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Brown Adipose Tissue Activation Is Involved in Atherosclerosis of ApoE−/− Mice Induced by Chronic Intermittent Hypoxia












	
	ORIGINAL RESEARCH
published: 26 October 2021
doi: 10.3389/fcvm.2021.751519






[image: image2]

Brown Adipose Tissue Activation Is Involved in Atherosclerosis of ApoE−/− Mice Induced by Chronic Intermittent Hypoxia

Yue Wang1, Hong-feng Jiang2, Bei-bei Liu1, Lei-lei Chen3, Yue Wang1, Xin-yan Liu1, Min Suo4 and Xiao-fan Wu1*


1Department of Cardiology, Beijing Anzhen Hospital, Capital Medical University, Beijing, China

2Key Laboratory of Remodeling-Related Cardiovascular Diseases of Ministry of Education, Beijing Collaborative Innovation Center for Cardiovascular Disorders, Beijing Institute of Heart Lung and Blood Vessel Diseases, Beijing Anzhen Hospital, Capital Medical University, Beijing, China

3Beijing Institute of Heart, Lung, and Blood Vessel Disease, Beijing Anzhen Hospital, Capital Medical University, Beijing, China

4Center for Coronary Artery Disease, Beijing Anzhen Hospital, Capital Medical University, Beijing, China

Edited by:
Alexander Nikolaevich Orekhov, Institute for Aterosclerosis Research, Russia

Reviewed by:
Niraj K. Nirala, University of Massachusetts Medical School, United States
 Jun Pu, Shanghai Jiao Tong University, China

*Correspondence: Xiao-fan Wu, drwuxf@163.com

Specialty section: This article was submitted to Atherosclerosis and Vascular Medicine, a section of the journal Frontiers in Cardiovascular Medicine

Received: 01 August 2021
 Accepted: 22 September 2021
 Published: 26 October 2021

Citation: Wang Y, Jiang H-f, Liu B-b, Chen L-l, Wang Y, Liu X-y, Suo M and Wu X-f (2021) Brown Adipose Tissue Activation Is Involved in Atherosclerosis of ApoE−/− Mice Induced by Chronic Intermittent Hypoxia. Front. Cardiovasc. Med. 8:751519. doi: 10.3389/fcvm.2021.751519



Background: Obstructive sleep apnea is an atherogenesis factor of which chronic intermittent hypoxia is a prominent feature. Chronic intermittent hypoxia (CIH) exposure can sufficiently activate the sympathetic system, which acts on the β3 adrenergic receptors of brown adipose tissue (BAT). However, the activity of BAT and its function in CIH-induced atherosclerosis have not been fully elucidated.

Methods: This study involved ApoE−/− mice which were fed with a high-fat diet for 12 weeks and grouped into control and CIH group. During the last 8 weeks, mice in the CIH group were housed in cages to deliver CIH (12 h per day, cyclic inspiratory oxygen fraction 5–20.9%, 180 s cycle). Atherosclerotic plaques were evaluated by Oil Red O, hematoxylin and eosin, Masson staining, and immunohistochemistry. Afterward, we conducted immunohistochemistry, western blotting, and qRT-PCR of uncoupling protein 1 (UCP1) to investigate the activation of BAT. The level of serum total cholesterol (TC), triglyceride, low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c), and free fatty acid (FFA) were measured. Finally, RNA-Sequencing was deployed to explore the differentially expressed genes (DEGs) and their enriched pathways between control and CIH groups.

Results: Chronic intermittent hypoxia exposure promoted atherosclerotic plaque area with increasing CD68, α-SMA, and collagen in plaques. BAT activation was presented during CIH exposure with UCP1 up-regulated. Serum TC, triglyceride, LDL-c, and FFA were increased accompanied by BAT activation. HDL-c was decreased. Mechanistically, 43 lipolysis and lipid metabolism-associated mRNA showed different expression profiling between the groups. Calcium, MAPK, and adrenergic signaling pathway included the most gene number among the significantly enriched pathways.

Conclusion: This study first demonstrated that BAT activation is involved in the progression of CIH-induced atherosclerosis, possibly by stimulating lipolysis.
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INTRODUCTION

Atherosclerosis is a leading cause of vascular disease worldwide. Its major clinical manifestation, which is cardiovascular disease (CVD), remains the leading cause of mortality in the world (1). Recent studies stated that obstructive sleep apnea (OSA), which affects 34% of men and 17% of women and is largely undiagnosed (2), is a modifiable CVD risk factor (3, 4). Chronic intermittent hypoxia (CIH) is a prominent feature of OSA pathophysiology and could be a major mechanism linking OSA to arteriosclerosis (3). Abundant evidence from animal studies has linked atherosclerosis to CIH (5–7). Despite this long-known linkage between CIH and high atherosclerosis risk, mechanisms underlying CIH-induced atherosclerosis have not been fully elucidated, although NF-κB pathway, oxidative stress, and neuroendocrine disorders have been claimed to be associated with atherosclerosis incidence (8, 9).

In rodents, CIH exposure can sufficiently activate the sympathetic system, leading to an increased level of norepinephrine (10, 11), which acts on the β3 adrenergic receptors of brown adipose tissue (BAT) (12). Brown adipocytes contain many mitochondria that have uncoupling protein 1 (UCP1) in their inner membrane (13). UCP1, which is only expressed in brown adipocytes, uncouples the respiratory chain from oxidative phosphorylation yielding a high oxidation rate and enabling the cell to use metabolic energy to provide heat (14). BAT is found firstly as the main site of adaptive thermogenesis. In rat and mouse models, BAT generates heat to enable the organism to adapt to a cold environment (15, 16). While initially believed to be of relevance only in human newborns and infants, research during recent years provided unequivocal evidence of active BAT in human adults (17). Moreover, it has become clear that BAT plays an important role in insulin sensitivity and metabolism in rodents and humans (18–20). These data all indicated that BAT plays an important role in the metabolism of both rodents and humans. However, it remains unclear whether BAT takes part in CIH-induced atherosclerosis, as a kind of metabolic disorder.

Brown adipose tissue activation has been reported in ApoE−/− mice fed with a high-fat diet at 23°C (21). It has also been reported that cold exposure promotes atherosclerotic plaque growth and instability via UCP1-dependent lipolysis in ApoE−/− mice and Ldlr−/− mice at 4°C (22). Nevertheless, whether BAT is involved in metabolic dysregulation in CIH-induced atherosclerosis has not been explored. In this study, we investigated the impact of CIH-induced BAT activation on atherosclerotic plaque formation in ApoE−/− mice. We reported our findings that CIH exposure significantly accelerated the atherosclerotic plaque growth in ApoE−/− mice by the possible mechanism of accelerated UCP1- mediated lipolysis.



METHODS


Animals

Male homozygous ApoE−/− mice (C57BL/6J background) were purchased from the Hua Fukang Bioscience Company (Beijing, China). All the mice were obtained at 7 weeks of age, housed in a specific pathogen-free facility under a 12/12 h light-dark cycle at 25°C, acclimated for a week prior to the study, and fed with a high-fat diet (0.15% cholesterol and 21% fat, 4 kcal/g) during the experiment. The mice had unrestricted access to food and tap water. All experimental protocols were approved by the Animal Care and Use Committee of Capital Medical University Beijing Anzhen Hospital (Beijing, China).



Chronic Intermittent Hypoxia

After 4 weeks of a high-fat diet, mice were randomized into two groups of 10: (1) ApoE−/− mice exposed to normoxia as the control group; (2) ApoE−/− mice exposed to CIH. CIH was performed as previously described by Du et al. (23). Mice were housed in customized standard cages to deliver CIH (Oxycycler A84 BioSpherix, Redfield, NY, USA). Briefly, a gas control system regulated the room airflow (N2 and O2). A series of programs and flow regulators enabled manipulation of the fraction of inspired O2 from 20.9 to 5% over a 120-s period, with a rapid reoxygenation to normal air levels via a burst of 100% O2 in the succeeding 60-s period. Hypoxic events occurred at a rate of one event per 180 s throughout the 12-h period for 8 weeks. During the other 12-h period, the CIH group was maintained in a normoxic environment. Control mice were exposed to normoxic air at all times with noise and turbulence similar to mice exposed to CIH. All the mice were fed with high-fat diet during the 12-week experiment.



Tissue Preparation

After 8-week CIH exposure, all mice were starved for 8 h prior to collecting blood samples and were anesthetized with 1% pentobarbital sodium (i.p., 60 mg/kg). Blood samples were collected by puncturing through the cardiac apex and placed at room temperature (25°C) for 2–3 h for sedimentation. After centrifugation at 1,000 × g for 15 min at 4°C, the serum was collected and stored at −80°C for further analysis. After perfusion with natural saline containing 1% heparin, aortas, hearts, and interscapular BAT were dissected. BAT in the interscapular region was a butterfly-shaped tissue with brown color for its rich blood vessels. After it was removed by blunt dissection, it was separated with white adipose tissue and connective tissue according to the color of the tissue by an optical microscope. For Oil Red O staining, the entire aorta extending 5 to 10 mm below the bifurcation of the iliac arteries was removed. Various tissue samples were collected, followed by fixation with 4% paraformaldehyde solution for further histological analysis. A fraction of tissues was frozen in liquid nitrogen for further western blotting and mRNA analysis.



Histology and Immunohistochemistry

After removal of periarterial connective tissue and fat, the entire mouse aorta was opened and then pinned onto a standard black wax dissection pan using.15 mm-black anodized pins. Aortas were stained in 0.5% Oil Red O (O0625, Sigma-Aldrich, USA) at room temperature for 30 min, followed by washing with 60% isopropanol for 5 min (24).

Mouse arterial tissue and BAT were embedded in paraffin, cut into 5 μm-thick slides. Sections were prepared for hematoxylin and eosin (HE), Masson's trichrome staining, and immunohistochemistry staining. For immunohistochemistry staining, after dewaxing and antigen retrieval with a citrate buffer (pH = 6.0) which was followed by treatment with 3% H2O2, tissue slides were blocked at room temperature with 3% bovine serum albumin for 60 min (22). Primary antibodies, including CD68 (1:100, ab125212, Abcam, Cambridge, UK), α-SMA (1:100, ab5694, Abcam, Cambridge, UK), and UCP1 (1:100, ab23841, Abcam, Cambridge, UK) were incubated at 4°C overnight. An HRP-conjugated Goat anti-Rabbit IgG (PV-9001, ZSGB-Bio, Beijing, China) secondary antibody was added the next day at room temperature for 1 h. A 3, 30-diaminobenzidine reagent (ZLI-9017, ZSGB-Bio, Beijing, China) was used for color development. The nuclei were counterstained with hematoxylin. Finally, sections were viewed on a Nikon microscope (Japan). Three serial sections were quantified for each sample. Then, another three fields were randomly selected from each slice. The positive area ratio was quantified as positive area divided by the whole area of tissue. Finally, an average value for each specimen was obtained (23).



Western Blotting

Total proteins from adipose tissues were extracted by a Total Protein Extraction Kit (AT-022, Invent Biotechnologies, USA) (24). Proteins were separated by SDS-PAGE electrophoresis and transferred to a PVDF membrane (Millipore, Germany). After being blocked with 5% fat-free milk in TBST, the membranes were incubated with UCP1 (1:1000, ab23841, Abcam, Cambridge, UK) antibody and β-actin (1:1000, ab213262, Abcam, Cambridge, UK) antibody overnight at 4°C. Subsequently, the membranes were incubated with an infrared Dye 800-conjugated secondary antibodies (1:10,000, 926-32211, LI-COR Biosciences, Lincoln, USA). The images were quantified using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, USA) (25). UCP1 protein expression was analyzed with band intensity analysis by Image-Pro Plus 6 (Media Cybernetics, USA).



RNA Extraction and Quantitative Reverse Transcription-PCR

Ribonucleic acid was extracted using TRIzol reagent (Invitrogen, USA). For reverse transcription, 1 μg of the total RNA was converted to the first-strand cDNA using a reverse transcription kit (RR047A, Takara, Japan). Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed utilizing SYBR Green Master Mix (RR820A, Takara, Japan) on the iCycler iQ system (Bio-Rad, USA). The thermal cycling program was 30 s at 95°C for enzyme activation, 40 cycles of denaturation at 95°C for 5 s, and annealing and extension at 60°C for 30 s. The comparative cycle threshold method was used to determine relative mRNA gene expression as normalized by the GAPDH housekeeping gene. There were three technical replicates for each sample. All primers were synthesized by Qiagen (Beijing, China) as follows:

Angptl4: 5′-GAGGTCCTTCACAGCCTGCA-3′;

5′-TGGGCCACCTTGTGGAAGAG-3′

Slc27a2: 5′-TCGGTTCCTGAGGATACAAGAT-3′;

5′-GGGTCACTTTGCGGTGTTTA-3′

UCP1:    5′-ACTGCCACACCTCCAGTCATT-3′;

5′-CTTTGCCTCACTCAGGATTGG-3′

GAPDH: 5′-CATGGCCTTCCGTGTTCCTA-3′;

5′-GCGGCACGTCAGATCCA-3′



Serum Analysis

Fasting blood glucose was performed in unanesthetized mice by tail bleeding. Blood glucose was measured with a glucometer.

Triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), high-density lipoprotein cholesterol (HDL-c) (Roche Diagnostics GmbH, Mannheim, Germany), and free fatty acid (FFA) (DiaSys Diagnostic Systems GmbH, Holzheim, Germany) in serum were measured using commercial kits (26).

The levels of superoxide dismutase (SOD) and glutathione (GSH) in mouse serum were measured using superoxide dismutase assay kit (A001-3, Nanjing Jiancheng Bioengineering Institute, China) and glutathione assay kit (A006-2, Nanjing Jiancheng Bioengineering Institute, China).



RNA-Sequencing Analysis

Isolated RNA of mouse BAT was used for RNA-seq analysis. cDNA library construction and sequencing were performed by the Wuhan BGI using the BGISEQ-500 platform (China). High-quality reads were aligned to the mouse reference genome using Bowtie2 (China). Expression levels for each of the genes were normalized to fragments per kilobase of exon model per million mapped reads (FPKM) using RNA-seq by Expectation-Maximization (RSEM). Differentially expressed genes (DEGs) were defined by a fold change ≥2 and a false discovery rate (FDR)-corrected p < 0.05. Pathway analysis, predominantly based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, was used to determine the significant functions and pathways of DEGs. Only pathway categories with an FDR-corrected p < 0.05 were considered as significantly enriched (27).



Statistical Analysis

Continuous data have been presented as mean ± SEM. The normality of values was tested. If values followed a normal distribution, then data were analyzed with student's t-test for two independent samples. If not, the Mann-Whitney U test was performed. The statistical significance level for all the tests was set at a two-sided p < 0.05. All analyses were performed using SPSS software (SPSS Statistics version 25, IBM Corporation, USA).




RESULTS


Basic Characteristics

The body weight of mice remained stable during CIH and did not differ from control conditions (Table 1). Based on the diet-induced obesity in the control group, the effect of CIH on body weight may be blunted. After 8-week CIH exposure, mice of the CIH group had higher levels of blood glucose (Table 1).


Table 1. Basic characteristics of mice exposed to CIH or control.
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CIH Induced BAT Activation in Atherosclerosis

The study primarily proved that CIH exacerbated atherosclerosis in ApoE−/− mice. We stained the whole aorta with oil red O and the aortic root cross-sections with HE to identify atherosclerotic lesions and found atherosclerotic lesions increased in the CIH group, compared with the control group (Figures 1A–D). Immunohistochemical analysis showed that CD68 positive area, α-SMA positive area, and Masson structures in atherosclerotic plaques were significantly increased after 8 weeks of CIH exposure (Figures 1E–J). These findings showed that CIH accelerated atherosclerosis progressing in ApoE−/− mice, which is consistent with previous findings of the effect of CIH on atherosclerosis (5–7).


[image: Figure 1]
FIGURE 1. Eight-week exposure of CIH-induced atherosclerosis in ApoE−/− mice. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) Representative photographs of whole aorta plaque that were stained with Oil Red O. (B) Plaque area as a percentage of the total area in Oil Red O staining. (C) Representative photographs of plaque in aorta roots that were stained with HE staining. Dashed lines encircle atherosclerotic plaques. (D) Lesion area in HE staining. (E) Representative photographs of aortic root sections that were immunostained with CD68. (F) The quantification of macrophages in aorta plaque. (G) Representative photographs of aortic root sections that were immunostained with α-SMA. (H) The quantification of smooth muscle cells in aorta plaque. (I) Representative photographs of aortic root sections that were stained with Masson. (J) The quantification of collagen in aorta plaque. Three serial sections were quantified for each sample. n = 7. Data were presented as mean ± SEM. * CIH vs. control p < 0.05.


Afterward, we made a histological analysis of BAT and found an activated phenotype in CIH-treated BAT. BAT HE staining showed that the adipocyte sizes were smaller in CIH-exposed adipose tissues compared with controls (Figure 2A). This histological analysis supported an activated phenotype in CIH-exposed BAT. Immunohistochemical analysis showed that the UCP1 positive area of BAT was increased in the CIH group (Figures 2B,C). Western blotting also showed higher UCP1 protein levels in the BAT of the CIH group (Figures 2D,E). Consistently, the UCP1 mRNA level also significantly increased in the BAT of the CIH group (Figure 2F). All these data indicate that CIH exposure increased the expression level of UCP1 which is the hallmark of BAT activation. These findings showed that CIH augments BAT activation during the process of atherosclerosis formation.


[image: Figure 2]
FIGURE 2. Eight-week exposure of CIH-induced BAT activation in ApoE−/− mice. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) Representative photographs of BAT that were stained with HE. (B) Representative photographs of BAT that were immunostained with UCP1. (C) The quantification of UCP1 positive area percentage in BAT. Three serial sections were quantified for each sample. n = 7. (D) Representative photographs of UCP1 western blotting in BAT. (E) Relative expression level of UCP1 in BAT in western blotting. (F) UCP1 mRNA expression in BAT. n = 5. Data were presented as mean ± SEM. * CIH vs. control p < 0.05.




Activation of Lipolysis by CIH Exposure

Atherosclerotic plaque growth was associated with the disturbance of lipid metabolism and UCP1 has been reported involved in lipid metabolism. Due to this, we measured blood lipid levels. In ApoE−/− mice, exposure to CIH elevated serum levels of TG, TC, and LDL-c (Figures 3A–C). Serum levels of HDL-c were decreased (Figure 3D). Serum levels of FFA were significantly decreased because of an active phenotype of lipolysis (Figure 3E). Compared with wild-type C57BL/6J mice, both control and CIH mice showed the disturbance of lipid indicating that obesity and CIH can lead to increase adipose tissue lipolysis. These findings indicated that UCP1- mediated lipolysis is involved in CIH-induced atherosclerosis.


[image: Figure 3]
FIGURE 3. Hyperlipidemia and lipolysis induced by CIH. Male wild-type C57BL/6J mice as Blank group. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) TG levels in the serum of mice. (B) TC levels in the serum of mice. (C) LDL-c levels in the serum of mice. (D) HDL-c levels in the serum of mice. (E) FFA levels in the serum of mice. n = 6. Data were presented as mean ± SEM. * CIH vs. control p < 0.05. # vs. Blank p < 0.05.




Alteration of Expression Levels of Lipolysis-Associated Gene Products

To explore molecular mechanisms, whole mRNA expression profiling in BAT was analyzed. CIH exposure resulted in noticeable alterations of gene expression patterns with 387 up- and 337 down-regulation of genes (Figures 4A,B). Among them, a nearly three-fold increase of UCP1 expression was detected in CIH-treated BAT compared with the control group. Interestingly, 43 lipolysis and lipid metabolism-associated mRNA of BAT showed different expression profiling between the CIH and control group (Figure 4C). Among them, we validated the genes which play important role in regulating lipoprotein metabolism by RT-PCR. CIH exposure decreased the expression of Angptl4 mRNA in BAT and increased the expression of Slc27a2 mRNA in BAT (Figure 4D).


[image: Figure 4]
FIGURE 4. Alteration of gene expression profiling and the pathway enrichment in ApoE−/− mouse BAT exposed to CIH. Male ApoE−/− mice exposed to normoxia or CIH grouped as control and CIH group. (A) A total of 387 up-regulated genes in BAT of CIH group compared with the control group. (B) A total of 337 down-regulated genes in BAT of CIH group compared with the control group. (C) A total of 43 lipolysis and lipid metabolism-associated mRNA of BAT showed different expression profiling between the CIH and control group. (D) Angptl4 and Slc27a2 mRNA expression in BAT. n = 6. Data were presented as mean ± SEM. * CIH versus control p < 0.05. (E) The top 20 of pathway enrichment based on KEGG was classified according to their functions related to metabolism, lipolysis, and signaling pathways. Calcium signaling pathway (with 20 genes), MAPK signaling pathway (with 25 genes), and adrenergic signaling pathway (with 16 genes) include the most gene number among the significantly enriched pathways. KEGG indicates Kyoto Encyclopedia of Genes and Genomes. n = 3. (F) SOD levels and GSH levels in mouse serum. n = 6. Data were presented as mean ± SEM. * CIH vs. control p < 0.05. SOD indicates superoxide dismutase. GSH indicates glutathione.


Then the top 20 of pathway enrichment was classified according to their functions related to metabolism, lipolysis, and signaling pathways (Figure 4E). Calcium signaling pathway (with 20 genes), MAPK signaling pathway (with 25 genes), and adrenergic signaling pathway (with 16 genes) include the most gene number among the significantly enriched pathways. These data showed that CIH significantly modulated the cellular and molecular components in the BAT microenvironment.

Owing to UCP1 has been reported to induce mitochondria reactive oxygen species (ROS). We measured the production of antioxidant markers such as SOD and GSH of mouse serum. CIH exposure decreased the expression level of SOD and GSH (Figure 4F), indicating that oxidative stress also participating in the process of CIH-induced atherosclerosis and it may act with UCP1.




DISCUSSION

In this work, we provided new insights into the active phenotype of BAT in CIH-induced atherosclerosis and demonstrated that UCP1- mediated lipolysis is involved in this process. First, by using a CIH-induced atherosclerosis mouse model, we demonstrated that BAT is activated with upregulated UCP1. Meanwhile, the disturbance of lipid metabolism and lipolysis were observed along with BAT activation. Finally, we explored the possible molecular mechanisms and pathways of BAT activation which are involved in CIH-induced atherosclerosis. In summary, our data provided novel evidence that BAT activation is involved in CIH-induced atherosclerosis by regulating lipolysis.

Chronic intermittent hypoxia has been widely known as an independent risk factor for atherosclerosis concerning numerous mechanisms including inflammation, oxidative stress, and blood lipid distribution (28). In clinical, it has been reported that OSA is associated with hypercholesterolemia, independent of adiposity, and partially reversible with continuous positive airway pressure therapy, even with no changes in body weight (29, 30). In the animal model, CIH can up-regulate the sterol regulatory element-binding protein-1 (SREBP-1) and stearoyl-CoA desaturase-1 (SCD-1), increase the level of cholesterol esters and triglycerides (7, 31). In our study, we observed the increased level of serum TC, TG, and LDL-c in ApoE−/− mice exposed to CIH, accompanied by accelerated atherosclerosis. These findings all supported that CIH plays a major role in the pathogenesis of the dysregulation of lipid metabolism. However, the precise mechanism by which CIH induces dyslipidemia is not well understood.

Brown adipose tissue is the main site of adaptive thermogenesis. Brown adipocytes contain many mitochondria with a high oxidative capacity and have UCP1 in their inner membrane. UCP1, which is only expressed in brown adipocytes, is a biomarker of BAT activation (18). Each brown adipocyte is in close proximity to a nerve ending that releases norepinephrine on sympathetic stimulation (32). Norepinephrine subsequently binds to the β3- adrenergic receptor on the membrane of the brown adipocyte (33). It is known that the sympathetic system is over-activated in CIH leading to an increased level of norepinephrine, which acts on the β3- adrenergic receptors (10, 11). However, whether the activated sympathetic system can affect BAT activation in CIH has not been explored. Then in our study, after 8-week CIH exposure, we found the activation of β3- adrenergic receptors in BAT (Supplementary Figure 1), and the level of UCP1 protein and mRNA was increased in BAT. The present study demonstrated that BAT is activated in CIH-induced atherosclerosis.

Upon BAT activation, intracellular lipolysis causes depletion of intracellular triglyceride stores that subsequently need to be replenished via de novo lipogenesis and via the uptake of FA from the circulation, mainly via selective delipidation of TG-rich lipoproteins (TRLs) through the hydrolyzing action of lipoprotein lipase (LPL). The released FA are taken up by cluster of differentiation 36 (CD36) and FA transport proteins (FATP) and stored in the lipid droplets as TG again in brown adipocyte (34). Then the activation of protein kinase A (PKA) in brown adipocytes enhances the activity of lipolytic enzymes that are associated with the intracellular lipid droplets, leading to the release of FA that enters the mitochondria for β-oxidation. In this study, we found the mRNA level of angiopoietin-like protein 4 (Angptl4), a potent inhibitor of the LPL activity (35), was downregulated and Slc27a2, the subunit of FATP, was upregulated in BAT of the CIH group. These all indicated that in CIH BAT was prolonged activated and affected lipolysis.

We further explored the function of BAT activation in CIH-induced atherosclerosis. Berbée et al. (36) proved that BAT activation increases lipolytic processing and hepatic clearance of lipoproteins, ameliorates dyslipidemia, and prevents atherosclerosis in E3L.CETP mice. However, BAT activation did not protect ApoE−/− and Ldlr−/− mice from atherosclerosis (36). Conversely, the study of Sui et al. reported that β3-adrenergic receptor agonist activated BAT and increase plasma levels of both LDL-c and very LDL-c remnants in ApoE−/− mice. This phenomenon is dependent on thermogenesis-triggered lipolysis. Genetic deletion of UCP1 completely abrogates dyslipidemia (24). Meanwhile, in various cold environments, BAT activation also has different effects on atherosclerosis (21). All these studies suggested that BAT activation owns complex functions. The study of Dong et al. reported that BAT activation in 4°C promoted lipolysis and atherosclerosis in ApoE−/− mice and Ldlr−/− mice. Deletion of UCP1 completely protected mice from cold-induced atherosclerotic lesions (22). This contradictory phenomenon has been explained by the study of Hoeke G et al. because an intact apoE-LDLR pathway is crucial for the cholesterol-lowering, wherein after BAT activation, the lipid metabolism mode of ApoE−/− and Ldlr−/− mice would be different from that of E3L.CETP mice (37). In the present study, we also found that serum TC, TG, LDL-c, and FFA were increased, accompanied by BAT activation in ApoE−/− mice exposed to CIH. RNA-Sequencing analysis revealed that 43 lipolysis and lipid metabolism-associated mRNA of BAT were affected by CIH. These data supported that regulating lipolysis may be one of the mechanisms in which BAT activation affects atherosclerosis in CIH.

Finally, we further analyzed the DEGs between the control group and the CIH group and determine the significant functions and pathways of DEGs by KEGG. The calcium signaling pathway, MAPK signaling pathway, and adrenergic signaling pathway include the most gene number among the significantly enriched pathways. It has been reported that calcium overload on mitochondria can induce brown adipose dysfunction (38). P38-MAPK and adrenergic pathway have been reported involved in BAT activation in a previous study (37, 39). This results in the activation of adenylyl cyclase to produce cyclic AMP that activates PKA to phosphorylate the lipolytic enzymes adipose triglyceride lipase, hormone-sensitive lipase, and monoglycerol lipase, leading to increased intracellular lipolysis. FA that is released subsequently enter the mitochondria where they are broken down into substrates for the citric acid cycle, leading to activation of the electron transport chain and uncoupled respiration through UCP1 that results in the generation of heat instead of ATP (12). These data indicated that the calcium signaling pathway, MAPK signaling pathway, and adrenergic signaling pathway play the most important role in CIH-induced BAT activation.

The present study has several limitations. First, we observed BAT activation accompanied by lipolysis in CIH. Though UCP1 has been recognized as the biomarker of BAT activation, it is still an indirect indicator. Additionally, the mechanism of how BAT activation contributed to lipolysis in CIH was poorly understood. Other physiological processes which were associated with lipolysis during BAT activation, such as hepatic cholesterol synthesis and taking up of glucose in brown adipocytes, need to be further explored. Therefore, further investigation is needed to confirm the DEGs which were found by RNA-Sequencing regulate BAT activation and lipolysis in CIH. Second, we speculated other pathways may be involved in the BAT activation in CIH by KEGG analysis. In the future, these pathways need further investigation.

In conclusion, this study first demonstrated that BAT activation is involved in the progression of CIH-induced atherosclerosis, possibly by stimulating lipolysis.
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