado para avaliacdo de diferentes parametros: esteatose hepatica, sinalizacdo da insulina,
homeostase de glucose, hipdxia, stress oxidativo, defesas antioxidantes, biogénese mitocon-
drial e inflamacao, através de western blot, imunohistoquimica histologica e fluorescente, HPLC
e ensaios enzimaticos.

A HCl e a dieta HF provocaram insulino-resisténcia e intolerancia a glucose, efeitos ndo
agravados no modelo hipercalérica. A HCl agravou a esteatose hepatica observada em animais
obesos. Os niveis de fatores induziveis por hipoxia foram alterados por estes estimulos. A HCI
diminuiu os niveis dos complexos de fosforilacdo oxidativa e de superéxido dismutase 1 nos
dois grupos. A dieta HF reduziu a densidade mitocondrial e a capacidade antioxidante hepa-
tica. Ambos os estimulos produziram alteracSes nos niveis de tidis e aumentaram os niveis de

marcadores pré-inflamatorios.
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Estes resultados sugerem que a disfun¢do mitocondrial e o stress oxidativo, que aumen-
tam a inflamacao, podem ser fatores significativos que contribuem para o desenvolvimento do

dismetabolismo associado a SAOS.

Palavas chave: Apneia obstrutiva do sono, doencas metabdlicas, disfuncao mitocondrial,

stress oxidativo, inflamacao.
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transcriptional activity. Once hypoxia occurs, PHD and FIH activity is diminished, which prevents
HIF-a hydroxylation. As a result, HIF-a subunits stabilize, translocate to the nucleus and
dimerize with HIF-B, activating the transcription of different target genes. Adapted from
GONZAIEZ CF @L [0ttt ettt s s ts e es s s e st ss s easestassseassseassseasssrasssessseseseas 14
Figure 1.7 The proposed HIF dependent mechanisms involved in WAT dysfunction. In obesity,
along with other factors, the expansion of adipocytes results in a local hypoxia allowing HIF
stabilization and transcriptional activity. HIF-1a mediates WAT fibrosis and the concomitant
activation of inflammatory pathways. Conversely, HIF-2a appears to have a protective role
against inflammation and fibrosis. Green and red arrows represent the activation and the
inhibition of these pathways, respectively. Image adapted from Lefere et a/. [80]......cccconvuunece. 16
Figure 1.8 - The proposed HIF dependent mechanisms involved in liver dysfunction. The intake
of hypercaloric food and CIH can thrive to a local hypoxia promoting the stabilization of HIF
and the respective transcriptional activity. Hepatic de novo lipogenesis is upregulated by HIF-
1o, which exacerbates FFA and TAG synthesis and leads to a state of hyperlipidemia, hepatic
steatosis and liver injury. The decrease fatty acid B-oxidation, also mediated by HIF-1q, also
contributes for the devolpment of this phenotype. HIF-2a also mediates the reduction of fatty
acid B-oxidation and upregulates fatty acid uptake and synthesis. Both HIF-1a and HIF-2a
mediate the increase of hepatic fibrosis and inflammation. Green and red arrows represent the

activation and the inhibition of these pathways, respectively. Image adapted from Lefere et a/.

Figure 1.9- The process of oxidative phosphorylation. Inside the mitochondrial matrix, NADH
derived from the TCA cycle is oxidized by NADH dehydrogenase (complex |, orange), allowing
the formation of an electron pair that is transferred to ubiquinone (Q, light green). Ubiquinone
is reduced to ubiquinol and transferred to succinate dehydrogenase (complex Il, dark green),
where it oxidizes again into ubiquinone. The complex Il is responsible for the oxidation of
FADH,, also derived from the TCA cycle, and the electrons derived from this reaction are also
transferred by ubiquinol to cytochrome ¢ reductase (complex IlI, purple). Complex Il performs
as an electron shuttle to cytochrome c (Cyt ¢, brown) which then transfers the electrons to
cytochrome c oxidase (complex IV, navy blue), the last electron acceptor of the ETC. Here, an
oxygen atom is reduced by H™ ions from the mitochondrial matrix to H>O. The H+ ions released
from the previous enzymatic reactions to the intermembrane space re-enter the mitochondrial
matrix by ATP synthase (complex V, pink), catalysing the binding of a phosphate atom (Pi) to a
ADP mMOIecule, fOrMING ATP. ...t sssse sttt sessssss st s ssss s s ssssssssens 20

XXii


file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341689
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341689
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341689
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341689
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341690
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341690
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341690
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341690
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341690
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341690
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341691
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692
file:///C:/MGMB/tese/documentos/sections/ficheiro%20completo/Dissertation%20Joana%20Fernandes_%2031.03.2023%20FINAL!.docx%23_Toc138341692

Figure 3.1 — Schematic representation of the experimental design of the study. Male Wistar
rats (12 weeks; 6-8 animals per group) were divided into a control (CTL), fed with a standard
diet, and an obese group (HF), fed with a 60% lipid-enriched diet for 12 weeks. From weeks 10
to 12, half of the animals from both groups were submitted to a severe CIH protocol (CIH and
HFIH) consisting of 30 CIH cycles/h, 8 h/day. During the CIH protocol, the remaining age-
matched control or high-fat animals were in the same room and exposed to a normal air
atmosphere, to experience Similar CONAITIONS..........oceveirrinrireie s 28
Figure 4.1 — Effects of chronic intermittent hypoxia (CIH) and high-fat diet on the metabolic
parameters, insulin sensitivity (A) and glucose tolerance (B). Panel A shows the effect of CIH
and diet on insulin sensitivity evaluated using HOMA-IR index. Panel B shows on the left the
glucose excursion curves of the intra-peritoneal glucose tolerance test (ipGTT) and on the right
the correspondent area under the curve (AUC). Animal groups: CTL- control; CIH — chronic
intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH; Data are presented as means
+ SEM of 6-8 animals. One-way ANOVA with Turkey's multiple comparison tests, respectively:
*p <0.05 **p <0.01, ** p < 0.001 and **** p < 0.0001 compared with control animals......38
Figure 4.2 — Effects of chronic intermittent hypoxia and high-fat diet on the morphology of
liver tissue. Panels A, B, and C correspond to representative images of H&E staining from CTL,
CIH, HF and HFIH animals, respectively. Visual analysis of H&E staining shows an increase in
lipid deposition in the HF group, which is aggravated by exposure to chronic intermittent
hypoxia. CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat
PIUS CIH. SCAIE DAI 50 M. oottt ss st s sttt sssssaes 39
Figure 4.3 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on HIF-1a
immunolabelling in the liver. A) Representative immunohistochemistry slices from liver labelled
with HIF-Ta and DAPI. Scale bar 50 ym. B) Mean fluorescence of HIF-1a normalized for the
number of nuclei present in the liver slices of each animal. Animal groups: CTL- control; CIH —
chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH; Data are presented
as means + SEM. One-way ANOVA with Turkey’s multiple comparison tests, respectively: *** p
< 0.001 compared with control animals; $$$$ p < 0.0001 compared with control animals
submitted to the CIH ProtOCOL. ...t saesees 40
Figure 4.4 — Effect of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on HIF-2a
immunolabelling in the liver. A) Representative immunohistochemistry slices from liver
labelled with HIF-2a and DAPI. Scale bar 50 um. B) Mean fluorescence of HIF-2a normalized
for the number of nucleus present per area of analysis. Animal groups: CTL- control; CIH -

chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH. Data are presented
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as means = SEM. One-way ANOVA with Turkey’s multiple comparison tests, respectively: ** p
< 0.01 compared with control animals; $$$ p < 0.001 compared with control animals submitted
tO ThE CIH PrOTOCOL. oottt sttt nnen 41
Figure 4.5 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels
of proteins involved in insulin signalling in the liver. Panels A, B and C depicts the levels of
Insulin Receptor (IR- 90 KDa), Protein Kinase B (AKT - 60 KDa) and Insulin Degrading Enzyme
(IDE - 118 KDa), respectively. Proteins levels were normalized to the loading control B-actin (42
kDa). Top of the graphs show representative Western Blots for each protein studied. Animal
groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat
plus CIH. Data are presented as means + SEM of 6-8 animals. One-way ANOVA with Turkey's
multiple comparison tests, respectively: * p < 0.05 compared with control animals................... 42
Figure 4.6 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels
of Glucose Transporter 2 (Glut2 - 60 KDa) in the liver. Protein levels were normalized to the
loading control B-actin (42 kDa). Top of the graph show representative Western Blots for the
protein studied. Animal groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat
diet; HFIH — high-fat plus CIH. Data are presented as means + SEM of 6-8 animals. One-way
ANOVA with Turkey’s multiple comparison tests, respectively: * p < 0.05 compared with control
ANIMIAIS et 43
Figure 4.7 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on
mitochondrial density immunolabelling in the liver. A— Representative immunohistochemistry
slices from liver labelled with Mitotracker and DAPI. Scale bar 50 pym. B — Mean fluorescence
of Mitotracker normalized for the number of nucleus present per area of analysis. Animal
groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat
plus CIH. Data are presented as means + SEM. One-way ANOVA with Dunnett's multiple
comparison tests, respectively: ** p < 0.01 compared with control animals; # p < 0.05 compared
WiIth ODESE @NIMALS. oot bbb 45
Figure 4.8 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels
of oxidative phosphorylation complexes (OXPHOS) in the liver. The graph depicts the levels of
Complex | (20 KDa), Il (30 KDa), III (48 KDa), IV (40 KDa) and V (55 KDa). Proteins levels were
normalized to the loading control Calnexin (90 KDa). Top of the graphs show representative
Western Blots for each protein studied. Animal groups: CTL- control; HF — high-fat diet; CIH -
chronic intermittent hypoxia; HFIH — high-fat plus CIH. Data are presented as means + SEM

of 6-8 animals. One-way ANOVA with Turkey’s multiple comparison tests, respectively: * p <
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Data are presented as means + SEM of 6-8 animals. One-way ANOVA with Turkey's multiple
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Figure 4.10 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on ROS
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Species (ROS) in the liver by CM-HDCFDA labelling. Panel B presents the Ferric reducing-
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as means + SEM of 6-8 animals. One-way ANOVA with Turkey’s multiple comparison tests,
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INTRODUCTION

1.1 Sleep-Related Breathing Disorders

According to the American Academy of Sleep Medicine, sleep-related breathing disor-
ders are a group of conditions defined by irregularities in respiration during sleep [1]. It is
subdivided into four classes: obstructive sleep apnea syndromes, sleep-related hypoventilation

disorders, central apnea syndromes, and sleep-related hypoxemia disorder [2].

1.1.1 Obstructive sleep apnea (OSA)

Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder,
affecting nearly 1 billion adults aged 30-69, mostly men, with a higher prevalence in China (242
million), followed by India (81 million), the United States (78 million), and Brazil (74 million) [3],
[4]. Besides the differences in prevalence between gender, other risk factors for OSA include
ageing and obesity. As a result of the obesity global pandemic, OSA is becoming a major health
issue [5], [6].

OSA is characterized by repetitive episodes of reduction (hypoapnea) or complete (ap-
nea) cessation of the airflow due to the collapse of the pharyngeal airway during sleep [1].
These events promote a decrease in oxygen saturation and hypercapnia, which stimulate
chemoreceptors, namely the carotid bodies, leading to the activation of sympathetic nervous
system (SNS). This culminates in the activation of the central nervous system (CNS) to restore

oxygen levels and suppress SNS [7], [8]. Chronic intermittent hypoxia (CIH) is the end result of



these constant apnea-hypoapnea cycles, and the continued respiratory-related arousals result
in sleep fragmentation (SF) [8]. Consequently, the most common reported symptom of OSA is
excessive sleepiness [9]. Other common symptoms include morning headache, fatigue, non-
restorative sleep and regular awakenings during sleep time, especially when snoring [9], [10].

Patients with the described symptoms due to unknown causes are referred for poly-
somnography (PSG), the gold standard test for the diagnosis of OSA [11]. This procedure con-
sists in the measurement and/or recording of several respiratory and sleep parameters, namely
airflow, oximetry, respiratory effort, sleep stage and arousals and body movement. However,
this test is highly expensive and promotes discomfort to the patient, so other techniques have
been implemented, such as the home sleep apnea tests [9], [12]. Although specific and sensi-
tive, this test is more limited than PSG and produces false negatives frequently, so a PSG it's
still required to confirm the first result [13]. Also, some questionnaires such as the STOP-Bang
questionnaire and the Berlin questionnaire, have been used as screening tools to identify pa-
tients with a high risk of OSA and refer them to a PSG [14], [15].

The number of apneas and hypopneas throughout each hour of the patient's sleep is
also recorded in the PSG to determine the apnea-hypopnea index (AHI), a metric used to assess
the severity of OSA [7]. OSA can be classified as mild (AHI= 5 - 15), moderate (AHI= 15 - 30)
or severe (AHI=30) [1].

Continuous positive airway pressure (CPAP) is the first line of treatment for OSA [16].
CPAP significantly reduces the AHI of patients, which results in more restorative sleep and
decreased daytime sleepiness, culminating in a better quality of life. However, mainly due to
the discomfort of sleeping with a mask, this option of treatment may not be viable [9], [17]. As
alternatives, mandibular replacement devices can be used or a surgical procedure to wide the
upper airway volume can be performed, but both options have less efficacy than CPAP, are
more invasive and could have several complications [9]. Nonetheless, the beneficial effects of
OSA treatments, especially CPAP, in the associated comorbidities of OSA are not consensual,
so more studies are needed to infer this issue [18]-[20].

Over the years the link between OSA and its associated comorbidities - cardiovascular
disease, metabolic disorders, neurological and pulmonary diseases - has been studied to un-
derstand the pathophysiological mechanisms behind these relations and to develop new forms
of treatment. OSA, in particular CIH and SF, have been correlated with different metabolic dis-
orders, including obesity, non-alcoholic fatty liver disease (NAFLD), metabolic syndrome (MetS)
or type 2 diabetes (T2D), yet the mechanisms by which these diseases are related are not clear

[20], [21].



1.2 OSA and metabolic disorders

1.2.1 OSA and Obesity

The World Health Organization (WHO) defines obesity as an excessive or abnormal
accumulation of body fat to a point that becomes detrimental to health [22]. This disorder is
also associated with a state of low-grade inflammation [23]. The prevalence of obesity has
reached a pandemic proportion and it almost tripled since 1975 [24]. Furthermore, recent stud-
ies estimate that by 2030, 1 out of 2 adults in the US will be obese [23].

The principal cause of obesity is the resultant energy imbalance from a sedentary life-
style and the overconsumption of high-energy foods rich in fat and sugar [24]. Other factors
such as genetic predisposition and environmental factors also contribute to the increase of
obesity [25].

Obesity is one of the principal risk factors for the development of different types of
diseases, namely cardiometabolic disorders, such as T2D, hypertension or NAFLD, osteoarthri-
tis, some types of cancer and, as stated above, OSA [22], [24]. The relation between OSA and
obesity is bidirectional, since OSA leads to and aggravates obesity and, on the other hand,
obesity, not only central obesity but also the fat deposition in the neck, contributes to the
collapse of the pharyngeal airway during sleep and aggravation of OSA [20], [26]. Also, this
relation is reinforced by the fact that OSA and obesity share common mechanisms such as

oxidative stress and increased SNS activation [26].



1.2.2 OSA and type 2 diabetes (T2D)

Diabetes mellitus is a chronic metabolic disorder that arises from elevated blood glu-
cose levels, as a result of impaired or insufficient production of insulin, or due to inefficient
insulin use. In a long term, this state of hyperglycaemia can lead to damage of different tissues
and organs, such as the eyes, kidneys, heart or nerves [27]. In accordance with the WHO and
International Diabetes Federation, diabetes mellitus classification is composed of four classes:
Type 1 Diabetes, T2D, Gestational Diabetes, and specialized forms of diabetes caused by a
different origin [22], [27].

T2D is the most common type of diabetes. Last year, about 537 million adults aged be-
tween 20-79 years were living with diabetes and 90% of these cases were T2D [27]. The in-
creased prevalence of this condition is brought on by population ageing as well as the obesity
pandemic, which is driven by an increase in sedentary lifestyles and the intake of hypercaloric
meals [28]. Other risk factors that can conduce to the development of T2D include family his-
tory, environmental and genetic factors [29].

T2D is preceded by a state of prediabetes, characterized by impaired glucose tolerance
or impaired fasting glucose, both conditions where blood glucose concentrations are higher
than a healthy state but below the diabetic threshold. These high blood glucose levels are
driven by an insulin resistance condition [30]. The pancreatic B-cells are stimulated to produce
and secrete increased concentrations of insulin, to overcome the elevated blood glucose levels
due to impaired insulin sensitivity, and restore homeostasis [29], [30]. So, prediabetes consti-
tutes a high-risk state for the development of T2D, yet this conversion is preventable with

alterations in lifestyle [30].



As the disease progresses to T2D, the insulin-sensitive tissues became more resistant and
as a result of long-term overstimulation, B-cells became dysfunctional, which ultimately results
in failure and cell loss. So, a state of hyperglycaemia is established as a consequence of the
decreased secretion of insulin [31]. The onset of a hyperglycemic state is related to the disrup-
tion of the metabolism of lipids, proteins, and carbohydrates [29] affecting many organs, in-
cluding the liver, skeletal muscle, kidneys, brain, small intestine, and adipose tissue (fig. 1.1)
[31], [32].

Factors that affect insulin secretion and action

* Body weight * Heavy alcohol consumption * Epigenetics
* Level of physical activity * Genetic predisposition * Gestational diabetes
* Smoking * Gene-environment interaction mellitus
Positive risk profile Negative risk profile
i-cell dysfunction and
Normoglycaemia [ Y :

insulin resistance
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Figure 1.1 - Pathophysiology of hyperglycaemia in T2D. Once insulin resistance occurs, being then followed by B -
cell dysfunction, insulin no longer can regulate the insulin-mediated mechanisms in the liver, adipose tissue and

skeletal muscle. Thus blood glucose levels rise, leading to hyperglycaemia. Image taken from Zheng et a/. [32].

The association between OSA and T2D have been demonstrated in different clinical and
epidemiological studies. Recently, it has been demonstrated that at least 50% of T2D also have
OSA, being this disorder extremely prevalent in obese patients [33]. Nevertheless, this associ-
ation was also observed in non-obese patients, so this relationship can be independent of
obesity [33]. It has also been demonstrated that the severity of OSA positively correlated with
the degree of insulin resistance and glucose intolerance, two pathological conditions that in-
crease the risk of developing T2D [21], [33]. Therefore, OSA is now considered an independent
risk factor of T2D and there is a bidirectional relationship between these two disorders [20].

The pathophysiological mechanisms by which OSA and the impairment of glucose me-
tabolism and T2D are connected are not fully elucidated (fig. 1.2). This relationship is likely

multifactorial and is probably driven by the systemic inflammation, oxidative stress and



increased sympathetic activity promoted by CIH and SF, which lead to the dysfunction of pan-

creatic B-cells and insulin resistance and, for this reason, to the development of T2D [33], [34].
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Figure 1.2 - Mechanisms linking OSA and T2D. The pathophysiologic mechanisms subsequent to this relationship
are not elucidated but they are likely multifactorial. Nevertheless, different clinical studies and epidemiological

studies demonstrate a strong association between these two disorders. Image adapted from Reutrakul et a/. [33]

1.2.3 OSA and Metabolic Syndrome (MetS)

MetS, first defined in 1988 by Reaven and his colleagues, is a cluster of clinical condi-
tions, comprising insulin resistance, impaired glucose metabolism, central obesity, atherogenic
dyslipidemia and hypertension, that raise the risk of developing cardiovascular diseases and
T2D [35]. Since then, different healthcare organizations proposed alternative definitions for
MetS, all of which are based on the same parameters with slightly different cut-offs [36]. Like
any other metabolic disorder, the increase of the western lifestyle, represented by physical
inactivity and intake of unhealthy foods, contributes to the increase in the prevalence of MetS
[37]. Also, MetS can be viewed as a self-perpetuating vicious cycle: its manifestation not only
increases the risk of the aforementioned comorbidities but also leads to the progression of the

previously established disorders, as the manifestation of these metabolic disorders (insulin



resistance, obesity, hypertension, etc.) raise the prevalence of MetS [38]. Taken together, MetS
has emerged as the primary health risk of the modern era with a significant socioeconomic
impact [36]. The global prevalence of MetS is influenced by different criteria, such as the criteria
used to diagnose this disorder, age, geographic localization and sociodemographic factors
[39]. It is estimated that 20-25% of adults worldwide have MetS, a number that continues to
rise especially in people with advanced age [40]. This disease has been linked to several comor-
bidities such as NAFLD, prothrombotic and proinflammatory state and OSA.

Considering that obesity is an important factor contributing to OSA severity and one
of the principal hallmarks of MetS, it follows that MetS is extremely prevalent in OSA patients,
with a reported variable rate of up to 80% [41]. It was also demonstrated that OSA, more spe-
cifically CIH and SF, in both human and animal model studies led to a state of insulin resistance,
glucose intolerance and elevated fasting glucose, conditions also present in MetS [20], [42],
[43]. Taken together, there is a clear association between the CIH and SF present in OSA and
metabolic syndrome and its core components, however, the mechanistic alterations connect-

ing these disorders remain to be proven [20], [41], [44].

1.2.4 OSA and non-alcoholic fatty liver disease (NAFLD)

NAFLD is the most prevalent chronic liver disease affecting around 30% of the adult
population, being more prevalent in man [45], [46]. Other factors that influence the prevalence
of this disorder, include age and the presence of other pathologies such as OSA and/or endo-
crine dysfunctions [47].

NAFLD is a heterogeneous condition that encompasses a spectrum of liver tissue alter-
ations with a variable degree of severity [48]. The first stage is hepatic steatosis, which manifests
as the overaccumulation of triglycerides (TAG) in the hepatocytes in the form of lipid droplets.
Additionally, there might or not be a low degree of hepatic tissue inflammation [48], [49]. With
the progression of the disease, the increased deposition of lipids leads to a more severe state
of steatosis referred to as non-alcoholic steatohepatitis (NASH), associated with inflammation,
hepatocellular injury (hepatocyte ballooning) and fibrosis. Ultimately, NAFLD can lead to a state
of cirrhosis, liver failure or hepatocarcinoma [50].

NAFLD pathogenesis is driven by adipose tissue dysfunction and hepatic de-novo lipo-

genesis. Due to overnutrition, the adipose tissue becomes dysfunctional and insulin resistant



[48]. As a result, lipolysis is dysregulated which raises the flow of free fatty acids (FFAs) to the
liver through the bloodstream [48]. On the other hand, high sugar intake leads to an increase
in hepatic de-novo lipogenesis, i.e., conversion of carbohydrates into FFAs [50]. This increase
of flow and accumulation of FFAs, in turn, culminates in the deposition of TAG in the form of
lipid droplets, and the production of lipotoxic metabolites, leading to an increase of oxidative
stress, the activation of pro-inflammatory mechanisms and damage in the hepatocytes [51].

Altogether, there is a strong bidirectional relationship between the onset and progres-
sion of NAFLD and metabolic diseases, such as obesity and T2D, since the mechanisms under-
lying the development and progression of NAFLD increase the risk and/or severity of these
conditions and vice-versa [20], [52]. Therefore, given the fact that OSA is related to the devel-
opment and progression of the aforementioned diseases, as well as being independently as-
sociated with different pathological features of NAFLD, we can presuppose a relationship be-
tween OSA and NAFLD [20], [41].

In fact, different studies have shown that OSA, particularly CIH, is independently asso-
ciated with NAFLD, having a potential role on its development and progression to NASH or
liver fibrosis, contributing to histological alterations typical of NAFLD (lobular inflammation,
steatosis, hepatocellular ballooning and fibrosis) and alterations in liver enzyme levels [51],
[53]. Additionally, other studies have demonstrated that OSA patients have a higher incidence
of NAFLD than patients without this disease, highlighting the need for OSA patients to undergo
NAFLD screenings [21]. At a molecular level, different pathophysiological mechanisms were
proposed to explain this link (fig. 1.3). Apart from CIH promoting a state of insulin resistance
and glucose intolerance, contributing to the development of obesity [20], CIH increases mito-
chondrial dysfunction, triggers reactive oxygen species (ROS) production, which increases oxi-
dative stress, promotes the release of inflammatory cytokines and adipose tissue inflammation,
which culminates in a systemic inflammatory state, all factors that contribute for the progres-
sion of NAFLD and liver injury [51], [54], [55]. CIH-induced hypoxic state also activates hypoxia-
inducible factors (HIFs), leading to an increase in the expression of genes involved in lipogen-
esis, profibrotic and inflammatory factors (fig. 1.3) [21]. In addition, CIH can also activate en-
doplasmatic reticulum stress pathways, namely unfolded protein response (UPR), which aggra-

vates NAFLD [21].
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Figure 1.3 - The different mechanistic pathways linking OSA and NAFLD. OSA contributes to the development of
insulin resistance, contributing to an increase of lipolysis. On the other hand CIH allows the stabilization of HIFs
and decreases lipid B-oxidation in liver tissue. Ultimately all these alterations increase hepatic FFA, ROS production,
promote mitochondrial dysfunction and the activation of pro-inflammatory pathways, leading to the onset and
progression of NAFLD. Image adapted from Parikh et a/. [51].

1.2.5 OSA and Insulin Resistance

Insulin resistance is a common hallmark for obesity and T2D and is also independently
associated with OSA in both obese and non-obese subjects, as well as hyperinsulinemia and
hyperglycaemia [20], [56]. In this condition, the insulin target tissues become less capable of
responding to insulin, which inhibits its subsequent mediated response. As a result, the regu-
lation of glucose and lipid metabolism is compromised [57].

Insulinis a 51 amino acids peptide hormone, formed by polypeptide chains A (21 amino
acids) and B (30 amino acids) connected by disulphide bridges [58]. Insulin is the most im-
portant anabolic hormone having an imperative role in maintaining glucose homeostasis, cell
growth and differentiation, thus this hormone has a pleiotropic effect on the different target

tissues [59].



Insulin production and secretion mostly occur in the pancreas B-cells located in islets
of Langerhans, and these processes are both regulated by circulating glucose levels [60]. After
a meal, the increase in blood glucose triggers the biosynthesis and secretion of insulin in -
cells and decreases the release of glucagon from the pancreas' a-cells, another important hor-
mone that stimulates catabolic pathways in insulin-sensitive tissues in order to increase blood
glucose levels during a fasting state, thereby maintaining the basal levels of glucose needed
to fulfil the body metabolic demand [60], [61].

Upon secretion, insulin is systemically distributed through the bloodstream and binds
to the insulin receptors (IR) present in the target tissues' cell membranes, including the liver,
adipose tissue and skeletal muscle (fig. 1.4) [60]. From a metabolic perspective, the binding of
insulin to its receptor triggers a signalling cascade that culminates in the stimulation of the
cellular uptake, storage, and synthesis of nutrients, while inhibiting catabolic pathways to pre-
vent the degradation and release of nutrients to the bloodstream [59], [62]. As a result of insulin
binding to IR, two distinct downstream signalling pathways can be activated: the phospho-
inositide3-kinase (PI3K)/protein kinase B (Akt) pathway, which stimulates the cellular metabolic
functions, and the mitogen-activated protein kinase (MAPK) pathway, which is principally re-
sponsible for coordinating the processes of cell growth, division, and differentiation (fig. 1.4)
[58], [60].

IR is a glycoprotein that belongs to the same subfamily of tyrosine kinase receptors as
the insulin-like growth factor (IGF)-I receptor [58]. It comprises two extracellular a subunits that
bind to insulin and two transmembrane B subunits with a tyrosine-kinase domain in their in-
tracellular region. This tetramer presents an axB. configuration and a single disulphide bond
links the two o dimers [62]. Upon insulin binding, o subunits stop the repression of the tyro-
sine kinase activity of the B-subunits, which transphosphorylates itself in different tyrosine res-
idues, activating the IR [63]. Once active, the IR recruits several proteins to induce their phos-
phorylation and initiate a signalling cascade [60]. Within these, the proteins from insulin recep-
tor substrate (IRS) family and Shc isoforms stand out as the ones that induce the PI3K/AKT and
MAPK signalling pathways, respectively (fig. 1.4) [60], [62].

The consequently activated signalling cascades promote different processes such as cell
growth and differentiation, glucose and lipid metabolism and vesicle trafficking [64]. The me-
diated phosphoinositide-dependent kinase 1 (PDK-1) activation of AKT is the most well-stud-
ied signalling cascade [60]. AKT stimulate the phosphorylation of different downstream pro-

teins, which in turn activates a myriad of metabolic functions within the cell (fig. 1.4) [64].
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Figure 1.4 - Insulin signalling. Insulin can activate different signalling pathways such as PI3K/AKT and MAPK. The
insulin biding to IR promotes the activation of downstream proteins by its phosphorylation and leads to the activa-
tion of different processes such as cell growth and differentiation, glucose and lipid metabolism and vesicle traf-
ficking. Image taken from Saltiel AR [62].

1.2.5.1 OSA and hepatic insulin resistance

One of the main action sites of insulin is the liver [60]. Following a meal, insulin levels
in the bloodstream rise, signalling the liver to regulate hepatic lipid and glucose metabolism,
allowing glucose to be transported from the blood into hepatocytes and converted into gly-
cogen, fatty acids, and TAG [60]. Insulin increases glucose-utilizing activity by boosting hepatic
glucose utilisation by glycolysis and glycogenesis while decreasing glucose production by
quelling gluconeogenesis and glycogenolysis [65]. More specifically, through the PI3K / AKT
pathway, it promotes the phosphorylation and respective inactivation of glycogen synthase
kinase-3 (GSK-3), permitting the activation of glycogen synthase and subsequent glycogen
synthesis [66]; phosphorylates the forkhead box (FOXO) transcription factors, namely FOXO1,
inducing their nuclear exclusion and thus inhibits the expression of gluconeogenic genes [66];
leads to mammalian target of rapamycin complex 1 (mTORC1) activation, stimulating protein
synthesis, and the activation of the downstream target sterol regulatory element binding
(SREBP) proteins, which induces the expression of genes involved in lipogenesis [60], [62].

Moreover, indirect effects of insulin, such as the increased glucose uptake in muscle and
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adipose tissue, the inhibition of lipolysis in white adipose tissue (WAT) and the activation of
hypothalamic insulin signalling also influence the hepatic glucose production [67].

Different mechanisms lead to the development of insulin resistance in the liver. Insulin-
mediated uptake and storage of glucose are impaired, so hepatic glucose production is not
suppressed. Because of this, neither gluconeogenesis nor glycogenolysis is inhibited, hepatic
glucose output is not reduced and hyperglycaemia occurs [68]. Furthermore, the increase of
plasma FFA glycerol re-esterification in the liver resultant from adipose tissue insulin resistance,
augments ectopic lipid deposition in the liver, which further contributes to hepatic insulin re-
sistance [69], [70].

Overall, the development of hepatic insulin resistance, a common hallmark of almost all
metabolic disorders, is also associated with OSA and it is an important factor in the OSA-

dysmetabolism link.

1.3 OSA and metabolic disorders: the possible links

As stated throughout the previous sections, metabolic disorders and OSA are inextricably
linked, in both obese and lean patients [71].

It has been proposed different molecular mechanisms to explain the relationship be-
tween these pathologies: deregulation of the hypothalamus-pituitary axis, overactivation of
the SNS, inflammation of the adipose tissue, alterations in adipokine levels, stabilization of
HIFs, mitochondrial dysfunction and generation of ROS and oxidative stress [20], [72], being
the last three the main focus of these work (fig. 1.5). Nevertheless, this is poorly understood

and the mechanism that links OSA to metabolic disorders is not clarified.
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Figure 1.5 - Different features possibly involved in the pathophysiological mechanism linking OSA and metabolic
diseases. Adapted from Martins et a/. [56].

1.3.1 Stabilization of hypoxia-inducible factors (HIFs)

Since Oz is a crucial element for the normal functioning of cells, several mechanisms
were developed to detect variations in O, concentration and restore homeostasis [73]. HIFs are
the principal regulators implicated in the hypoxic response. These transcription factors are het-
erodimers from the basic helix-loop-helix-PER-ARNT-SIM family, composed of a constitutively
expressed B-subunit and an O;-regulated a-subunit [74]. Currently, three a-subunits are known
to be expressed in humans: HIF-1a, HIF-2a and HIF-3a, with HIF-1a and HIF-2a more well-
characterized than HIF-3a, whose functions are yet unknown [75].

Under normoxia, different mechanisms regulate HIF-a subunits' cellular concentration
and transcriptional activity [76]. Prolyl hydroxylases (PHD) are important oxygen sensors that
lead to HIF-a degradation. Three isoforms of PHD are present in humans - PHD1, PHD2 and
PHD3- being PHD2 the principal regulator of HIF-a stability [77]. These enzymes hydroxylate
two proline residues in the oxygen-dependent degradation (ODD) domain of HIF-a subunits,
allowing von Hippel-Lindau-elongin BC-CUL2 (VHL) protein complex recognition of these pro-
teins (fig. 1.6A). Then, the VHL complex polyubiquitylates HIFs and marks them for proteasomal
degradation fig. 1.6A [78], [79]. HIF asparaginyl hydroxylase or factor inhibiting HIF (FIH) is
another important regulator of HIF-a subunits (fig. 1.6B). FIH catalyses the hydroxylation of an
asparaginyl residue in the transactivation domain, located in the C-terminal of HIF-a subunits,
which inhibits the recruitment of HIF-a coactivators p300 and cAMP-responsive-element bind-

ing protein (CREB) and, therefore, the HIF-a transcriptional activity (fig. 1.6B) [76], [78].
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Conversely, in a hypoxic condition like CIH, both PHD and FIH activities are diminished.
This results in the stabilization of HIF-a subunits and their respective translocation to the nu-
cleus, where they dimerize with HIF-B forming the active form of these transcription factors
(fig. 1.6C) [78]. The active complex then binds to hypoxia-responsive elements (HRE) from their
target genes and activates their expression to increase oxygen delivery in the tissue and de-
crease O, consumption [80]. HIFs can directly activate over 1000 genes in response to hypoxia,
which are involved in different processes such as angiogenesis, glucose and lipid metabolism,
inflammation, erythropoiesis, tumorigenesis or extracellular matrix homeostasis [73], [77].
Nonetheless, the array of genes activated varies between tissues, and each isoform is respon-
sible for inducing the expression of different types of genes [80], [81]. In the liver, HIF-1a pro-
motes glycolysis, by regulating the expression of several glycolytic enzymes, and induces the
expression of glucose transporters, while HIF-2a is crucial for the regulation of hepatic lipid
metabolism and it's also responsible for the suppression of gluconeogenesis and the sensiti-

zation of insulin signalling [82], [83].
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Figure 1.6 - The regulation of HIF. Under normoxia, the HIF-a levels are regulated by PHD, which mark HIF-a subu-
nits to ubiquitination, leading to their proteossomal degradation of HIF-a, and by FIH, which inhibit the recruit-
ment of HIF-a co-activators, thereby inhibiting their transcriptional activity. Once hypoxia occurs, PHD and FIH ac-
tivity is diminished, which prevents HIF-a hydroxylation. As a result, HIF-a subunits stabilize, translocate to the nu-
cleus and dimerize with HIF-B, activating the transcription of different target genes. Adapted from Gonzalez et al.
[90]
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Considering that HIFs are involved in the cells' metabolic reprogramming and are stabi-
lized in a state of hypoxia, a plausible mechanism for the CIH-induced dysmetabolic phenotype
is the stabilization of these transcription factors. As a matter of fact, different studies have been
conducted to infer this issue.

Different cell culture studies show that under a hypoxic condition, HIF-1a increase glu-
cose uptake by upregulating the expression of glucose transporters 1,3 and 4 and enhances
glycolysis by inducing the expression of different glycolytic enzymes such as hexokinase 1 and
2, phosphoglycerate kinase 1, enolase 1 and pyruvate kinase M2 [75], [78]. Although some of
the studies were performed using cancer cell lines [84], [85] (the expression of HIFs and its
target genes is deeply connected to tumour growth and cancer progression), it is valid to as-
sume that a similar phenomenon occurs in this case, since human patients with OSA present
higher serum levels of HIF-1a [86], [87]. HIF-1a also promotes a shift towards a more anaerobic
metabolism by increasing the expression of lactate dehydrogenase A, which elevates the pro-
duction of lactate, and by elevating the levels of pyruvate dehydrogenase kinase 1, an enzyme
that inhibits the enzymatic activity of the dehydrogenase complex, inhibiting the conversion of
pyruvate to acetyl-CoA and, therefore, leads to the tricarboxylic cycle downregulation.

Despite its essential role in intracellular metabolic reprogramming in a state of hypoxia,
HIF-Ta function seems pleiotropic, taking part in different processes among tissues even in
normoxic conditions. For pancreatic B-cells to operate properly, HIF-1a is required. According
to a study by Cheng et al. [88], mice with specific HIF-1a deletion in B-cells developed glucose
intolerance as a result of impaired glucose-mediated insulin secretion. Moreover, mice fed with
an HF diet and administered an iron chelator to stabilize HIF-1a levels improved glucose tol-
erance [89]. This improvement was not seen in mice with HIF-1a deletion in B-cells, confirming
the importance of HIF-1a in B-cell function [83], [89]. In contrast, in a state of hyperglycaemia,
the levels of HIF-1ain B-cells reduce drastically and its transcriptional activity is reduced, which
in turn blocks insulin secretion and further contributes to the increase of blood glucose levels,
glucose intolerance and B-cells dysfunction [83]. In addition, in T2D patients the mRNA levels
of HIF-1B are highly decreased [90]. Altogether, HIF signalling might have a role in the B-cell
function and the induced inhibition of this pathway by glucose possibly contributes to the
development and progression of T2D [83], [90].

Also, the expansion of adipocytes in WAT in conditions of obesity is not balanced by an
adequate increase in angiogenesis, which results in insufficient oxygen delivery to the tissue.
As a result, local hypoxia is induced, which enables HIFs stabilization [80]. In turn, the increase

of HIFs expression and signalling promotes detrimental metabolic effects that lead to adipose
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tissue dysfunction, insulin resistance and onset or progression of T2D (fig. 1.7) [75]. The in-
crease in fatty acid metabolism and mitochondrial uncoupling, which both contribute to in-
creased O, consumption, are other factors contributing to this localized hypoxia [80]. HIF-1a
is the predominant isoform present in the adipose tissue and it is connected to the dysregula-
tion of adipose tissue function [91]. On the other hand, HIF-2a expression seems to have a
protective role against WAT inflammation and fibrosis [80]. HIF-1a upregulation can contribute
to the increase in expression of inflammatory cytokines, namely interleukin-6 (IL-6), interleukin-
8 (IL-8) and tumour necrosis factor a (TNF-a), and activates M1 macrophages, which further
contributes to the secretion of inflammatory cytokines and tissue damage [80], [90]. The in-
crease in HIF-1a also leads to WAT fibrosis by the increase of collagen deposition and cross-
linking, which contributes to immune cell infiltration and, therefore, WAT inflammation [80].
Also, HIF-Ta increases the expression of suppressor of cytokine signalling 3 (SOCS3) which
leads to the inhibition of adiponectin expression [90], an adipokine crucial for glucose home-
ostasis and to preserve insulin sensitivity in WAT [21]. Collectively, HIF-1a stabilization and
WAT hypoxia mediated by obesity dysregulate adipokine and inflammatory cytokines expres-
sion and secretion leading to WAT dysfunction, insulin resistance, glucose intolerance and the
onset of T2D [21], [80], [90].
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Figure 1.7 The proposed HIF dependent mechanisms involved in WAT dysfunction. In obesity, along with other fac-
tors, the expansion of adipocytes results in a local hypoxia allowing HIF stabilization and transcriptional activity.
HIF-1a mediates WAT fibrosis and the concomitant activation of inflammatory pathways. Conversely, HIF-2a ap-
pears to have a protective role against inflammation and fibrosis. Green and red arrows represent the activation

and the inhibition of these pathways, respectively. Image adapted from Lefere et a/. [80]
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Finally, different studies have reported that CIH plays a critical role in NAFLD onset and
progression and it's the principal trigger for HIFs expression in the liver (fig. 1.8) [80]. Never-
theless, the intake of hypercaloric food itself can induce local hypoxia, driving HIFs expression
[92]. Also, insulin resistance and dysregulated lipolysis, promote and aggravate hepatic stea-
tosis, which also contributes to local tissue hypoxia and HIFs stabilization [80]. Since HIF-1a
regulates genes involved in glucose and lipid metabolism, it is plausible to postulate that the
development of NAFLD can be mediated by HIF-1a [51], [92]. Studies in mice models have
demonstrated that SREBP-1c, a transcription factor crucial for the activation of hepatic de novo
lipogenesis, and their respective downstream target genes, fatty acid synthase and acyl-CoA
carboxylase, are upregulated in response to HIF-1a in hypoxia, which leads to an excessive FFA
and TAG synthesis and, for this reason, to a state of hyperlipidemia and hepatic steatosis [51],
[93]. Concomitantly, to decrease the O, consumption in liver tissue, fatty acid B-oxidation is
inhibited by HIF-1a which increases the FFA concentration in the tissue which provokes fatty
liver disease and tissue injury [51], [78]. In a protective manner, the expression of protein adi-
pocyte differentiation-related protein (ADRP), which induces lipid droplet formation, also
seems to be stimulated through a HIF-dependent mechanism [80]. Lysil oxidase expression
and activity, an enzyme responsible for the cross-linking of collagen and elastin, is also stimu-
lated by HIF-1a, which accelerates the development of hepatic fibrosis and the ensuing pro-
gression of NAFLD [51]. The increase in HIF-2a levels also contributes to the onset and devel-
opment of NAFLD. HIF-2a also promotes a reduction in fatty acid B-oxidation and an increase
in fatty acid uptake and synthesis. It also contributes to an increase in inflammation and fibrosis
in the hepatic tissue, however, the mechanism that leads to this phenotype is not known [90].

In brief, the available literature shows that the adaptable mechanisms induced by HIFs in
response to hypoxia are involved in the development of metabolic disorders, however, it can
also be crucial for the correct organ function, so more studies are needed to uncover their role

in the pathophysiology of metabolic disorders and their potential as therapeutic targets.
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Figure 1.8 - The proposed HIF dependent mechanisms involved in liver dysfunction. The intake of hypercaloric food
and CIH can thrive to a local hypoxia promoting the stabilization of HIF and the respective transcriptional activity.
Hepatic de novo lipogenesis is upregulated by HIF-1a, which exacerbates FFA and TAG synthesis and leads to a
state of hyperlipidemia, hepatic steatosis and liver injury. The decrease fatty acid B-oxidation, also mediated by HIF-
10, also contributes for the devolpment of this phenotype. HIF-2a also mediates the reduction of fatty acid B-oxi-
dation and upregulates fatty acid uptake and synthesis. Both HIF-1a and HIF-2a mediate the increase of hepatic
fibrosis and inflammation. Green and red arrows represent the activation and the inhibition of these pathways, re-

spectively. Image adapted from Lefere et al. [80]

1.3.2 Mitochondrial Dysfunction

Among all cell organelles, mitochondria take the central stage as O, consumers, making
them an appealing O, sensing system and fundamental in conditions of OSA-dysmetabolism
link [94]-[96]. Mitochondria are cytoplasmic organelles responsible for generating chemical
energy for the cell’s biochemical reactions, which is provided through adenosine triphosphate
(ATP) supply [96]. ATP synthesis is an aerobic process that occurs by oxidative phosphorylation
through an electric transport chain (ETC), comprised of four protein complexes for electron

transfer (I-1V) and one that aids in the production of ATP (complex V), which are located at the
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mitochondrial matrix [95], [97]. It requires electron carriers as reducing components- NADH
and FADH;-which are formed during the tricarboxylic acid (TCA) cycle, a series of enzymatic
reactions that also occurs in the mitochondria [95], [98].

The oxidative phosphorylation process starts with the oxidation of NADH to NAD* by
the first complex (complex |), also known as NADH dehydrogenase (fig. 1.9) [99]. The entrance
of the electron pair of NADH is supported by a prosthetic group, flavin mononucleotide, which
is transferred throughout several iron-sulphur clusters and to ubiquinone, an oxidized form of
the hydrophobic electron carrier coenzyme Q10. Ubiquinone is reduced to ubiquinol and trans-
ferred to complex Il, where it oxidizes again into ubiquinone [99], [100]. Besides NAD" and
ubiquinol, this enzymatic reaction produces H* ions that are released into the intermembrane
space [94], [99].

The second process of oxidative phosphorylation is provided by complex Il, referred to
as succinate dehydrogenase (fig. 1.9) [96]. This enzyme is made up of iron-sulphur clusters
and a bound cofactor called flavin adenine dinucleotide, responsible for the electron transfer
from FADH, to ubiquinone [101]. In contrast with the latter stage, this enzymatic reaction does
not produce H* ions because of the bypass of FADH, from complex | to complex Il, thus not
enough energy is released [99], [101]. The electrons from complexes | and Il are then trans-
ferred to complex Il by ubiquinol [99].

The third complex (complex Ill), also known as cytochrome c reductase (fig. 1.9), is
mostly composed of many iron-sulphur clusters and cytochrome B and is responsible for the
electron shuttle from ubiquinol to cytochrome ¢, followed by H* ion pumping into the inter-
membranous space [101].

The last complex involved in the electron transfer, complex IV, known as cytochrome c
oxidase (fig. 1.9), is comprised by heme groups that sequester an oxygen atom into the com-
plex with the simultaneous transfer of electrons from cytochrome c to the oxygen atom, that
functions as the last electron acceptor [100]. Then, the oxygen molecule is reduced by the
addition of H* ions from the mitochondria matrix to the oxygen atom, forming water (H.O)
[96], [101]. At the same time, this enzymatic reaction also releases H* ions into the intermem-
brane space [101].

The H* ions that have been released from previous enzymatic reactions are then rein-
troduced into the mitochondria matrix through the fifth complex (complex V), as known as ATP
synthase (fig. 1.9) [95], [99]. ATP synthase contains several protein subunits, including a hydro-

phobic one responsible for the entrance of H* ions, and a hydrophilic one that acts as a catalytic
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site, allowing the binding of an adenosine diphosphate (ADP) molecule to an inorganic phos-
phate (Pi) atom, producing ATP [99]-[101].
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Figure 1.9- The process of oxidative phosphorylation. Inside the mitochondrial matrix, NADH derived from the TCA
cycle is oxidized by NADH dehydrogenase (complex |, orange), allowing the formation of an electron pair that is
transferred to ubiquinone (Q, light green). Ubiquinone is reduced to ubiquinol and transferred to succinate dehydro-
genase (complex Il, dark green), where it oxidizes again into ubiquinone. The complex Il is responsible for the oxida-
tion of FADH,, also derived from the TCA cycle, and the electrons derived from this reaction are also transferred by
ubiquinol to cytochrome c reductase (complex llI, purple). Complex Il performs as an electron shuttle to cytochrome
¢ (Cyt ¢, brown) which then transfers the electrons to cytochrome c oxidase (complex IV, navy blue), the last electron
acceptor of the ETC. Here, an oxygen atom is reduced by H* ions from the mitochondrial matrix to H,O. The H+ ions
released from the previous enzymatic reactions to the intermembrane space re-enter the mitochondrial matrix by
ATP synthase (complex V, pink), catalysing the binding of a phosphate atom (Pi) to a ADP molecule, forming ATP.

Since the production of ATP by mitochondria is the largest O,-consuming process
within the cell, it can be anticipated that the variation in O; levels, as it occurs in the hypopnea-
apnea episodes in OSA, will have an impact on ETC function. As stated, by a HIF-dependent
mechanism the expression of lactate dehydrogenase A and pyruvate dehydrogenase kinase 1
is upregulated to inhibit the TCA cycle and, therefore, the ETC activity [78]. Under chronic hy-
poxia, ETC function is reduced by an HIF1-dependent induction of respiration reduction of the
complex |, supressing ETC complex formation [102]. Also, CIH disrupts the assembling of com-
plexes I, Il and Ill iron-sulphur clusters through the expression of several microRNAs, compro-

mising ETC expression and activity [103]. By decreasing the ETC activity, ROS production by
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complex Ill is also reduced, which protects the cells' macromolecules from damage [78]. Hy-
poxia also triggers mitochondria fission to induce mitophagy, so mitochondrial ROS produc-
tion is reduced and the cellular integrity is maintained [96]. However, other studies that are
also in the context of liver disease, show that hypoxia upregulates the expression of genes
involved in mitochondrial biogenesis and fusion, so more studies are needed to fully under-
stand the mitochondrial response under hypoxic conditions [51], [104]. In summary, by one
side mitochondrial activity is downregulated to reduce the production of mitochondrial ROS
and their consequent deleterious effects that ultimately increase tissue inflammation and cell
death, and by the other side IH also promotes hepatic mitochondrial fatty acid oxidation to
produce ATP, which increases oxidative stress within the tissue and causes DNA damage which

can progress to liver injury [104].

1.3.3 Oxidative Stress, Antioxidant Defences and Inflammation

Oxidative stress occurs when the balance between ROS and the body's antioxidant de-
fence mechanisms is disrupted, resulting in an accumulation of ROS and subsequent damage
to cells and tissues [105]. This can lead to a variety of health problems, including inflammation,
ageing, and chronic diseases such as cardiometabolic disorders[72], [106]. In OSA, this altera-
tion on the pro/antioxidant balance is brought on by the hypoxia/re-oxygenation cycles, which
augment ROS formation and oxidative stress [72]. Patients with OSA show an increase in lipid
peroxidation, a decrease in the antioxidant capacity and higher concentrations of ROS in cir-
culating leukocytes than normal subjects, factors that can contribute to the development of
metabolic conditions that are associated with OSA [72], [107]. These alterations are also ob-
served in animal models [42]. Hence, oxidative stress may be a significant contributor to the
establishment of the dysmetabolic state associated with this pathology.

An association between dysmetabolism and the CIH-mediated increase in oxidative
stress was observed in mice WAT, as evidenced by higher ROS generation and changes in ETC
activity, suggesting a potential role for WAT in the onset of this OSA-associated phenotype
[108]. Despite this, other authors did not find any significant alterations in WAT oxidative stress
in response to severe CIH [109]. Given that the animals were subjected to different time periods
of CIH in these studies, with the former being longer than the latter, it is likely that oxidative
stress in WAT does not immediately cause the dysmetabolic phenotype associated with OSA

but rather develops as the disease progresses [56], [109].
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Oxidative stress is thought to be also a cause of liver damage [106]. Due to an increase
in the activation of pro-oxidant pathways, promoting ROS formation, and a decrease in the
endogenous antioxidant mechanisms, both enzymatic and non-enzymatic, impede the scav-
enging of these free radical compounds which alter the cell normal function and ultimately
lead to hepatic cells death [110], [111].

ROS can have an exogenous - hypoxia, alcohol consumption and smoking- or an en-
dogenous source, being a product of pathways that requires O, consumption and are mostly
produced in the mitochondria [112], [113]. The main ROS formed include superoxide anion,
principally formed in ETC of mitochondria, hydroxyl radicals and hydrogen peroxide [110]. The
production of these free radicals can also be mediated by extramitochondrial processes namely
by xanthine oxidase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and fatty
acid B-oxidation [110]. In physiological conditions, ROS are often produced by mitochondria
and have important signalling functions, however, with the disruption of the pro/antioxidant
balance the consequent accumulation of ROS produces deleterious effects in cell function lead-
ing to a pathological state [94], [110].

The accumulation of ROS in the liver tissue, particularly superoxide anion and nitric
oxide, has cytotoxic effects in the setting of liver disease. Higher levels of ROS are linked to an
increase in lipid peroxidation, augmented activity of the free radical-producing enzymes, such
as aldehyde oxidase and xanthine oxidase, the formation of toxic adducts as a result of ROS
interactions with cellular macromolecules (DNA, proteins, and lipids) and promote alterations
in antioxidant mechanisms. In turn, these alterations cause an increase in hepatic fibrosis, mi-
tochondrial dysfunction, the activation of inflammatory pathways and, ultimately, cell death
[111].

Antioxidant mechanisms have the role of decreasing ROS to restore tissue homeostasis
and contain enzymatic and non-enzymatic components [113]. Regarding the enzymatic mech-
anisms, different enzymes catalyse ROS detoxification, such as superoxide dismutase (SOD),
the first line of defence against mitochondrial ROS formation, as catalase, glutathione peroxi-
dase and reductase, among others [114]. Non-enzymatic defences comprise different vitamins
and glutathione, which react with ROS and accept electrons in their structure leading to their
elimination or detoxification, and nuclear factor E2-related factor 2 (Nrf-2), a transcriptional
factor activated by oxidative stress that upregulates the expression of antioxidant genes [113],
[115]. For a more effective response, all these components are carefully distributed in the cells

so that the response against the increased ROS is triggered more quickly [113].
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Inflammation is concomitant to oxidative stress and mitochondrial dysfunction, so it
can be a factor contributing to OSA/CIH-associated dysmetabolic phenotype. The increase in
IL-6 and TNF-a plasma levels positively correlates with an increase in body mass index, which
strengthens the link between OSA and obesity [116]. Moreover, an abnormal rise of cytokines
is seen in OSA patients throughout nocturnal periods, which contributes to sleep dysregulation
[56]. As stated throughout this document not only CIH and SF but also the onset and develop-
ment of its associated metabolic comorbidities, all lead to a tissue-specific and systemic state
of inflammation, characterized by the increased production and secretion of pro-inflammatory
cytokines (IL-6 and TNF-a), the activation of inflammatory pathways as the nuclear factor kappa
B (NF-kB) signalling and the induction of innate and adaptive immune responses, such macro-
phage M1 polarization [20], [117], [118]. Altogether these further contribute to the deleterious
effects induced by CIH leading to metabolic dysfunction.
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AIMS OF THE WORK

OSA and metabolic diseases, such as obesity, metabolic syndrome, T2D and NAFLD, are
inextricably linked however, the subsequent mechanism of this relationship is yet to be clarified
[20]. Different mechanisms were proposed to explain this relationship: oxidative stress and
ROS production, inflammation, mitochondrial dysfunction, alterations in adipokines levels,
overactivation of SNS, among others particularly on the adipose tissue with conflicting results
[20]. Moreover, it is quite well described that other organs, like the liver, play a crucial role on
metabolic homeostasis. Therefore, the principal aim of this work was to evaluate if liver dys-
function plays a role in the metabolic dysfunction associated with OSA and to explore the
mechanisms behind this relationship. In addition, given the strong relationship between OSA
and obesity, an animal model of obesity was also used to study if the interaction between CIH
and obesity would worsen the induced dysmetabolic phenotype.

The specific aims are:

1. To evaluate the impact of CIH on liver insulin signalling and clearance and glucose ho-
meostasis in control and obese animals;

2. To evaluate the impact of CIH on liver hypoxia in control and obese animals;

3. To explore the impact of CIH and the association between CIH and obesity on liver

mitochondrial dysfunction, oxidative stress and inflammation.
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METHODS

3.1 Animal experiments and /n vivo procedures

Experiments were performed in male Wistar rats, 12 weeks aged, 6-8 animals per group,
obtained from the vivarium of the Faculty of Medicine of the University of Valladolid, Spain.
The animals were randomized and divided into two groups: a control group (CTL), fed with a
standard control diet - 3.8 kcal/g with 10% kcal as fat (D12450B; Open Source Diets) - and an
obese group (HF), fed with a high-fat diet (HF diet)- 5.2 kcal/g with 60% kcal as fat (D12492;
Open Source Diets) - for 12 weeks. During the experimental period, the animals had food and
water ad libitum and were kept under temperature and humidity control, with a regular light
(08.00 — 20.00h) and dark (20.00h — 08.00) cycle.

In the last 2 weeks of diet, half of the animals from each group (CIH and HFIH, respec-
tively) were submitted to a severe CIH protocol (fig 3.1). As described by Gonzalez-Martin et
al, to perform this protocol, the animals were housed in appropriate hermetic chambers (16 L,
a maximum of four rats per chamber), with food and water ad libitum [119]. The chronic inter-
mittent hypoxia protocol consisted in 30 cycles per hour of 40s exposure to 5% O, followed
by 80s exposure to normal air atmosphere (21% O. and 79% N), for 8h per day, equivalent to
an apnoea-hypopnoea index of 30. At the end of the protocol, the chambers were kept in a
normal air atmosphere. The animals were submitted to this protocol during their period of
inactivity (light phase of the cycle). During the CIH protocol, the remaining animals either from
control or obese group were kept in the same room but were only exposed to a normal air
atmosphere. Lastly, after 12 weeks of experimental period, the animals were sacrificed by an

intracardiac overdose of sodium pentobarbital.
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Laboratory care was carried out following the European Union Directive for Protection of
Vertebrates Used for Experimental and Other Scientific Ends (2010/63/EU). Experimental pro-
tocols were approved by the NOVA Medical School, Faculdade de Ciéncias Médicas and Val-

ladolid University Ethics Committee.

Weeks 10 12
[ [ CIH|protocol ]
m 12
; Regular diet [ Control room air ]
/
Weeks 10 12

5 Wi
\.J(‘\lf\;star Ea)ts - [ CIH protaocol
weeks m

12

Lipid rich diet [

(60% enriched) Control room air ]

CIH protocol: 40s, 5%0, / 80s air
30 cycles/h, 8h/day

Figure 3.1 — Schematic representation of the experimental design of the study. Male Wistar rats (12 weeks; 6-8
animals per group) were divided into a control (CTL), fed with a standard diet, and an obese group (HF), fed with a

60% lipid-enriched diet for 12 weeks. From weeks 10 to 12, half of the animals from both groups were submitted

to a severe CIH protocol (CIH and HFIH) consisting of 30 CIH cycles/h, 8 h/day. During the CIH protocol, the re-
maining age-matched control or high-fat animals were in the same room and exposed to a normal air atmosphere,

to experience similar conditions.

3.1.1 Assessment of Metabolic Parameters

At the end of the CIH protocols, insulin sensitivity and glucose tolerance of the animals
were assessed.

After an overnight fast (approximately 15-16 h), a blood sample was collected to meas-
ure the fasting glucose and insulin plasma levels as described in Olea et al. [42], which were
used to calculate the insulin sensitivity of the animals with the homeostasis model assessment
(HOMA-IR) index [fasting insulin (uU/mL) x fasting glucose (mM) / 22.5] [120].

To evaluate the glucose tolerance of the animals an intra-peritoneal glucose tolerance
test (ipGTT) was performed. After overnight fasting, a glucose solution (2g/Kg in saline) was
administrated in the animals by an I.p. injection, and glucose levels were monitored at 15, 30,
90, and 120 minutes by tail tipping. Basal glycemia was measured before the glucose admin-
istration, using the same method. All the measurements were performed with a glucose meter

(Ascensia Breeze 2; Bayer).
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3.2 Liver Ex vivo analysis

After 12 weeks of experimental period, the animals were sacrificed as described. Liver
tissue samples were collected and placed in liquid nitrogen or in a 4% paraformaldehyde (PFA)

solution. Samples were then stored at -80°C or at 4°C respectively.

3.2.1 Assessment of protein levels from insulin signalling, glucose metab-
olism, mitochondrial biogenesis, antioxidant system and inflamma-

tion pathways

The western blot technique was used to measure the levels of specific proteins in liver
tissue extracts. Briefly, it consists in the separation of proteins according to their molecular
weight, through gel electrophoresis. Afterwards, the separated proteins are transferred to a
solid support membrane which is incubated with primary and secondary antibodies specific to
the protein of interest. Finally, the protein of interest is detected through a chemiluminescence
method.

Approximately 100 mg of liver tissue was homogenized in a lysis buffer (100 mM Tris-
HCl pH=7.5, EGTA 0.2M, EDTA 50 mM, Triton X-100, Sucrose 0.27M, NazVO4 0.1 M, NaF 100
mM, NaP,O7; 10 mM and protease inhibitors (SigmaAldrich, St. Louis, MO, USA)). Homogenized
tissues were then centrifuged at 15700 g for 20 minutes, 4°C, and the supernatants were col-
lected and stored at -80°C. Protein concentrations of the tissue extracts were measured by
Micro-BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA, USA).

After, 20 pg of total protein samples from the homogenized liver tissue were combined
with a loading buffer and were denatured in a dry bath for 5 minutes at 99°C or 10 minutes at
50°C (to measure oxidative phosphorylation complexes - OXPHOS). Afterwards, liver samples
and the pre-stained molecular weight marker (Precision Plus ProteinTM Unstained Standards,
Bio-Rad, Madrid, Spain) were separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-
PAGE) -10% separation gel and 4% concentration gel - in reductive conditions, and transferred
to a nitrocellulose membrane (0.2 uM, Bio-Rad, Germany).

The membranes were blocked with 5% non-fat milk in Tris Buffer Saline with 0.1%

Tween (TBS-T 0.1%) solution for 1.5 hours at room temperature to avoid nonspecific bounding,
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washed with TBS-T 0.1% and then incubated with primary antibody overnight at 4°C. The used
antibodies and the respective concentrations are described in table 1.

After the incubation with primary antibodies, the membranes were washed and incu-
bated with respective secondary antibodies for 1.5 hours at room temperature.
The secondary antibodies used were: goat anti-mouse (1:1000, Bio-Rad, Madrid, Spain), goat
anti-rabbit (1:1000, Bio-Rad, Madrid, Spain) or mouse anti-goat (1:2000, Santa Cruz Biotech-
nology, Dallas, USA).

Next, the membranes underwent a second washing period and were revealed for the
detection of the proteins of interest. A chemiluminescence detection method was carried out
using a chemiluminescence reagent (ClarityTM Western ECL substrate, Bio-Rad, Madrid, Spain),
according to the manufacturer’s instructions. The chemiluminescence signal detection was per-
formed in Chemidoc Molecular Imager (Chemidoc, Bio-Rad, Madrid, Spain) and quantified us-
ing the Image Lab software (Bio-Rad, Madrid, Spain).

To normalize the protein levels and proceed with the quantification of the proteins of
interest the membranes were reprobed for loading proteins, namely: Calnexin (1:1000, goat,
SicGen, Cantanhede, Portugal); B-actin (1:1000, goat, SicGen, Cantanhede, Portugal) in accord-

ance with the molecular weights of the proteins of interest.
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Table 3.1— Primary antibodies used for the proteins of interest in the present study and their respective dilution

factor, specie, and brand.

Insulin Receptor (IR) - 90 KDa 1:100, mouse, Santa Cruz Biotechnology, Dallas, USA
Protein Kinase B (AKT) - 60 KDa 1:1000, rabbit, Cell Signaling, Massachusetts, EUA
Insulin degrading enzyme (IDE) - 118 KDa 1:1000, rabbit, Abcam, Cambridge, UK
Glucose transporter 2 (Glut2) - 60 KDa 1:500, mouse, Santa Cruz Biotechnology, Dallas, USA
OXPHOS 1:500, mouse, MitoSciences, Eugene, OR, USA
Superoxide dismutase one (SOD-1) - 23 1:500, mouse, Santa Cruz Biotechnology, Dallas, USA
KDa
Catalase - 60 KDa 1:500, goat, SICGEN, Cantanhede, Portugal
Arginase | - 37 KDa 1:500, mouse, Santa Cruz Biotechnology, Dallas, USA
Interleukin-6 receptor (IL-6R) - 80 KDa 1:200, mouse, Santa Cruz Biotechnology, Dallas, USA
Interleukin-1 receptor (IL-1R) -80 KDa 1:100, mouse, Santa Cruz Biotechnology, Dallas, USA
TNF-a - 17 KDa 1:1000, goat, SicGen, Cantanhede, Portugal
TNF-a Receptor - 55 KDa 1:200, mouse, Santa Cruz Biotechnology, Dallas, USA
Nuclear factor kappa b (NF-«B) - 65 KDa 1:500, rabbit, Cell Signaling, Massachusetts, EUA

3.2.2 Histological and fluorescence immunolabelling analysis of the liver

tissue

The previous PFA-fixed tissue was dehydrated in ethanol and embedded into paraffin.
The paraffin tissue blocks were then cut into longitudinal slices of 8-10 uM thickness and trans-
ferred to slides either to perform haematoxylin & eosin (H&E) staining protocol for histology
or to evaluate by fluorescent immunohistochemistry the levels of HIF-1a, HIF-2a and mito-
tracker, a mitochondrial density marker.

For the histological analysis, the stained slices were visualized in a Widefield Fluores-
cence Microscope Zeiss Z2 for the evaluation of fat deposition, ballooning, fibrosis, and necro-
sis in the livers.

For the immunohistochemistry protocol, the slides underwent a deparaffinization pro-

tocol and were rehydrated with ethanol and distilled water. After removing the paraffin from
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the slides, antigen retrieval was carried out using 0.1M citrate buffer (pH=6.0) for 20 minutes,
followed by 10 minutes in 0.1M glycine and 15 minutes of permeabilization with washing buffer
(1% PBS, 0.1% Triton). Blockage of unspecific bounds was then performed using a 5% Bovine
Serum Albumin (BSA) in washing buffer solution for 2 hours for the mitotracker assay or a 1%
BSA, 1% goat serum in washing buffer solution for the evaluation of HIF-1a and HIF-2a levels.
To evaluate HIF-1a and HIF-2a levels, the slides were incubated overnight, at 4°C, with the
respective primary antibody (anti-HIF-1a, 1:100, goat, SicGen, Cantanhede, Portugal; anti-HIF-
20, 1:100, mouse, Abcam, Cambridge, UK). The next day, the slices were submitted to 4 wash-
ing cycles, of 5 minutes each, with washing buffer and incubated with secondary antibody
(donkey anti-goat Alexa Fluor 546, 1:5000, Abcam, Cambridge, UK for HIF-1a; and goat anti-
mouse Alexa Fluor 550,1:5000, Abcam, Cambridge, UK for HIF-2a), together with 4',6-dia-
midino-2-phenylindole (DAPI) [Tmg/mL], a nucleus cell marker, for 60 minutes, at room tem-
perature protected from light. To conclude, the slides were washed as described, protected
from light, and mounted with coverslips and Vectashield mounting medium.
To analyse the mitochondrial density, the slides were incubated with 15 nM mitotracker solu-
tion (Invitrogen™, Carlsbad, CA, USA; catalogue number: M7512), along with DAPI [Tmg/ml],
for 60 minutes at room temperature protected from light. The slides were then washed and
mounted as previously described.

The slides were visualized under the microscope (Widefield Fluorescence Microscope
Zeiss Z2) and fluorescence intensity of each slide was measured using Image)J software [121].
These values were used to calculate the relative intensity for the area per nuclei number deter-

mined by DAPI staining.

3.2.3 Assessment of mitochondrial complexes enzymatic activity

Before performing the enzymatic assays, the mitochondria-rich fraction was isolated
from liver tissue homogenates. In brief, using a glass-Teflon Potter Elvejhem 100 mg of liver
tissue was homogenised in ice-cold potassium buffer (100 mM KH2PO4, 5 mM EDTA). The ho-
mogenate was transferred to an eppendorf, combined with an isolation buffer (250 mM Su-
crose, 10 mM HEPES) in a 1:1 ratio and centrifuged at 800 g, for 15 minutes, 4°C. The superna-
tant was collected and again centrifuged at 12000 g for 15 minutes, 4°C. Lastly, the final super-
natant, the mitochondria-free cytosolic fraction, was collected and stored at -20°C for further

analysis. The pellet, corresponding to the mitochondria-rich fraction, was resuspended in an
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appropriate buffer (100 mM Sucrose, 100 mM KCl, 2mM KH»PO4, 10 mM EDTA). The respective
protein concentration was measured using the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific; Waltham, MA, USA).

Mitochondria-rich fraction was then used to assess the activity of mitochondrial respiratory
complexes | and I, and citrate synthase activity, as described in the next sections. All these

protocols were performed at 37°C in, 96 well-plate.

3.23.1 Measurement of complex | activity

Complex | activity was evaluated by measuring the rate of NADH oxidation, which is the
enzyme substrate. The correspondent volume of 10 pg from mitochondria-rich fraction was
added to a potassium phosphate buffer (25 mM KH2PO4, 5mM MgCl,, pH=7.5) supplemented
with 100 mM KCN and 2 mM antimycin A, inhibitors of the complex IV and Ill, respectively,
38.75 mM decylubiquinone, an analogue of ubiquinone, and with or without a 500 uM rote-
none solution, a specific inhibitor of complex I. To initiate the reaction, a 5mM NADH solution
was added to the mix and the respective decrease of NADH fluorescence intensity was meas-
ured at 450 nm (Aex = 366 nm) in 30s intervals for 20 minutes.

The difference in the rate of NADH oxidation in the presence and absence of rotenone
was used to gauge the complex | activity, being the results expressed in relative fluorescence

units (RFU), per minute, per milligram of protein.

3.23.2 Measurement of complex Il activity

To evaluate complex Il activity, the reduction rate of 2,6-dichlorophenolindo-phenol
(DCPIP) was spectrophotometrically determined (e = 20.7 mM-"-cm™). This mitochondrial com-
plex promotes succinate oxidation, being DCIP the exogenous final acceptor of electrons from
that reaction. As in the previous protocol, the correspondent volume of 10 pg from mitochon-
dria-rich fraction was added to a potassium phosphate buffer (25 mM KH2PO4, pH=7.5) sup-
plemented with 100 mM KCN, 2 mM antimycin A, 500 uM rotenone, 38.75 mM decylubiqui-
none. The reaction was performed in the presence or absence of 500 mM oxaloacetate solution

in the mix, a complex Il inhibitor, and initiated by adding a 100 mM succinate solution. The
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time-dependent decrease of absorbance intensity at 600 nm was measured in 30s intervals for
20 minutes.

To determine the complex Il activity, the difference in the DCIP reduction rate in the
presence and absence of succinate was calculated, being the results expressed in concentration

of reduced DCPIP, per minute, per milligram protein.

3.2.3.3 Assessment of citrate synthase activity

Citrate synthase (CS) activity was assessed spectrophotometrically by measuring 5,5-
dithio-bis-2-nitrobenzoic acid (DNTB) reduction (e = 13.6 mM~"/cm™). To form the reaction
mix, 10 pug from mitochondria-rich fraction lysate were added to a reaction buffer (200 mM
Tris-HCl, 0.02% Triton X-100) supplemented with 10 mM DNTB and 100 mM oxaloacetate. The
reaction was triggered by adding a 6.1 mM Acetyl-CoA to the reaction mix and the absorbance
values at 412 nm were measured every 30s for 10 minutes.

The reduction rate of DNTB to 2-nitro-5-thiobenzoic acid (TNB) was used to calculate
citrate synthase activity, and the result was expressed as millimoles of DNTB per minute per

milligram of protein.

3.2.4 Determination of Intracellular ROS Content

To determine the ROS levels in the liver tissue, the fluorogenic dye CM-H,DCFDA
(C6827, Invitrogen™, Carlsbad, CA, USA) was used. The oxidation of this compound produces
a fluorescent adduct, indicating ROS's presence.

Briefly, 100 mg of tissue was macerated in ice-cold Tris-HCI buffer (40 mM, pH=7.5).
The homogenates were centrifuged at 1250 g for 10 minutes, 4°C, to remove cell debris, and
the supernatants were collected. Afterwards, 100 pL of the homogenates were incubated with
TmL of 10 yM CM-H,DCFDA solution for 40 minutes, at 37°C, protected from the light. Also,
100 pL of the homogenates were incubated with TmL of Tris-HCl under the same conditions,
as a control of the tissue autofluorescence. After this time, the fluorescence intensity of the
samples and blanks was measured (Aex = 495 nm and Aem = 529 nm) using a Synergy™ H1
multi-mode microplate reader (Agilent, Santa Clara, CA, USA). Each sample was measured in

duplicate, and the results are expressed as fluorescence intensity/mg protein. The protein
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concentration was previously assessed using Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific; Waltham, MA, USA).

3.2.5 Ferric reducing—antioxidant power (FRAP) assay

The Ferric reducing-antioxidant power (FRAP) assay determines the antioxidant poten-
tial of the tissue by measuring its capability to reduce iron (lll) to the ferrous form iron (ll) in
an acid medium. The colorimetric method was carried out using a modified method of Benzie
& Strain [122].

Tissue homogenates were prepared as stated in section 1.2.4. Subsequently, FRAP rea-
gent was prepared by combining acetate buffer 300mM, pH=3.6, 2,4,6-tripyridyl-s-triazine
(TPTZ) 10 mM and FeCls-6H,O 20 mM solutions in a 10:1:1 ratio.

To determine the antioxidant potential, the samples and FRAP reagent were mixed
and the reduction of the Fe**~TPTZ complex to Fe**~TPTZ (blue coloured complex) was meas-
ured, by monitoring the alterations in absorbance at 595 nm. A blank of H,O was used to
correct the absorbance and a TmM ascorbic acid solution was used as a positive control. The
differences in the absorbance of the samples were then used to calculate the antioxidant po-

tential values expressed as mmol of antioxidant potential/mg protein.

3.2.6 Quantification of Cysteine-Related Thiolome

The cysteine-related thiolome of liver tissue was obtained by quantifying the total and
free total fractions of cysteine (Cys), cysteine-glycine (CysGly) and glutathione (GSH) with high-
pressure liquid chromatography (HPLC) with fluorescence detection. Also, the protein-bound
fraction of each moiety was calculated by subtracting the total free fraction from the total
fraction.

At first, 50 mg of liver tissue in ice-cold phosphate buffer saline 1x (PBS1x) were soni-
cated at 50% intensity for 10 seconds. The samples were then centrifuged at 13000 g, for 5
minutes, 4°C and supernatant was collected for total and free total fractions measurements

(initial volume = 50 pl).
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To collect the total fraction, primarily, the sulfhydryl groups were reduced with Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) solution (100 g/L, SigmaAldrich, St. Louis, MO,
USA), followed by 30 minutes of incubation at room temperature. For protein precipitation, the
samples were treated with a TCA solution (100 g/L, containing 1 mM EDTA), vortexed and
centrifuged at 13000 g, 4°C for 10 minutes. To conclude, the sulfhydryl groups were derivatized
by transferring 25 L of the final supernatant to a new tube containing 1.55 M NaOH and
NazB4+O7-10H,0 (125 mM with 4 mM EDTA, pH 9.5) solutions, and incubated with 7-Fluoroben-
zofurazan-4-sulfonic acid ammonium salt (SBD-F) solution (1g/L, SigmaAldrich, St. Louis, MO,
USA) for 1 hour, at 60°C, protected from the light.

For the total free fraction, the samples were first submitted to the protein precipitation
protocol as described above. Subsequently, the resulting supernatant was collected and incu-
bated with the TCEP solution in the same conditions described for the total fraction. Following
this incubation, the same derivatization protocol was performed.

To separate the different thiol groups, a reversed-Phase C18 LiChroCART 250-4 column
(LiChrospher 100 RP-18, 5 um, VWR, Radnor, PA, USA) was used, in a column oven at 29°C on
isocratic elution mode for 20 min, at a flow rate of 0.8 mL/min. The mobile phase was consti-
tuted by a 100 mM acetate buffer (pH 4.5) and methanol (99:1 (v/v)). The RF 10AXL fluorescence
detector was used for the detection, setting the excitation and emission wavelengths to 385

and 515 nm, respectively.

3.2.7 Statistical Analysis

The analysis of data was performed using GraphPad Prism Software 8.1.1 (GraphPad
Software Inc., San Diego, USA) and data was expressed as mean + standard error of the mean
(SEM). The significance of the results was calculated by the One-way Analysis Variance
(ANOVA) with Turkey's or Dunnett's multiple comparison test. Differences were considered
significant for p < 0.05. In immunohistochemical analysis, each point represents the average of

two or three pictures from various locations in the liver tissue.
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4

RESULTS

4.1 Effects of intermittent hypoxia and hypercaloric diet on insu-

lin sensitivity and glucose tolerance

As expected, and previously described [42], [109], severe CIH and HF diet promoted al-
terations in insulin sensitivity and glucose tolerance, evaluated through the HOMA-IR index
(fig.4.1A) and through the ipGTT (fig 4.2B), respectively.

Obesity increased insulin resistance, increasing the HOMA-IR index by 205.44% (CTL=
6.18+0.907; HF= 18.87+1.917) (Fig. 4.1A). Exposure to CIH protocol increased insulin resistance
in both control and obese animals compared to the CTL group by 94.66% (CTL= 6.18+0.907;
CIH= 12.02+1.649) and 130.21% (CTL= 6.18+0.907; HFIH= 14.22+2.365), respectively.

In figure 4.2B is depicted the effect of CIH and obesity on glucose excurse curves of the
ipGTT (panel on the left) and corresponding areas under the curve (AUC) (panel on the right).
Basal glycemia after 16 hours of fasting was slightly higher in the obesity group (CTL = 122.8
+ 13.90 mg/dL; HF =134.9 +21.73 mg/dLl) although this value did not reach statistical signifi-
cance. CIH in both control and obese groups did not change fasting glycemia. From the glu-
cose excursion curves and from the AUC values it is clear that obesity increased glucose intol-
erance showing a significant increase of 114.29% in the AUC compared to CTL group (CTL=
2128542823 mg.dL™". min; HF= 45611+3906 mg.dL™". min). Note also, that the glucose excur-
sion curves exhibited a higher glycemic peak at 15-30 min, denoting a higher insulin secretion
to maintain normoglycemia and, that in contrast with control animals, the glycemia values do
not recovered after 120 minutes post-injection, denoting an altered post-prandial manage-
ment of glucose levels. CIH increased glucose intolerance in both controls and obese animals,

promoting an increase in the AUC values of 40.66% (p-value= 0.43) and of 138.81%,

37



respectively (CTL= 21285+2823 mg.dL™". min; CIH = 29939 mg.dL™". min; HFIH= 508315046

-1 .
mg.dL™". min).
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Figure 4.1 — Effects of chronic intermittent hypoxia (CIH) and high-fat diet on the metabolic parameters, insulin
sensitivity (A) and glucose tolerance (B). Panel A shows the effect of CIH and diet on insulin sensitivity evaluated
using HOMA-IR index. Panel B shows on the left the glucose excursion curves of the intra-peritoneal glucose toler-
ance test (ipGTT) and on the right the correspondent area under the curve (AUC). Animal groups: CTL- control; CIH
— chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH; Data are presented as means + SEM of
6-8 animals. One-way ANOVA with Turkey's multiple comparison tests, respectively: * p < 0.05, ** p < 0.01, *** p <

0.001 and **** p < 0.0001 compared with control animals.

4.2 Effects of intermittent hypoxia and hypercaloric diet on liver

tissue morphology

Figure 4.2 shows the effect of CIH and of high-fat HF diet on lipid deposition and tissue
morphology assessed through the staining of H&E staining. It is clear from the observation of
figure 4.2B that CIH itself did not alter lipid deposition and tissue morphology in comparison
with control animals (fig 4.2A). Furthermore, and as expected, the animals fed with a high-fat
diet (fig.4.2C) exhibited an increased the number of lipid droplets in the liver, an effect that was

exacerbated in obese animals submitted to CIH (fig.4.2D).
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Figure 4.2 — Effects of chronic intermittent hypoxia and high-fat diet on the morphology of liver tissue. Panels A,

B, and C correspond to representative images of H&E staining from CTL, CIH, HF and HFIH animals, respectively.
Visual analysis of H&E staining shows an increase in lipid deposition in the HF group, which is aggravated by ex-
posure to chronic intermittent hypoxia. CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH —
high-fat plus CIH. Scale bar 50 pm.

4.3 Effects of intermittent hypoxia and hypercaloric diet on hy-

poxia markers

The effects of CIH and HF diet on the levels of two hypoxic markers, HIF-1a and HIF-2q,
respectively, are displayed in figures 4.3 and 4.4. Representative immunohistochemistry images
of each hypoxia marker are shown in figures 4.3A and 4.4A and figures 4.3B and 4.3B demon-
strate the corresponding fluorescence intensity quantification.

Surprisingly HF diet consumption did not change the levels of HIF-1a in the liver. CIH
increased HIF-1a levels in CTL animals by 22.16% (CTL =35.63+2.502%, CIH =57.48+1.795%),
whereas it had a tendency to decrease in HFIH animals (HF= 35.02+3.445%,
HFIH=24.67+2.806%; p-value= 0.06).

In contrast, 12 weeks of HF diet promoted a decrease of 9.42% in HIF-2a levels. CIH did
not alter the levels of HIF-2a in both CIH and HFIH groups.
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Figure 4.3 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on HIF-1aimmunolabelling in the
liver. A) Representative immunohistochemistry slices from liver labelled with HIF-1a and DAPI. Scale bar 50 pm. B)
Mean fluorescence of HIF-1a normalized for the number of nuclei present in the liver slices of each animal. Animal
groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH; Data are pre-
sented as means + SEM. One-way ANOVA with Turkey's multiple comparison tests, respectively: *** p < 0.001 com-

pared with control animals; $$$$ p < 0.0001 compared with control animals submitted to the CIH protocol.
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Figure 4.4 — Effect of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on HIF-2a immunolabelling in the
liver. A) Representative immunohistochemistry slices from liver labelled with HIF-2ac and DAPI. Scale bar 50 um. B)
Mean fluorescence of HIF-2a normalized for the number of nucleus present per area of analysis. Animal groups:
CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH. Data are presented as
means + SEM. One-way ANOVA with Turkey’s multiple comparison tests, respectively: ** p < 0.01 compared with

control animals; $$$ p < 0.001 compared with control animals submitted to the CIH protocol.
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4.4 Effects of intermittent hypoxia and hypercaloric diet on pro-

teins involved in insulin signalling pathway

Since CIH and HF diet both led to insulin resistance, we evaluated the levels of various
proteins involved in insulin signalling in the liver, namely the IR (fig.4.5A), AKT (fig.4.5B), and
IDE (fig.4.5C). The HF diet treatment promoted a significant increase in IR levels by 58.67%
(CTL= 100+6.28%, HF= 158.7+23.42%), whereas CIH exposure did not alter the levels of the
receptor in both groups.

Since IR phosphorylation, leads to the activation of AKT, which has a central role in the
regulation of hepatic glucose and lipid metabolism [68] the levels of AKT were evaluated. No
differences were observed between groups in AKT levels in response to CIH and HF diet (Fig.
4.5B).

To determine whether CIH or HF diet affected insulin clearance, the levels of IDE, the

principal enzyme responsible for insulin degradation, were analysed. There were no statistical

differences between the four groups.
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Figure 4.5 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of proteins involved
in insulin signalling in the liver. Panels A, B and C depicts the levels of Insulin Receptor (IR- 90 KDa), Protein Kinase
B (AKT - 60 KDa) and Insulin Degrading Enzyme (IDE - 118 KDa), respectively. Proteins levels were normalized to
the loading control B-actin (42 kDa). Top of the graphs show representative Western Blots for each protein studied.
Animal groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH. Data
are presented as means + SEM of 6-8 animals. One-way ANOVA with Turkey’s multiple comparison tests, respec-

tively: * p < 0.05 compared with control animals.
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4.5 Effects of intermittent hypoxia and hypercaloric diet on pro-

teins related to glucose metabolism

We also evaluated the impact of CIH and HF diet on liver's Glut2 levels (fig.4.6), one of
the major glucose transporters present in this organ, which is known to be altered in type 2
diabetes [123]. CIH increase Glut2 levels by 78.1% (CTL =100+4.01%, CIH =178+32.53%), while
HFIH and HF groups had similar levels as the CTL group.
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Figure 4.6 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of Glucose Trans-
porter 2 (Glut2 - 60 KDa) in the liver. Protein levels were normalized to the loading control B-actin (42 kDa). Top of
the graph show representative Western Blots for the protein studied. Animal groups: CTL- control; CIH — chronic
intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH. Data are presented as means + SEM of 6-8 ani-
mals. One-way ANOVA with Turkey's multiple comparison tests, respectively: * p < 0.05 compared with control ani-

mals.

4.6 Effects of intermittent hypoxia and hypercaloric diet on mi-

tochondrial biogenesis and activity

To determine whether CIH or HF diet impact mitochondrial biogenesis, we first examined
the impact of these stimuli on liver mitochondrial density, as represented in figure 4.7. Figure
4.7A shows representative immunohistochemistry images for each group of animals and figure

4.7B the respective quantification of the mean fluorescence intensity normalized to the number
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of nuclei. HF animals exhibited a significant decrease of 12.78% (CTL=37.69+2.337%,
HF=24.91+0.841%) in mitochondrial density. CIH did not alter mitochondrial density either in
control or in obese animals.

After this, to assess if mitochondrial function was influenced by these stimuli, the levels
of OXPHOS complexes were measured in all groups (fig.4.8). In the HF group, complex | levels
increased by 105.7% (CTL= 100+13.56, HF= 205.7+£22.79%), and there was also tendency to
increase in complexes Il (0.14) and IV (0.55) . CIH decreased the levels of OXPHOS complexes
L, 1L, 1, IV and V by 61.33% (CTL= 100+£13.56%, CIH= 38.68+12.04%), 60.75% (CTL=
100+17.67%, CIH= 39.25+10.49%), 47.73% (CTL= 100+28.72%, CIH=178+32.53%), 59.43%
(CTL=100+£12.46%, CIH=40.58+11.25%), 64.00% (CTL= 100+13.68%, CIH=36.00+7.96%) in
control animals and 132.9% (HF=205.7+22.79%, HFIH=72.83+6.55%), 104.90%
(HF=151.2+25.14%, HFIH=46.23+4.95%), 41.19% (HF=67.92+8.66%, HFIH=26.73£8.19%),
58.22% (HF=123.7+£34.68%, HFIH=65.50+8.90%), 70.19% (HF=105.6+34.95%,
HFIH=35.43+9.163%) in HF animals comparing to the respective group not submitted to CIH.

The enzymatic activity of CS and complexes | and Il were also assessed, as represented
in figures 4.9A, 49B and 4.9C, respectively. CS activity, an enzyme present in the citric acid
cycle, was used to normalize the enzymatic activity of complexes | and Il with the aim to rule
out reputed alterations due to different mitochondrial content between the lysates from each
group [124]. No differences were observed between the four groups in CS activity (fig.4.9A).
The enzymatic activity of both complexes was increased by 142.42% (CTL= 1.96x10°+6.41x10*
RFU, CIH= 1.93x10°+8.40x10°> RFU) and 149.91% (CTL= 1130+318.4, CIH= 282341063 uM
DCIP), respectively in complex | (fig.4.9B) and Il (fig.4.9C), when control animals were exposed
to CIH protocol. Furthermore, in the HFIH group, this trend did not occur in both complexes,

and in complex Il the enzymatic activity was lower than CTL group.
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Figure 4.7 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on mitochondrial density im-
munolabelling in the liver. A — Representative immunohistochemistry slices from liver labelled with Mito-
tracker and DAPI. Scale bar 50 um. B — Mean fluorescence of Mitotracker normalized for the number of nu-
cleus present per area of analysis. Animal groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-
fat diet; HFIH — high-fat plus CIH. Data are presented as means + SEM. One-way ANOVA with Dunnett's mul-
tiple comparison tests, respectively: ** p < 0.01 compared with control animals; # p < 0.05 compared with

obese animals.
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Figure 4.8 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of oxidative phos-
phorylation complexes (OXPHOS) in the liver. The graph depicts the levels of Complex | (20 KDa), Il (30 KDa), Ill (48
KDa), IV (40 KDa) and V (55 KDa). Proteins levels were normalized to the loading control Calnexin (90 KDa). Top of
the graphs show representative Western Blots for each protein studied. Animal groups: CTL- control; HF — high-fat

diet; CIH — chronic intermittent hypoxia; HFIH — high-fat plus CIH. Data are presented as means + SEM of 6-8 ani-

mals. One-way ANOVA with Turkey's multiple comparison tests, respectively: * p < 0.05 and ** p < 0.01 compared

with control animals; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared with HF animals.
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Figure 4.9 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the activity of citrate synthase
(A) Mitochondrial Complexes | (panel B) and Il (panel C) activities. The enzymatic activity of each complex was nor-

malized by Citrate Synthase activity. Animal groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat

diet; HFIH — high-fat plus CIH. Data are presented as means + SEM of 6-8 animals. One-way ANOVA with Turkey's

multiple comparison tests, respectively: $ p < 0.05 compared with control animals submitted to CIH.
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4.7 Effects of intermittent hypoxia and hypercaloric diet on ROS

formation and antioxidant capacity

The labelling with CM-H,DCFDA was carried out to measure the quantity of ROS in liver
tissue, as represented in figure 4.10A. Surprisingly, the HF group presented a decrease of
52.02% (CTL= 2878+365.6, HF= 1381+86.11). This tendency was not modified by CIH, since
HFIH group presented a decrease of 43.52% (CIH= 3773+264.0, HFIH= 2131+88.61). Never-
theless, in both groups exposed to CIH the fluorescence intensity was elevated by 31.10%
(CTL= 2878+365.6, CIH= 3773+264.0) and 54.27% (HF= 1381+86.11), respectively in CTL and
HF animals, showing an increase in ROS in response to hypoxia.

Considering this, we then determine if CIH or HF diet had impact on the tissue's antioxi-
dant capacity. First, the liver's overall antioxidant capacity was estimated using the FRAP assay
(fig.4.10B). HF diet decreased significantly the antioxidant capacity by 22.47% (CTL=
16.47+1.202, HF= 12.77+1.014). CIH did not modify the antioxidant capacity neither in controls
nor in HF animals (CIH= 17.11+0.698, HFIH= 13.50+1.020).

To make further analysis on antioxidant capacity, the levels of catalase (fig.4.10C) and
SOD-1 (fig.4.10D), two antioxidant enzymes were carried out using western blot and cysteine-
related thiolome (fig.4.11) was quantified by HPLC. HF diet showed a tendency to increase
catalase levels (CTL= 100+4.27%, HF=147.57+22.99%), however without reaching statistical
significance (p-value= 0.06). CIH did not modified catalase levels neither in controls nor in HF
animals. In relation to SOD-1, HF diet induced a reduction of 30.44% (CTL= 100+5.15%, HF=
69.56+10.20%). CIH lead to a profound reduction of 62.52% in the levels of SOD-1 (CTL=
100+5.15%, CIH= 37.48+10.79), yet the HFIH group did not present the same tendency as the
SOD-1 levels were not modified in comparison with the HF group (HFIH= 76.34+9.77%).

CIH protocol produced a slight decrease in all Cys fractions (figs.4.11A, B and C) in CTL
animals and only on protein-bounded fraction in HF animals. The HF diet induced a decrease
of Cys in all fractions, specifically 30.34% (CTL= 5.580+0.789 uM, HF= 3.887+0214 uM; p-
value= 0.060) in the total fraction, 26.79% (CTL= 4.789+0.558 uM, HF= 3.056+0.17 puM; p-
value= 0.059) in the free total fraction, and 53.33% (CTL= 0.817+0.160 uM, HF= 0.382+0.085
MM; p-value= 0.044) in the protein-bound fraction. Furthermore, comparing both groups ex-
posed to CIH, the obese animals presented a lower concentration of Cys in all fractions, espe-

cially in the protein-bound fraction.

47



Total and free total fractions of CysGly (figs.4.11D and E) had a significant decrease in the
HF group of 15.05% (CTL= 0.111+0.003 pM, HF= 0.094+0.003 pM) and 26.05% (CTL=
0.038+0.003 uM, HF= 0.028+0.002 uM), respectively. Also, this tendency was not altered by
intermittent hypoxia in the free total fraction, where the HFIH group presented a decrease of
21.46% (CIH=0.038+0.002 uM, HFIH= 0.030+£0.002 uM). In the total fraction were not observed
differences between these two groups. In the protein-bound fraction (fig.4.11F), there were no
alterations between the four groups.

Regarding GSH levels (figs.4.11G, H and I), in CTL animals the chronic intermittent pro-
tocol led to an increase of this thiol in all fractions, although these were not significant. Between
the HF groups, we only observed alterations in the protein-bound fraction, where the HFIH

group exhibited a slight increase in the concentration of GSH.
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Figure 4.10 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on ROS formation and antioxi-
dant capacity. Panel A depicts the intracellular levels of Reactive Oxygen Species (ROS) in the liver by CM-H,DCFDA
labelling. Panel B presents the Ferric reducing-antioxidant power assay (FRAP), used to estimate the antioxidant
potential of the tissue in each group. Panels C and D depicts the levels of Catalase (60 KDa) and Superoxide Dis-
mutase 1 (SOD-1 - 23 KDa) respectively. Proteins levels were normalized to the loading control B-actin (42 kDa)
and Calnexin (90 KDa). Top of the graphs show representative Western Blots for each protein studied. Animal
groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH.

Data are presented as means + SEM of 6-8 animals. One-way ANOVA with Turkey's multiple comparison tests and
Dunnet's multiple comparison tests respectively: * p < 0.05 and ** p < 0.01 compared with control animals; # p <
0.05 and #### p < 0.0001 compared with obese animals; $ p < 0.05 and $$ p < 0.01 compared with control ani-
mals submitted to chronic intermittent hypoxia protocol.
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Figure 4.11 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of Cysteine-related
thiols in the liver. A — total Cysteine; B — free total cysteine; C — protein-bounded cysteine; D — total Cysteine-
Glycine; E — free total Cysteine-Glycine; F — protein-bounded Cysteine-Glycine; G — total Glutathione; H — free
total Glutathione; | — Glutathione. Animal groups: CTL- control; CIH — chronic intermittent hypoxia; HF — high-fat
diet; HFIH — high-fat plus CIH. Data are presented as means + SEM of 6-8 animals. One-way ANOVA with Turkey's

multiple comparison tests, respectively: * p < 0.05 and ** p < 0.01 compared with control animals; $ p < 0.05 and
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4.8 Effects of intermittent hypoxia and hypercaloric diet on pro-

inflammatory markers

There is a clear association between insulin resistance and glucose intolerance and a low state
of inflammation [20]. Herein we evaluated the effect of CIH and HF diet on some inflammatory
markers: Arginase |, NF-kB, IL-6R, IL-1R, TNF-a and TNF-aR (figure 4.12). Neither hypoxia nor
high-fat diet treatment altered the levels of Arginase | (fig.4.12A) NF-«kB (fig.4.12B) and IL-6R
(fig.4.12Q).

IL-1R (fig.4.12D) was increased in CTL animals exposed to hypoxia by 22.33% (CTL=
100+3.80%, CIH= 122.3+8.60%), and by 32.65% (CTL= 100£3.80%, HF= 132.7+7.69%) due to
high-fat diet consumption. In contrast, exposure to intermittent hypoxia in HF animals led to a
slight decrease in IL-1R levels (HF= 132.7+7.69%, HFIH= 125.0+12.90%).

The levels of TNF-a (fig.4.12E) were increased by 45.20% (CTL= 100+7.193%,
HF=145.2+13.81%) with the high-fat diet treatment. CIH did not alter this tendency since the
HFIH animals presented a 53.30% increase in TNF-a levels (CIH= 87.76+9.334%, HFIH=
141.10+£17.57%). Furthermore, CIH had no effect on the levels of this marker within the groups
(CTL= 100£7.193%; CIH= 87.76+9.334%; HF=145.2+13.81%; HFIH= 141.10+17.57%).Lastly,
only obese animals exposed to a hypoxic environment had altered TNF-oR levels (fig.4.12F),

which exhibited a non-significant increase.
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Figure 4.12 — Effects of chronic intermittent hypoxia (CIH) and high-fat (HF) diet on the levels of inflammatory
markers in the liver. Panels A, B, C, D, E and F depicts the levels of Arginase | (35 KDa), NF-kB (65 KDa), IL-6 Recep-
tor (IL-6R - 80 KDa), IL-1 Receptor (IL-1R - 80 KDa), Tumour necrosis factor alpha (TNF-a - 17 KDa), and TNF-a Re-
ceptor (TNF-aR - 55 KDa), respectively. Proteins levels were normalized to the loading control B-actin (42 kDa). Top

of the graphs show representative Western Blots for each protein studied. Animal groups: CTL- control; CIH —
chronic intermittent hypoxia; HF — high-fat diet; HFIH — high-fat plus CIH. Data are presented as means + SEM of

6-8 animals. One-way ANOVA with Turkey's multiple comparison tests, respectively: * p < 0.05 and ** p < 0.01

compared with control animals; $ p < 0.05 compared with control animals submitted to the chronic intermittent

hypoxia protocol.
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DISCUSSION

In the present study, we showed that both hypoxia and HF diet induce insulin resistance
and glucose intolerance. We also showed that hypoxia aggravates lipid deposition in the liver
tissue of obese animals, and affects differently HIF-1a and HIF-2a levels. Moreover, we showed
that CIH and HF diet alter mitochondrial bioenergetics, with intake of HF diet decreasing the
mitochondrial density in the liver tissue and CIH leading to a decrease of all OXPHOS com-
plexes levels in both control and obese animals. CIH also tends to increase the enzymatic ac-
tivity of complexes | and Il in the CIH group. Additionally, we found that surprisingly HF diet
decreased the levels of ROS in liver tissue, but also decreased the overall liver tissue antioxidant
capacity and produced an alteration in the free total fractions of both Cys and CysGly. Hypoxia
decreased the levels of SOD-1 and alters in different ways the levels of cysteine-related thiols
in the liver. Lastly, CIH affects inflammatory markers in different ways in control and obese rats.
Altogether these results indicate that mitochondrial dysfunction and oxidative stress, and the

consequent inflammation, are involved in the genesis of CIH-induced dysmetabolism.

5.1 Impact of CIH and HF diet on the metabolic phenotype

Herein, we showed that as expected, the glycemic control, measured /n vivo by the
HOMA-IR and the ipGTT test, is impacted by both CIH and HF diet [109]. HF feeding protocol

caused an increase in body weight, as previously shown by Martins and colleagues [109]. Also
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as expected, the CIH protocol herein used was also effective in altering glucose homeostasis,

promoting both insulin resistance and glucose intolerance [42], [125] (table 5.1).

Table 5.1 - Summary table showing the impact of chronic intermittent hypoxia (CIH) and/or high-fat (HF) diet on
metabolic status. Black symbols represent comparisons with the CTL group and red symbols represent compari-
sons with the HF group

HOMA-IR T ™~ T

y 7
n vivo |pGTT _

IR =
AKT =

Ex vivo IDE =
Glut 2 T
H&E staining

1l

->
->
->

Regarding insulin sensitivity, the exposure to severe CIH induced a systemic state of
insulin resistance, as shown by an increase in the HOMA-IR index (Figure 4.1A). This is in ac-
cordance with the results obtained previously in both animal [42] and human studies [126],
[127]. In the HF group, as well as expected, we also observed insulin resistance [128]. Despite
this, in the HF animals exposed to CIH (HFIH group), although they also exhibit insulin re-
sistance, this value seems to be a bit smaller probably due to the increase in lipid metabolism
induced by CIH and the consequent decrease in adipocyte size, as demonstrated by Martins et
al [109], which might improve the animals' insulin sensitivity.

As expected, with the intake of hypercaloric diets and the consequent development of
obesity, the animals became glucose intolerant [129], a state that was not worsened by CIH. In
addition, based on the values of glycemia for CIH, HF and HFIH groups we can conclude that
our experimental model produces a state of prediabetes [42], [130] (Figure 4.1B).

Hepatic steatosis is a state that is associated with obesity and T2D and that was recently
associated with OSA [20]. Herein, we showed that hepatic steatosis was increased in the ani-
mals fed with the HF diet which is in agreement with the literature [50], [51], and that the
exposition to CIH aggravated this phenotype, also as demonstrated in human patients with
OSA and obesity [55], [131]. However, CIH itself did not seem to alter hepatic lipid deposition,

a result that goes against previous studies with the same or a similar protocol of CIH [42], [93].
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In this work, we only performed a qualitative evaluation by visualizing the histological staining
of the liver tissue structures, with this evaluation being less robust than the quantitative analysis
used in the studies described. Therefore, in our evaluation approach it would be more chal-
lenging to detect small changes like those shown in Olea et a/ [42]. On the other hand, the
small number of analysed animals might also have prevented us from reaching to a more
meaningful conclusion.

We also evaluated Glut2, the main hepatic glucose transporter in rodents and humans,
which was increased by CIH. This is in accordance with the results obtained by different authors
[43], [132] where this increase in Glut2 was described to be a compensatory mechanism for the
increase in insulin resistance. We also showed that the levels of IR were only increased in obese
animals. According to James et al. [133], hepatic insulin resistance can be overcome by an
increase in insulin secretion. So, the increase of IR levels might be another mechanism activated
in conditions of hepatic insulin resistance to augment insulin signalling cascade, which is also
affected in a state of insulin resistance. Additionally, since we only measure the total form of
IR the ratio between phosphorylated and total forms cannot be calculated and, for this reason,
we cannot evaluate the activation of this signalling cascade. Trying to evaluate the effect of
insulin in tissues we assessed the insulin clearance, by analysing the levels of IDE, which were
not affected by CIH. In the work of Minchenko et al. [134], they observed a decrease in the
levels of IDE in response to hypoxia. However, this was a model of sustained hypoxia and a
cancerous cell line, a type of cell model known to have high rates of glucose use, therefore, a
decrease in insulin clearance will promote an increase in insulin availability to promote the use

of glucose by these cells.

5.2 Impact of CIH and HF diet in Liver Tissue Hypoxia

Hypoxia is one the major factors contributing to liver and adipose tissue dysfunction in
metabolic diseases. Herein we indirectly evaluated hepatic hypoxia by measuring the levels of
the hypoxic markers HIF-1a and HIF-2a in this tissue (table 5.2). The levels of HIF-1a were
increased in the CIH animals, as previously observed in another study from our group [43]. It
was previously described that HIF-1a promotes glycolysis and regulates the expression of glu-
cose transporters in the liver [82], [135]. Therefore, as in the work of Sacramento and colleagues

we can speculate that the increase in Glut2 transporters herein observed is due to the
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upregulation of hepatic HIF-1a signalling. However, the levels of this hypoxic marker were de-
creased in the HFIH. Different studies describe the role of HIF-1a in the development of NAFLD
[51], [90], and experiments using NAFLD mice models show an increase of HIF-1a levels in the
hepatic tissue [136], [137]. Since our animal model is not a true model of NAFLD, we can con-
clude that, probably, a more severe state of hepatic steatosis and the onset of fatty liver disease
are required for the increase of HIF-1a levels. HIF-2a levels were decreased in the HF animals
and this tendency was not altered by CIH protocol. Different studies report that hyperglycae-
mia inhibits the expression and activity of HIFs in different tissues even in conditions of hypoxia,
namely pancreatic B-cells and the retina [88], and that HIF-2a is usually activated slower and
for longer time [138]. In addition, it should be noted that, even under physiological conditions,
the levels of HIF vary between liver regions, being upregulated in perivenous areas where the
O; concentrations are lower [51], [139]. Therefore, this should be taken into consideration since

we cannot determine if the analysed slices were all from similar regions among the four groups.

Table 5.2 - Summary table showing the impact of chronic intermittent hypoxia (CIH) and/or high-fat (HF) diet on
hepatic HIF levels. Black symbols represent comparisons with the CTL group and orange symbols represent com-

parisons with the CIH group.

HIF - 1ot T =
HIF - 2a = \4

5.3 Impact of CIH and HF diet on Oxidative Stress

To infer the hepatic oxidative status and the mediated alterations in the antioxidant de-
fences of this tissue, different techniques were performed. The principal alterations are de-
picted in table 5.3.

The decrease in FRAP values seen herein, accompanied by a decrease on SOD-1 levels
of HF and HFIH animals are indicative of oxidative damage which is in agreement with the
available literature [42], [140]. Nevertheless, in contrary to the results obtained by Olea et al.
[42], and Quintero et al. [141], we observe a decrease in SOD-1 levels in control animals ex-

posed to CIH. Previous works related with airways exposure to hypoxia and effects on SOD
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activity have shown the same result than the one found in the present thesis and speculate
that the decrease with hypoxia is consistent with but not unequivocally establish an important
role for SOD in protecting against cellular O, toxicity [142].

Moreover, the levels of glutathione, the principal non-enzymatic antioxidant defence,
were not altered by CIH, which is in agreement with the study of Quintero et a/ [141]. Also, HF
diet produced an alteration in the free total fractions of both Cys and CysGly, precursors of
glutathione. Altogether, this might be indicative of the upregulation of the synthesis of gluta-
thione in conditions of HF diet associated with CIH to prevent the respective reduction under
the induced states of cellular stress.

Overall, these results indicate an increase in oxidative stress, especially in response to
hypercaloric diets, as would be expected. Despite this, these animal groups present diminished
fluorescence intensity in the CM-H,DCFDA, which presumably indicates a lower ROS concen-
tration. CM-H,DCFDA assay is an indirect method of ROS concentration, evaluating the devel-
opment of a fluorescent adduct mediated by the reaction between this molecule and intracel-
lular thiols, which are partially diminished in both HF and HFIH animals as shown in table 5.3,

which might explain the obtained results.
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Table 5.3 - Summary table showing the impact of chronic intermittent hypoxia (CIH) and/or high-fat (HF) diet on
oxidative stress in liver tissue. Black symbols represent comparisons with the CTL group, orange symbols repre-
sent comparisons with the CIH group and red symbols represent comparisons with the HF group

CIH HF HFIH

CM-H,DCFDA T N it
FRAP assay = N 2 2
Catalase = = =
SOD-1 22 N N2
Total = \Z =
Cys Free total = \Z =
protein-bound = \Z \Z
Total = \Z =
Cys-Gly Free total = \Z ¥
protein-bound = = =
Total = = =
GSH Free total = = =
protein-bound = = =

5.4 Impact of CIH and HF diet on Mitochondrial Dysfunction

Mitochondrial dysfunction is related to the occurrence and development of various
chronic liver diseases, including metabolic diseases. Herein we showed that the number of
mitochondria in the liver tissue is reduced in response to the HF diet, manifested as a decrease
in mitotracker levels. Also, the levels of OXPHOS are reduced in both groups exposed to hy-
poxia (table 5.4). In addition, we also show that the enzymatic activity of complexes | and Il has
a tendency to increase in the CIH group (table 5.4).

Chen et al. [143] also observed a reduction of mitochondria number in the genioglos-
sus, the largest upper airway dilator muscle whose function is altered in patients with OSA
[143]. Also, the increase of FFA, consequent to the increase in hepatic steatosis observed in the
HF group, can be contributing to mitochondrial damage and, therefore, to the reduction of

mitochondria levels [51]. It is also described that hypoxia induces mitophagy to reduce
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mitochondrial ROS production, however, we did not observe any alterations. Since CIH drasti-
cally reduced the levels of OXPHOS, probably a compensatory mechanism was activated to
prevent this decrease. The decrease of OXPHOS levels in conditions of hypoxia is indicative of
mitochondrial damage, probably induced by ROS. This result is in agreement with the available
literature [103], [144]. However, it should also be noted that exactly the opposite is also ob-
served by other authors [104]. Regarding the enzymatic activity of the complexes, it is de-
scribed a reduction of Complex | and Il activity under hypoxic conditions [96], [102]. However,
these results were obtained in models of sustained hypoxia, so our CIH paradigm might pro-
duce the activation by different mechanisms or to compensate for the decrease in the com-

plexes levels and mitochondrial function.

Table 5.4 - Summary table showing the impact of chronic intermittent hypoxia (CIH) and/or high-fat (HF) diet on
mitochondrial dysfunction in liver tissue. Black symbols represent comparisons with the CTL group and red sym-

bols represent comparisons with the HF group

CIH HF HFIH
Mitotracker = N =

Complex | N2 ™~ %

Complex Il 4 = N2\
Protein Levels Complex IlI = = N2
Complex IV N = =
Complex V 2 4 = =
Enzymatic Complex | T = =
activity Complex I T = =

5.5 Impact of CIH and HF diet in Hepatic Inflammation

A low grade of inflammation is known to run with obesity and metabolic dysfunction and
liver inflammation is known to have a major role in the genesis and setting of NAFLD [20], [51].
To evaluate the hepatic inflammatory status, the levels of different pro-inflammatory proteins
and receptors were evaluated (Table 5.5). Herein, the observed increase in the levels of IL-1R,

TNF-aR and TNF-a confirms the inflammatory state within the tissue. The available literature
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also describes an increase in the levels of IL-6 [117], however, herein CIH does not seem to
produce alterations in the hepatic levels of the receptor for this cytokine. Moreover, we did not
find any alteration in arginase | levels, suggesting that the increase in hepatic inflammation is
not manifested by changes in this enzyme. Arginase | is expressed in different blood cells such
as Kupfer cells and neutrophils, being expressed constitutively in the latter [145]. Arginase | is
up-regulated in response to inflammation in Kupfer cells however, in the liver tissue, it is not
known if this would trigger higher levels of this marker [146]. It is also described the activation
of NF-kB in response to CIH [42], [117]. In this study, we measured the levels of this protein on
total tissue lysates, instead of analysing just the nuclear levels of NF-kB, so we could evaluate
the impact of our stimuli in the activation of this signalling pathway. Since the different mem-
bers of NF-kB are continuously expressed and then sequestered in the cytoplasm [147], this is

a plausible explanation for the absence of differences between the different groups analysed.

Table 5.5 - Summary table showing the impact of CIH and/or HF diet on the inflammatory status of liver tissue.
Black symbols represent comparisons with the CTL group and orange symbols represent comparisons with the

CIH group.

CIH HF HFIH

Arginase |
NF-«B
IL-6R
IL-1R T (N =
TNF-o T T

TNF-aR = = T
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CONCLUSIONS AND FUTURE PERSPECTIVES

The relationship between metabolic diseases and OSA is undeniable, however the sub-
sequent mechanism(s) that link them is yet to be clarified. With the increase in prevalence of
these disorders, deciphering the mechanisms underlying this relationship are crucial to, ulti-
mately, discover new potential therapeutic targets and develop new therapies to allow the
improvement of the metabolic burden of OSA patients.

In the present work, we demonstrated that:

1. CIH promotes the development of insulin resistance and glucose intolerance in lean
and obese animal models, which strengthens the already established link between OSA
and dysmetabolism.

2. CIH augments the hepatic lipid deposition in a state of obesity, a typical characteristic
observed in patients with NAFLD and OSA.

3. ClH is capable to decrease the levels of OXPHOS, tend to increase the enzymatic activity
of complexes | and |l, possibly as a compensatory mechanism, while HF diet consump-
tion diminishes hepatic mitochondrial density and antioxidant status, which does not
seem to be worsened by CIH.

4. Both stimuli mediate inflammation development in this organ. Additionally, these
mechanisms can be activated or inhibited by HIF signaling.

Altogether, these results further confirm the link between OSA and dysmetabolism and
suggest that mitochondrial dysfunction and oxidative stress, along with the consequent onset
of inflammation, might be key factors contributing to the development of this CIH-induced

dysmetabolic phenotype.
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Nevertheless, a lot of questions remain to be answered and further investigation is
needed to discover the exact mechanism leading to this phenotype. It would be interesting to
evaluate the ratios between total and phosphorylated forms of AKT and IR to infer the impact
of obesity and CIH in insulin signalling pathway. It would also be important to evaluate the
levels of enzymes involved in the glycogenesis, gluconeogenesis and glycogenolysis to assess
hepatic glucose production and output in our conditions. Since we already evaluated the levels
of antioxidant enzymes and OXPHOS complexes, the next step would be to evaluate the impact
of CIH and HF diet consumption in the activity of SOD-1, Catalase and the remaining complexes
from the ETC. Finally, since lipid peroxidation is a crucial contributor for the development of
oxidative stress and inflammation in fatty liver disease, it would be important to infer this issue

by evaluating the levels of malonaldehyde.
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