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Introduction

Obstructive sleep apnea (OSA) is a highly prevalent sleep-related breathing disorder [START_REF] Senaratna | Prevalence of obstructive sleep apnea in the general population: a systematic review[END_REF]. It is characterized by recurrent episodes of airflow cessation or reduction, mainly due to mechanical obstruction in the upper airways. The main hallmark of OSA is chronic intermittent hypoxia (CIH) that is responsible for the vast majority of OSA-related comorbidities, namely cardiometabolic diseases and particularly systemic hypertension (HTN) [START_REF] Turnbull | Intermittent hypoxia, cardiovascular disease and obstructive sleep apnoea[END_REF].

Apart from being an independent risk factor for HTN, OSA is also a major secondary cause of resistant HTN to available antihypertensive drugs, including adrenergic blockers [START_REF] Diogo | The efficacy of antihypertensive drugs in chronic intermittent hypoxia conditions[END_REF][START_REF] Pedrosa | Obstructive sleep apnea: the most common secondary cause of hypertension associated with resistant hypertension[END_REF] and justifying the identification of novel therapeutic drug classes. Typically, OSA patients lose the nocturnal physiological reduction in blood pressure (BP) and BP remains elevated in the absence of obstructive events during wakefulness [START_REF] Suzuki | Blood pressure "dipping" and "non-dipping" in obstructive sleep apnea syndrome patients[END_REF]. There is substantial evidence that the mechanisms behind CIH-induced HTN include carotid body mediated long-term facilitation of sympathetic activity [START_REF] Gonzalez-Martín | Carotid body function and ventilatory responses in intermittent hypoxia. Evidence for anomalous brainstem integration of arterial chemoreceptor input[END_REF]. Also, emerging evidence supports additional origins for the autonomic imbalance behind CIH-induced HTN, such as aberrant reno-renal reflexes [START_REF] Almarabeh | Is aberrant reno-renal reflex control of blood pressure a contributor to chronic intermittent hypoxia-induced hypertension?[END_REF] and direct central activation of sympathetic tone to cardiovascular effectors. However, the molecular pathways that mediate diurnal chronic HTN after withdrawal of the nocturnal hypoxic stimuli remain uncertain.

Activation of transcription factors (triggered by sympathetic activation or not) might explain the gap between short-term hypoxic stimuli and long-term multisystem effects. Indeed, intermittent hypoxia increases hypoxia inducible factor 1α (HIF-1α) stabilization [START_REF] Nanduri | HIF-1α activation by intermittent hypoxia requires NADPH oxidase stimulation by xanthine oxidase[END_REF][START_REF] Sacramento | Insulin resistance is associated with tissue-specific regulation of HIF-1α and HIF-2α during mild chronic intermittent hypoxia[END_REF][START_REF] Sun | Intermittent hypoxia-induced renal antioxidants and oxidative damage in male mice: hormetic dose response[END_REF][START_REF] Thomas | Chronic intermittent hypoxia impairs insulin sensitivity but improves whole-body glucose tolerance by activating skeletal muscle AMPK[END_REF] and nuclear factor kappa B (NF-kB) activity [START_REF] Ryan | Selective activation of inflammatory pathways by intermittent hypoxia in obstructive sleep apnea syndrome[END_REF][START_REF] Song | Selective inhibition of endothelial NF-κB signaling attenuates chronic intermittent hypoxia-induced atherosclerosis in mice[END_REF]. However, HTN is not a comorbidity particularly associated to other conditions characterized by systemic HIF-1α stabilization (e.g. high altitude or chronic obstructive pulmonary disease) or NF-kB activations (e.g. rheumatoid arthritis, asthma). It is believed that at least some other tissue-specific mechanisms relevant to BP control may be activated by CIH.

Herein, we have investigated the effects of CIH on the transcriptional pathways triggered by the aryl hydrocarbon receptor (AHR). AHR is a ligand-activated transcription factor that belongs to the basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) family [START_REF] Poland | Stereospecific, high affinity binding of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin by hepatic cytosol. Evidence that the binding species is receptor for induction of aryl hydrocarbon hydroxylase[END_REF]. ARNT (also named HIF-1ß) is a shared dimerization partner for AHR and other molecular pathways, such as HIF-1 pathway [START_REF] Wang | Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension[END_REF]. The competition between AHR and HIF-1α regarding dimerization to ARNT [START_REF] Vorrink | Hypoxia perturbs aryl hydrocarbon receptor signaling and CYP1A1 expression induced by PCB 126 in human skin and liver-derived cell lines[END_REF] might be relevant to consider in the context of CIH. Additionally, it is widely known that AHR and NF-kB subunits interact [START_REF] Guyot | The AhR twist: ligand-dependent AhR signaling and pharmaco-toxicological implications[END_REF], namely the heterodimerization of RelA-AHR, that is able to repress CYP1A1 activation [START_REF] Kim | The RelA NF-κB subunit and the aryl hydrocarbon receptor (AhR) cooperate to transactivate the c-myc promoter in mammary cells[END_REF]. Regulation of CYP1A1 expression is presently considered a sensitive marker of AHR activation [START_REF] Hu | Induction of Cyp1a1 is a non-specific biomarker of aryl hydrocarbon receptor activation: Results of large scale screening of pharmaceuticals and toxicants in vivo and in vitro[END_REF].

AHR has been shown to promote cardiovascular alterations due to xenobiotic exposure in humans [START_REF] Wolfe | The Air Force Health Study: An epidemiologic investigation of health effects in Air Force personnel following exposure to herbicides, serum dioxin analysis of 1987 examination results[END_REF][START_REF] Yang | Effects of coke oven emissions and benzo [a] pyrene on blood pressure and electrocardiogram in coke oven workers[END_REF] and in animals [START_REF] Kopf | Hypertension, cardiac hypertrophy, and impaired vascular relaxation induced by 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin are associated with increased superoxide[END_REF] and during development and/or homeostasis in animal models [START_REF] Carreira | Ah receptor signaling controls the expression of cardiac development and homeostasis genes[END_REF][START_REF] Fernandez-Salguero | Lesions of aryl-hydrocarbon receptordeficient mice[END_REF][START_REF] Vasquez | A role for the aryl hydrocarbon receptor in cardiac physiology and function as demonstrated by AhR knockout mice[END_REF][START_REF] Zhang | An activated renin-angiotensin system maintains normal blood pressure in aryl hydrocarbon receptor heterozygous mice but not in null mice[END_REF]. Polymorphisms of the AHR signaling pathway are reported to be closely associated with the pathogenesis of essential HTN [START_REF] Polonikov | A comprehensive contribution of genes for aryl hydrocarbon receptor signaling pathway to hypertension susceptibility[END_REF]. Additionally, genome-wide association studies showed that human CYP1A1 polymorphisms are associated with kidney glomerular filtration rate [START_REF] Li | SOS2 and ACP1 Loci Identified through Large-Scale Exome Chip Analysis Regulate Kidney Development and Function[END_REF] and increased risk of HTN [START_REF] Lardjam-Hetraf | Effects of established blood pressure loci on blood pressure values and hypertension risk in an Algerian population sample[END_REF]. This highlights the putative importance of the AHR-CYP1A1 axis in the homeostasis of BP. However, to the best of our knowledge, the role of the AHR pathway in OSA comorbidities has never been addressed.

In this study, using a rat model of CIH-HTN, we first investigated the effect of CIH on AHR pathway. Then, we pharmacologically targeted this pathway with an AHR antagonist CH-223191, in order to clarify how the manipulation of this molecular pathway interferes with BP and heart rate (HR) under CIH conditions, providing new opportunities for the understanding and the treatment of this particular type of HTN.

Methods

Study design

Five different sets of experiments with animals were performed. The animals were allocated randomly to each subset.

A first set of animals was used to characterize the molecular pathway of AHR and other genes of interest after exposure to 21 days of CIH (n=8) after 2 days of chamber acclimatization under normoxic conditions (Nx, i.e. 21% O 2 + 79% N 2 ). Control animals (n=5) were exposed for 21 days to Nx in the same room as the CIH groups.

The second and third sets of experiments were used to investigate the effect of the AHR antagonist CH-223191 [START_REF] Kim | Novel compound 2-methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-amide (CH-223191) prevents 2, 3, 7, 8-TCDD-induced toxicity by antagonizing the aryl hydrocarbon receptor[END_REF] on BP and HR.

Since the use of CH-223191 in rats in vivo is scarce, we decided to perform a first doseexploratory experiment (n=3) to disclose the effects of 5 mg.kg -1 once a day, by oral gavage in 1 mL of vegetable oil on BP and HR in Nx, followed by the its ability to prevent and revert HTN induced by CIH (second set, n=3, see study design scheme in Figure 5A). To the best of our knowledge there are only two studies that administered CH-223191 by gavage to rats: 8 mg.kg -1 per day for 14 days in a model of pulmonary hypertension [START_REF] Dean | Role of the aryl hydrocarbon receptor in Sugen 5416-induced experimental pulmonary hypertension[END_REF] and 5 mg.kg -1 per day for 14 days in a model of arthritis [START_REF] Jia | Tetrandrine enhances the ubiquitination and degradation of Syk through an AhR-c-src-c-Cbl pathway and consequently inhibits osteoclastogenesis and bone destruction in arthritis[END_REF].

The third set of experiments (n=5) intended to validate the reversion in HTN with CH-223191 (see study design scheme in Figure 6A).

A fourth set of experiments was used to assess the effect of the administration of CH-223191 (5 mg.kg -1 , by oral gavage, daily, for 14 days; n=3) in Nx (see study design scheme in supplementary figure 2).

The last two groups of animals were used with the purpose of assessing the effects of CIH in the body weight growth: one group was exposed to Nx for 35 days (n=6) and another group with telemeters implanted was exposed to CIH for 35 days (n=4).

Animals

Thirty nine male Wistar Crl:WI (Han) (Rattus norvegicus L), aged 8-12 weeks, with mean body weights of 249 ± 5 g, were obtained from the NOVA Medical School animal facility. Animals were housed in polycarbonate cages with wire lids (Tecniplast, Buguggiate, Varese, Italy) and maintained under standard laboratory conditions: artificial 12 h light/dark cycles (lights on from 9 am -9 pm), at room temperature (22 ± 2.0 °C) and a relative humidity of 60 ± 10%. Rats were given standard laboratory diet (SDS diets RM1) and reverse osmosis water ad libitum.

All applicable institutional and governmental regulations concerning the ethical use of animals Rats were weighed at baseline and once a week throughout the entire study. Water and food intake were also measured once a week. At the end of the experiments, the rats were anaesthetized by intraperitoneal injection with a solution of medetomidine (0.5 mg.Kg -1 body weight; Domitor®, Pfizer Animal Health, Auckland, New Zealand) and ketamine (75 mg.Kg -1 body weight; Imalgene 1000®, Mérial, Lyon, France), and cardiac puncture was performed without thoracotomy. Death was confirmed by cervical dislocation before organs and tissue collection.

Cardiovascular parameters

Indwelling radiotelemeters (HD-S10, Data Sciences Corporation, USA) were inserted in the abdominal aorta, to allow the recording of BP and HR in freely moving rats, as previously described in a recent paper by our group [START_REF] Diogo | Efficacy of carvedilol in reversing hypertension induced by chronic intermittent hypoxia in rats[END_REF]. SBP, DBP and HR values were obtained during 30-s sampling periods and were recorded for 20 min, every day at 8am, during the light-off phase (rats' active period), with exclusion of the first 5 minutes in each measurement for each rat. The light-off period was chosen to mimic more accurately the diurnal HTN in OSA patients. The development of stable HTN in this model occurs in approximately 14-21 days of exposure to CIH [START_REF] Diogo | Efficacy of carvedilol in reversing hypertension induced by chronic intermittent hypoxia in rats[END_REF].

Chronic intermittent hypoxia paradigm

Since the seminal work of Fletcher and colleagues [START_REF] Fletcher | Repetitive, episodic hypoxia causes diurnal elevation of blood pressure in rats[END_REF], animal models of CIH have been extensively and successfully employed to assess changes in cardiovascular outcomes arisen from CIH [START_REF] Diogo | The efficacy of antihypertensive drugs in chronic intermittent hypoxia conditions[END_REF]. The paradigm of CIH herein employed was already validated by our group [START_REF] Diogo | Efficacy of carvedilol in reversing hypertension induced by chronic intermittent hypoxia in rats[END_REF] allows the lowering of O 2 levels from 21% to ~5-6% in each cycle of CIH, and animals were exposed to 5.6 CIH cycles.h -1 for 10.5 h.day -1 . This paradigm mimics the same pattern of CIH present in mild to moderate clinical OSA [START_REF] Diogo | Efficacy of carvedilol in reversing hypertension induced by chronic intermittent hypoxia in rats[END_REF].

Briefly, the animals exposed to CIH experiments were maintained in a eucapnic atmosphere inside medium A-chambers (Biospherix Ltd, NY, USA), three animals by chamber and oxygen concentrations were controlled through an OxyCycler A420C (Biospherix Ltd, NY, USA).

Chambers were infused with 100% N 2 for 3.5 min to quickly reduce the O 2 concentration, following by an infusion with 100% O 2 for 7 min to restore O 2 to ambient levels until the start of the next CIH cycle. Rats were exposed to CIH in their sleep period (light phase), from 9.30 am to 8.00 pm, during 14, 21, 35 or 42 days, depending on the experiments. During the remaining hours of the day, the chambers were infused with 21% of O2.

Markers of AHR activation and quantitative real-time PCR

Liver and adipose tissue (used as comparator tissues not directly related to HTN) and kidney (medulla and cortex) were homogenized in Trizol® (Life Technologies) and stored at -80 ºC.

After total RNA extraction, cDNA was synthesized from 1 μg of RNA, using the NZY First-Strand cDNA synthesis kit (NZYTech, Lisbon, Portugal), according to the manufacturer's directions. Quantitative real time polymerase chain reaction (qPCR) was performed with 20 ng of cDNA, using SensiFAST™ SYBR® Hi-ROX Kit (Bioline, United Kingdom), with duplicates for each experiment. Supplementary Table 1 gives the gene-specific primers used for the genes analyzed. The relative amounts of mRNA were estimated using the ΔΔC T method with cyclophilin A (Cypa) as the reference gene [START_REF] Tomkiewicz | The aryl hydrocarbon receptor regulates focal adhesion sites through a non-genomic FAK/Src pathway[END_REF]. We assessed mRNA levels of several genes associated with the AHR axis. The markers analyzed included those directly related with AHR pathway (Ahr, Arnt, Cyp1a1, Cyp1a2, Cyp1b1, and Pepck1); markers of fibrosis and epithelialmesenchymal transition (EMT) (collagen 1A1 -Col1a1, α smooth muscle actin -aSma, fibronectin -Fn1, vimentin -Vim), epithelial markers (E-cadherin -Ecad) as well as markers of inflammation (interleukin 1b -Il1b and interleukin 6 -Il6) and endoplasmic reticulum stress (Grp78).

We have also quantified the transcription factors involved in CIH responses and related with AHR, namely NF-kB subunits, Rela and p49/p100, and members of HIF family, such as Hif1a, Epas1 (HIF-2α), and Hif3a, and its associated target gene vascular endothelial growth factor A (Vegfa). Additionally, markers of the renin-angiotensin system, namely renin (Ren), angiotensin II receptor type 1 (At1) and angiotensin-converting enzyme (Ace1) were also analyzed due to their relevance in BP control.

Statistical analyses

GraphPad Prism version 5 (GraphPad Software Inc., San Diego, CA, USA) was used to perform all the statistical analysis. Data are presented as the mean ± standard deviation or mean ± standard error of the mean (SEM). Differences were considered significant at p<0.05 (*** p<0.001, ** p<0.01; * p<0.05) and obtained using one-way ANOVA or Mann-Whitney's U-test whenever applicable.

Results

CIH activates AHR signaling particularly in kidney tissue

An overexpression of the Cyp1a1 gene (indicator of AHR activation) was observed primarily in the kidney cortex, but also in the kidney medulla and liver (Figure 1A). Among other target genes of AHR, neither Cyp1b1 nor Cyp1a2 were modified by CIH in any of the four analyzed tissues. Ahr mRNA expression was also increased, except in visceral adipose tissue (VAT) (Figure 1B). The binding partner of both AHR and HIF family pathways, Arnt, also known as HIF-1β, was not upregulated by CIH in the kidney but exhibited increased expression in liver (2fold,). Overall, despite no exogenous exposure to any classical AHR ligands, we showed that CIH leads to activation of the AHR signaling pathway in several tissues (kidney, liver) important for xenobiotic metabolism and the development of HTN. 

CIH activates several members of HIF pathway, particularly in kidney

We assessed the effects of CIH on the expression of HIF family (1, 2 and 3 α) and vascular endothelial growth factor (Vegfa), a classical transcriptional target of HIF-1α (Figure 2). There were no changes in Hif1a mRNA expression in liver and visceral adipose tissue, but it was increased in both kidney cortex and medulla (Figure 2A). Accordingly, the same pattern was observed for Vegfa (Figure 2B). CIH also altered the expression HIF-2α (Epas1), particularly in renal medulla (Figure 2C). The effect of CIH in Hif3a mRNA expression showed a similar pattern to the one observed with HIF-1α: no effect in liver and adipose tissue and increases in the kidney (Figure 2D), thus suggesting the activation of HIF pathways upon CIH exposure, particularly in the kidney. 

CIH impacts NF-kB inflammatory pathway and endoplasmic reticulum stress in kidney

The mRNA levels of several inflammatory markers were evaluated, namely NF-kB subunits, Rela (also known as p65) and p49/p100 and the interleukins Il1b and Il6 (Figure 3). Only Rela, which belongs to the classical pathway of NF-kB activation, was overexpressed in the kidney cortex (Figure 3A). In contrast, increased mRNA levels of p49/p100 were observed in VAT (Figure 3B). Overall, our results suggest that pathways participating inflammation caused by CIH are tissue-specific. No changes for interleukins were observed in kidney and the Il6 was only increased in VAT (Figure 3C and3D). Endoplasmic reticulum (ER) stress can be a protective mechanism in early phases of CIH exposure, but over time it can turn into a deleterious mechanism leading to cell death [START_REF] Ding | Adiponectin protects the kidney against chronic intermittent hypoxia-induced injury through inhibiting endoplasmic reticulum stress[END_REF]. With this in mind, we have quantified the endoplasmic tissue stress-related GRP78 (Grp78 gene) mRNA, and found that its expression was upregulated in the kidney and liver tissues (Figure 3E). 

CIH impacts renin-angiotensin system in kidney

Higher expressions of renin (Ren) in the renal medulla (3.2-fold change) and of AT1 receptor (At1) in the renal cortex (2-fold change) were observed upon CIH exposure (supplementary figure 1). In contrast, no changes of Ace1 (angiotensin I-converting enzyme type I) in kidney tissue were found. These results are in line with the experiments described by others [START_REF] Foster | Intermittent hypoxia increases arterial blood pressure in humans through a Renin-Angiotensin system-dependent mechanism[END_REF][START_REF] Jin | Meta-analysis of effects of obstructive sleep apnea on the renin-angiotensin-aldosterone system[END_REF], when analyzing kidney tissue as a whole, validating our CIH paradigm.

CIH impacts epithelial to mesenchymal transition process in kidney

Increased expression of vimentin and fibronectin (mesenchymal markers) is traditionally observed during EMT while E-cadherin (epithelial marker) expression is decreased. While Vimentin (Figure 4A) and Fn1 (Figure 4B) were upregulated in kidney tissue, the mRNA expression of Ecad (Figure 4C) and of the fibrotic markers Col1a1 (Figure 4D) and aSma (Figure 4E) showed no difference in kidney tissue upon CIH exposure. Overall, this suggests the acquisition of mesenchymal characteristics by kidney tissue in response to 21 days of CIH. 

AHR antagonist CH-223191 prevented CIH-induced increase in blood pressure

The molecular results concerning the likely activation of the AHR pathway after 21 days of CIH exposure (first set of experiments) directed the work towards the in vivo use of an AHR antagonist to counteract the effects of CIH (second set of experiments). Since the use of CH-223191 in rats in vivo is scarce, we decided to perform a first dose-exploratory experiment to clarify the effect of this compound on BP and HR and its potential to impact the HTN induced by CIH. The n=3 is justified considering that this was a first preliminary dose-exploratory experiment and that the administration of CH-22319, particularly in rats is limited by its prohibitive costs as previously reported [START_REF] Dean | Role of the aryl hydrocarbon receptor in Sugen 5416-induced experimental pulmonary hypertension[END_REF].

Figure 5A displays the timeline of the experiment, that started by measuring the baseline values for BP and HR in normoxia (Nx; chamber acclimatization). Next, the animals were treated with the CH-223191 for 7 days (5 mg.Kg -1 , once a day), to assess if the compound could alter these cardiovascular parameters in Nx conditions (Nx+CH) and no changes were observed: 124 ± 5 mmHg vs. 126 ± 4 mmHg for SBP (Figure 5B) and 85 ± 7 mmHg vs. 88 ± 6 mmHg for DBP (Figure 5C). In a separate group of experiments, we confirmed that a longer exposure to CH-223191 (14 days) did not change basal BP in Nx conditions (supplementary figure 2). Then, CH-223191 was administered concomitantly with CIH (14 days), and a moderate non-significant increase in BP (CIH+CH, 131 ± 5mmHg) was observed (Figure 5B and5C). In order to investigate if the AHR antagonist was preventing a larger increase in BP induced by CIH, we withdrew the compound, while maintaining the animals exposed to CIH for more 14 days (CIH only). Over this period, a bigger and significant increase in the BP was observed (142 ± 1 mmHg), suggesting that the AHR antagonist was able to prevent (CIH+CH vs. CIH) HTN caused by CIH in 56 ± 15% and 44 ± 16% of SBP and DBP, respectively (Figure 5B andC).

More importantly, after the rise of the BP that followed the withdrawal of the antagonist 

AHR antagonist CH-223191 reverted CIH-induced hypertension

Next, we aimed to confirm that AHR blocking reverses CIH-HTN. For that, a third set of experiments was performed (see also material and methods to compare each set), where the administration of this AHR antagonist was initiated when HTN had been already established (i.e. after 21 days of CIH) (Figure 6A). CH-223191 (5 mg.Kg -1 orally, during 14 days) reduces the increase in SBP caused by CIH (21 days) in 52 ± 10% (141 ± 4 mmHg vs. 134 ± 4 mmHg, respectively), while the reduction in DBP (41 ± 13%, 104 ± 4 vs. 99 ± 5 mmHg, respectively) did not achieve statistical significance (Figures 6B and6C). This effect of CH-223191 in reverting high BP cannot be attributed to its vehicle (vegetable oil) because in control experiments, where the antagonist was replaced by its vehicle, no changes in the effect of CIH in BP and HR were observed (supplementary figure 3). 

AHR antagonist CH-223191 interference in other CIH-induced cardiometabolic changes

Although no impact of CIH or CH-223191 on HR was observed in second set of experiments (figure 5 D), in the reversion protocol (third set) (figure 6), the exposure of CIH together with CH-223191 decreased the HR in 9±2% (from 407 ± 21 beats per minute (bpm) to 370 ± 24 bpm), when compared to Nx (figure 6D). An effect confirmed also in the vehicle-treated animals, with HR decreasing with CIH (415 ± 12 bpm vs 375 ± 11 bpm, Nx and CIH, respectively) and maintained with the vehicle administration (364 ± 15 mmHg) (supplementary figure 3C).

Additionally, Figure 7 shows that CIH reduces daily food consumption, an effected not reverted by CH-223191 (5 mg.Kg -1 /day, 14 days) and not observed in Nx upon 7 days or 14 days of CH-223191 exposure (n=3). Also, no changes in water consumption were found in any condition.

Animals exposed to 35 days of CIH showed a lower increase in body weight, when compared to control animals exposed to Nx, respectively 12 ± 2% versus 31 ± 2%. This slower growth weight was not modified by CH-223191 (15 ± 2%), nor by its vehicle (18 ± 3%).

We also found that CIH increases Pepck1 mRNA expression (AHR target gene, pivotal in gluconeogenesis) in liver (2.6-fold change) and kidney (2-fold change), but not in VAT. 

Discussion

Experiments to address how CIH modifies AHR-CYP1A1 pathway were performed using a rat model exposed to a mild paradigm of CIH for 21 days. This represents the time needed for HTN development in this model. Animals kept 21 days in normoxia (Nx) were used as control group.

Cyp1a1 mRNA expression was used as a sensitive indicator of AHR activation and assessed in several tissues (kidney cortex, kidney medulla, liver and visceral adipose tissue). Then we validated the protocol investigating the mRNA expression of classical biomarkers of CIH including HIF, NF-kB and the renin-angiotensin-aldosterone (RAA) pathway that have also been shown to be related to AHR. As AHR not only regulates xenobiotic metabolism, we have also analyzed several panels of markers of AHR-related processes such as fibrosis [START_REF] Duval | Chronic exposure to low doses of dioxin promotes liver fibrosis development in the C57BL/6J diet-induced obesity mouse model[END_REF], EMT [START_REF] Tomkiewicz | The aryl hydrocarbon receptor regulates focal adhesion sites through a non-genomic FAK/Src pathway[END_REF],

inflammation and gluconeogenesis [START_REF] Barouki | The aryl hydrocarbon receptor, more than a xenobioticinteracting protein[END_REF].

The identification of new pathways related to OSA-associated HTN is needed to deal with the high prevalence of resistant hypertension in this population. Our hypothesis was based on the assumption that the AHR pathway is activated by CIH and that this can contribute to HTN associated to this condition. Overall, the results confirmed our initial hypothesis and provided new insights about AHR signaling linking different co-morbidities associated to OSA. In fact we demonstrated that CIH overexpresses the classical AHR target gene, the xenobiotic metabolizing enzymes (Cyp1a1), particularly in renal tissues. Moreover, blockade of the AHR with CH-223191 prevented and reverted the HTN induced by CIH. The overexpression of EMT genes found in the kidney of animals exposed to CIH is also in line with an endogenous activation of the AHR pathway by CIH. The increase in Pepck1 mRNA-expression (the rate-controlling step of gluconeogenesis) also suggests that AHR pathway might also be linked with other comorbidities associated to CIH such as glucose intolerance. In contrast, the inflammation of the visceral adipose tissue induced by CIH might represent an AHR-independent event, because it showed a completely different pattern of genes induced by CIH: no change in the typical AHR pathway induced genes; a selective overexpression of Il6 without overexpression of the canonical RelA/NF-kB activation and an overexpression of the p49/p100 NF-kB. We also found a remarkable increase in the mRNA expression of Hif3a in the kidney. This finding suggests that CIH might stimulate the inhibitory control of HIF3α over HIF-1/2α or that HIF3α has transactivation activity partially overlapping that of HIF-1α, as already proposed by others [START_REF] Janaszak-Jasiecka | miR-429 regulates the transition between Hypoxia-Inducible Factor (HIF) 1A and HIF3A expression in human endothelial cells[END_REF][START_REF] Zhang | Hypoxia-inducible factor 3 is an oxygen-dependent transcription activator and regulates a distinct transcriptional response to hypoxia[END_REF][START_REF] Lam | Differential expressions and roles of hypoxia-inducible factor-1a,-2a and-3a in the rat carotid body during chronic and intermittent hypoxia[END_REF].

Inference of AHR activation was mainly based on the assumption that CYP1A1 is a hallmark of AHR activation [START_REF] Hu | Induction of Cyp1a1 is a non-specific biomarker of aryl hydrocarbon receptor activation: Results of large scale screening of pharmaceuticals and toxicants in vivo and in vitro[END_REF] and that CYP1A2 and CYP1B1 are also regulated in an AHR-independent manner [START_REF] Korashy | The role of aryl hydrocarbon receptor in the pathogenesis of cardiovascular diseases[END_REF]. To the best of our knowledge, the effects of CIH on CYP1A1 have never been addressed. A decrease (0.5-fold) in hepatic CYP1A2 mRNA and protein levels caused by CIH was described in mice by Zhang and co-authors [START_REF] Zhang | Decreased expression of hepatic cytochrome P450 1A2 (CYP1A2) in a chronic intermittent hypoxia mouse model[END_REF], while in rats CYP1A2 mRNA did not change. AHR mRNA expression was slightly increased in kidney and liver. Its binding partner, shared with HIF family pathways, ARNT, was not upregulated by CIH in the kidney, but exhibit increased expression in liver (2.1-fold) and visceral adipose tissue (2.4-fold). The meaning of these results is unknown once the regulation of ARNT expression is far from being elucidated.

As CIH seems to activate the AHR pathway, we logically performed in vivo experiments with an antagonist of the receptor to assess the effects of the AHR on the development of HTN. CH-223191 has been developed in 2006 and shown to prevent activation of the AHR by 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD) or other related halogenated aromatic hydrocarbons (HAHs) [START_REF] Kim | Novel compound 2-methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-amide (CH-223191) prevents 2, 3, 7, 8-TCDD-induced toxicity by antagonizing the aryl hydrocarbon receptor[END_REF][START_REF] Zhao | CH223191 is a ligand-selective antagonist of the Ah (Dioxin) receptor[END_REF]. More recently the first in vivo study in rats showed that an oral administration of CH-223191 (8 mg.Kg -1 ) reversed the development of pulmonary HTN caused by the AHR agonist Sugen, followed by exposure to sustained hypoxia, normalizing as well pulmonary CYP1A1 expression [START_REF] Dean | Role of the aryl hydrocarbon receptor in Sugen 5416-induced experimental pulmonary hypertension[END_REF]. The phenotype of sustained hypoxia differs from CIH because it has been associated to pulmonary HTN mediated by HIF-1α stabilization, not causing systemic HTN [START_REF] Prabhakar | Adaptive and maladaptive cardiorespiratory responses to continuous and intermittent hypoxia mediated by hypoxia-inducible factors 1 and 2[END_REF]. In contrast, the high prevalence of cardiovascular disease in OSA patients has been attributed to a predominant activation of inflammatory (e.g. NF-kB) over HIF-1 dependenttranscription in experimental models of CIH and in OSA patients [START_REF] Ryan | Selective activation of inflammatory pathways by intermittent hypoxia in obstructive sleep apnea syndrome[END_REF]. In fact, the increase of inflammatory cytokines, such as interleukin 6 (Il6) and tumor necrosis factor α (TNF-α), was already reported in plasma and kidney in several CIH models (40 cycles/hour, 5-21% of O 2 , 28 days and 60 cycles/hour, 6-21% of O 2 , 60 days) [START_REF] Lu | Angiotensin-(1-7) relieved renal injury induced by chronic intermittent hypoxia in rats by reducing inflammation, oxidative stress and fibrosis[END_REF][START_REF] Abuyassin | The antioxidant α-lipoic acid attenuates intermittent hypoxiarelated renal injury in a mouse model of sleep apnea[END_REF]. These in vivo results are also in accordance to what was observed in OSA patients [START_REF] Erten | Relationship between sleep complaints and proinflammatory cytokines in haemodialysis patients[END_REF][START_REF] Nadeem | Serum inflammatory markers in obstructive sleep apnea: a meta-analysis[END_REF].

However, the finding that the AHR antagonist reverses both pulmonary [START_REF] Dean | Role of the aryl hydrocarbon receptor in Sugen 5416-induced experimental pulmonary hypertension[END_REF] and systemic HTN (present work) point to the need of an in-depth understanding of HIF-AHR interactions in conditions associated to hypoxia.

The effects of CIH on HR demonstrate some inconsistencies. In fact, both the seminal works of Fletcher's group [START_REF] Fletcher | Repetitive, episodic hypoxia causes diurnal elevation of blood pressure in rats[END_REF][START_REF] Bao | Blood pressure response to chronic episodic hypoxia: role of the sympathetic nervous system[END_REF] and a more recent one [START_REF] Diogo | Efficacy of carvedilol in reversing hypertension induced by chronic intermittent hypoxia in rats[END_REF] found no changes in HR in animals submitted to 35 days of CIH, but other works found elevated values of HR in both male [START_REF] Zoccal | Increased sympathetic activity in rats submitted to chronic intermittent hypoxia[END_REF] and female [START_REF] Souza | Cardiovascular and respiratory responses to chronic intermittent hypoxia in adult female rats[END_REF] rats exposed to CIH during 35 days. In all the studies, HR recordings were obtained in conscious rats, however, while the two former studies used implanted telemeters/catheters and daily monitoring, the later analyzed HR through intra-femoral catheters introduced at the end of the CIH exposure, in anaesthetized animals.

We have paid particular attention to the kidney due to its pivotal importance in BP regulation, because renal sympathetic nerve ablation has been a common strategy to control resistant HTN [START_REF] Krum | Catheter-based renal sympathetic denervation for resistant hypertension: a multicentre safety and proofof-principle cohort study[END_REF][START_REF] Takahashi | Chronic intermittent hypoxia-mediated renal sympathetic nerve activation in hypertension and cardiovascular disease[END_REF] and because the effects of CIH have been poorly investigated in the kidney. A few studies have addressed the renal effects of CIH in animal models [START_REF] Sun | Intermittent hypoxia-induced renal antioxidants and oxidative damage in male mice: hormetic dose response[END_REF][START_REF] Ding | Adiponectin protects the kidney against chronic intermittent hypoxia-induced injury through inhibiting endoplasmic reticulum stress[END_REF][START_REF] Abuyassin | The antioxidant α-lipoic acid attenuates intermittent hypoxiarelated renal injury in a mouse model of sleep apnea[END_REF][START_REF] Abuyassin | Intermittent hypoxia causes histological kidney damage and increases growth factor expression in a mouse model of obstructive sleep apnea[END_REF]. Long-term IH exposure (2-4 months) induces kidney damage, with the presence of renal inflammation, oxidative damage, endoplasmic reticulum (ER) stress, glomerular hypertrophy, mesangial matrix expansion, increased expression of glomerular growth factors (TGF-β1, CTGF and VEGF) cell death and fibrosis [START_REF] Abuyassin | Intermittent hypoxia causes histological kidney damage and increases growth factor expression in a mouse model of obstructive sleep apnea[END_REF]. These observations were also reported by others [START_REF] Lu | Angiotensin-(1-7) relieved renal injury induced by chronic intermittent hypoxia in rats by reducing inflammation, oxidative stress and fibrosis[END_REF][START_REF] Zhang | Toll-like receptor-4 deficiency alleviates chronic intermittent hypoxia-induced renal injury, inflammation, and fibrosis[END_REF].

The added value of the present work is to note that the link between CIH and ER stress is already apparent in the kidney and liver after 21 days of CIH exposure and to highlight the putative association of EMT/fibrosis caused by CIH with the endogenous activation of AHR and Cyp1a1 overexpression.

The effect of CIH on body weight herein observed was expected and consistent with CIH causing a reduction in rats' growth curve, an effect well established in this animal model [START_REF] Diogo | Efficacy of carvedilol in reversing hypertension induced by chronic intermittent hypoxia in rats[END_REF][START_REF] Carreras | Metabolic effects of intermittent hypoxia in mice: steady versus high-frequency applied hypoxia daily during the rest period[END_REF]. However, our results suggest that the decrease in body weight can be attributed to a decrease in appetite/food intake and not only to a higher metabolism and energy expenditure as proposed before by others [START_REF] Fenik | Glucoregulatory consequences and cardiorespiratory parameters in rats exposed to chronic-intermittent hypoxia: effects of the duration of exposure and losartan[END_REF]. Apparently, the growth delay and reduction in food consumption caused by CIH are not mediated by activation of AHR, since CH-223191 (5 mg.Kg -1 .day -1 , 2 weeks) did not modify it. In contrast, CH-223191 (10 mg.Kg -1. day -1 , 5 weeks) suppressed severe wasting with significant weight loss characteristic of AHR agonists, such as TCDD [START_REF] Kim | Novel compound 2-methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-amide (CH-223191) prevents 2, 3, 7, 8-TCDD-induced toxicity by antagonizing the aryl hydrocarbon receptor[END_REF]. This inconsistency might reflect the need of higher doses of CH-223191. As a consequence, different doses and intensities of CIH exposure should be further investigated before discarding the participation of AHR activation on the metabolic effects triggered by CIH. In the present work we found an increase in liver and kidney mRNA expression of Pepck1, a major regulator of hepatic gluconeogenesis controlled by AHR [START_REF] Diani-Moore | Aryl hydrocarbon receptor activation by dioxin targets phosphoenolpyruvate carboxykinase (PEPCK) for ADP-ribosylation via TCDD-inducible poly (ADP-ribose) polymerase (TiPARP)[END_REF][START_REF] Joffin | Release and toxicity of adipose tissue-stored TCDD: Direct evidence from a xenografted fat model[END_REF] among others. Although we ignore at which extent this increase in PEPCK involves changes in AHR activation, it seems that CIH shares with AHR agonists a decrease in appetite but the opposite effects in PEPCK activity [START_REF] Krum | Catheter-based renal sympathetic denervation for resistant hypertension: a multicentre safety and proofof-principle cohort study[END_REF][START_REF] Abuyassin | Intermittent hypoxia causes histological kidney damage and increases growth factor expression in a mouse model of obstructive sleep apnea[END_REF]. The increase in Pepck1 expression caused by CIH (21 days) might explain why animals submitted to CIH show increased levels of insulin [START_REF] Sacramento | Insulin resistance is associated with tissue-specific regulation of HIF-1α and HIF-2α during mild chronic intermittent hypoxia[END_REF][START_REF] Polotsky | Intermittent hypoxia increases insulin resistance in genetically obese mice[END_REF] and is consistent with the pattern of intolerance to glucose observed in sleep apnea patients [START_REF] Punjabi | Sleep-disordered breathing, glucose intolerance, and insulin resistance: the Sleep Heart Health Study[END_REF]. These results support not only the activation of AHR pathway by CIH but also its participation in CIH-cardio-metabolic comorbidities other than HTN. However, since renal PEPCK is also regulated by other transcriptional factors such as NF-kB [START_REF] Liu | Inhibition of NF-κB Reduces Renal Inflammation and Expression of PEPCK in Type 2 Diabetic Mice[END_REF], we cannot exclude the involvement of other pathways.

This study has several limitations related to the experimental model used (whole animal in vivo)

that is more oriented to functional drug effects than to characterization of molecular mechanisms.

Although we have provided evidence that CIH stimulates AHR signaling, particularly in the kidney, we cannot state that the anti-hypertensive effect of the AHR antagonist, CH-223191 was mediated by a direct effect on the kidney. CH-223191 is a highly lipophilic drug, and we did not In conclusion, the pharmacological blockade of AHR had a significant impact reverting already established HTN caused by CIH without hypotensive effects in normoxic conditions. We also noted that AHR pathway might also be a common link with other comorbidities associated to CIH such as glucose intolerance.

Systemic HTN is a major cause of resistant HTN in OSA patients. Knowing the increasing prevalence associated with this condition, the research on novel therapeutic approaches to treat this condition is of utmost importance. Thus, our work provides an innovative view over the molecular mechanism of HTN-CIH, presenting AHR signaling as a new player in the pathophysiology of HTN-CIH, calling upon more research efforts to unveil the exact mechanisms linking AHR with HTN-CIH.

  were followed, according to the NIH Principles of Laboratory Animal Care (NIH Publication 85-23, revised 1985), the European guidelines for the protection of animals used for scientific purposes (European Union Directive 2010/63/EU) and the Portuguese regulation and laws on the protection of animals used for scientific purposes (Law nº 113/2013). All procedures were approved by the Ethical Committee of the NOVA Medical School (protocol nº 15/2017/CEFCM).
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 1 Figure 1. Chronic intermittent hypoxia (CIH) activates aryl hydrocarbon receptor (Ahr) and
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 2 Figure 2. Chronic intermittent hypoxia (CIH) activates mRNA expression of hypoxia-inducible
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 3 Figure 3. Chronic intermittent hypoxia (CIH) activates mRNA expression of NF-kB related
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 4 Figure 4. Chronic intermittent hypoxia (CIH) activates a mesenchymal phenotype in the kidney,
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  CIH+CH vs. CIH), re-administration of CH-223191 reverted the increase in the BP caused by CIH in 61 ± 18% and 45 ± 13% in SBP (142 ± 1 mmHg vs. 131± 4 mmHg) and DBP (99 ± 4 mmHg vs. 93 ± 4 mmHg), respectively (CIH vs. CIH+CH) (Figure 5B and C). No changes were observed through this longitudinal study in heart rate (Figure 5 D).
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 5 Figure 5. A first dose-exploratory experiment (n=3) to clarify the effect of CH-223191 on blood pressure and heart rate. The AHR antagonist, CH-223191 (CH, 5 mg.Kg -1 .day -1 , gavage)
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 6 Figure 6. The AHR antagonist, CH-223191 (CH, 5 mg.Kg -1 .day -1 , gavage) reverts the blood
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 73 Figure 7. The decrease in daily average food consumption caused by chronic intermittent

  investigate the effect of CIH on AHR pathway in the central nervous system and carotid body, key players in BP control. Other limitations of the study include the use of only one antagonist in a single dose and a relative short time exposure to CH-223191 and the lack of data on protein quantification of AHR hallmarks. Anyway, the functional effect of CH-223191 in HTN is relevant enough to support further exploitation of the mechanisms behind.
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