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Caspase-1 as a regulatory molecule of lipid metabolism

Meseret Derbew Molla1  , Birhanu Ayelign2  , Gashaw Dessie1  , Zeleke Geto3   and Tesfahun Dessale Admasu1  
(1)Department of Biochemistry, School of Medicine, College of Medicine and Health Sciences, University of Gondar, Gondar, Ethiopia

(2)Department of Immunology and Molecular Biology, School of Biomedical and Laboratory Science, College of Medicine and Health Sciences, University of Gondar, Gondar, Ethiopia

(3)National Reference Laboratory for Clinical Chemistry, Ethiopian Public Health Institute, Addis Ababa, Ethiopia

 

 
Meseret Derbew Molla (Corresponding author)
Email: messidrm19@gmail.com

 
Birhanu Ayelign
Email: birhanuayelign42@gmail.com

 
Gashaw Dessie
Email: dessiegashaw@yahoo.com

 
Zeleke Geto
Email: zegetdm@gmail.com

 
Tesfahun Dessale Admasu
Email: dessaletesfahun@gmail.com



Received: 6 September 2019Accepted: 3 March 2020Published online: 6 March 2020
Abstract
Caspase-1 is an evolutionarily conserved inflammatory mediated enzyme that cleaves and activates inflammatory cytokines. It can be activated through the assembly of inflammasome and its major effect is to activate the pro-inflammatory cytokines; interleukin 1β (IL-1β) and interluekine-18 (IL-18). In addition to IL-1β and IL-8, several lines of evidence showed that caspase-1 targets the substrates that are involved in different metabolic pathways, including lipid metabolism. Caspase-1 regulates lipid metabolism through cytokine dependent or cytokine independent regulation of genes that involved in lipid metabolism and its regulation. To date, there are several reports on the role of caspase-1 in lipid metabolism. Therefore, this review is aimed to summarize the role of caspase-1 in lipid metabolism and its regulation.
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Introduction
Caspases are a protein cleaving molecules grouped under the family of cysteine proteases that cleave their substrates following an aspartic acid (Asp) residue [1]. Their major role is to mediate programmed cell death since over expression of all catalytically active caspases can induce apoptosis [2]. It is also proved that caspase mediates the process of proliferation and inflammation [3]. Based on their function, caspases can be grouped into two major categories as apoptotic mediators (caspase-2, 3, 6, 7, 8, 9 and 10) and inflammatory mediators (caspase-1, 4 and 5) [4]. Inflammatory mediator caspases are a group of caspases that activate pro-inflammatory cytokines, which involved in the initiation of inflammation [5]. Inflammatory mediator caspases can also involve in cell death, particularly during metabolic disorders to overcome the stimulatory materials [6]. The most well-characterized inflammatory caspase is caspase-1, which is very important for the regulation of pro-inflammatory cytokines, such as IL-1β and IL-18 activation [7]. It was the first caspase reported as a protease in 1989 [8]. After 3 years in 1992, caspase-1 purified, cloned and sequenced, and found to be a new protein [9]. The caspase-1 expression is high in immune organs, such as spleen, lymph nodes and thymus due to their inflammatory mediated immune response following infection or damaged tissues [5]. Caspase-1 also expressed in adipose tissue, liver, and intestine because of their own immune privilege activity [10, 11]. These tissues are very important for energy metabolism [10]. Like other caspases, caspase-1 also presents as pro-caspase-1 or zymogen form in the tissue. Pro-caspase-1 gets activated by the proteolytic process through the assembly of cytosolic multi-protein complexes known as inflammasome [12].
Inflammasome assembly is an immediate multiprotein complex formation due to pathogen associated molecular patterns (PAMPs) or damage associated molecular patterns (DAMPs) detection through pattern recognition receptors (PRRs). This coordinates the host immune response against the danger sign through the activation of pro-inflammatory cytokines, such as IL-1β and IL-18 [12, 13]. Classical inflammasome complex contains three components; nucleotide-binding domain–like receptors (NLRs), absent in melanoma 2–like receptors (ALRs) or pyrin and the effector caspase (pro-caspase-1) [5]. Nucleotide-binding domain–like receptors are a cytosolic sensor, which detects microbial products or stress signals. Absent in melanoma 2–like receptors (ALRs), or pyrin, is an adaptor protein, which connects NLRs and the effectors. The NLR-associated N-terminal pyrin domain (PYD) interacts with the PYD of the apoptosis-associated speck-like protein containing a caspase recruitment domain (CARD) (ASC). Then the CARD domain of ASC interacted with the effector caspase (pro-caspase-1),which will be cleaved and activated itself and will further activate the target substrates to coordinate cellular activities [14, 15]. The most common and well-understood inflammasome is NLRP3 inflammasome also called NALP3 or cryopyrin, which activates by various PAMPs and DAMPs [16]. Some of these are uric acid crystals associated with Gout [17], extracellular adenosine triphosphate (ATP), calcium channel affecting marine toxin maitotoxin [18], ceramides [19], bacterial ribonucleic acid (RNA) [20], increased plasma free fatty acid [21, 22], high blood glucose level [23], and islet amyloid polypeptide [24]. Caspase-1 activation by these stimuli is the main intracellular danger sign; then, the target substrate will be activated and mediated the inflammatory process [25].
The main role of caspase-1 is activation of pro-inflammatory cytokine genes (pro IL-1β and pro IL-18) to express IL-1β and IL-18 protein, commonly called IL-1 converting enzyme because of its activity [8, 26]. On the other hand, it also brings inflammatory induced cell death or lytic form of programmed cell death called pyroptosis through proteolytic activation of Gasdermin D [27]. It is characterized by cellular lysis, the release of intracellular components, and inflammatory response, which is different from apoptosis and necrosis [15]. Caspase-1 can also associate with metabolic regulations, such as glucose homeostasis, body weight maintenance and lipid metabolism [28]. Caspase-1 regulates glucose metabolism by cleaving some of the glycolytic enzymes like aldolase, glyceraldehyde phosphate dehydrogenase, triose-phosphate isomerase, enolase and pyruvate kinase [29]. Similarly, it also regulates lipid metabolism through different mechanisms that can be cytokine-dependent or direct activation of regulatory transcriptional factors that involved in lipid metabolism [28]. However, the role of caspase-1in lipid metabolism has not yet been clearly addressed. Therefore, this review aimed to evaluate the non-canonical role of caspase-1, particularly on lipid metabolism.
Role of caspase-1 in lipid metabolism
Affecting caspase-1 activity may lead to an imbalance in blood glucose homeostasis and lipid metabolism [30]. This is mainly because of two major reasons: caspase-1 regulates insulin sensitivity, and Il-1β and IL-18 regulates energy homeostasis. In support of this it has been shown that caspase-1 deficient mice develops obesity [3]. Lipid metabolism, following acute inflammation is to support innate immunity by activating lipid signaling involved in host immune system as well as redirecting lipoproteins to the sites of injuries [31]. However, chronic inflammation leads to severe changes in lipid metabolism, which leads to chronic disorders, such as atherosclerosis, obesity, type two diabetes mellitus, and other metabolic disorders [31, 32]. Caspase-1 activation through inflammasome is the main regulator of adipocyte function. Obesity induces inflammation and hence regulates caspase-1 activity. White adipose tissue (WAT) is the most relevant inflamed tissue caused by obesity-associated inflammation that promotes systemic inflammation and metabolic abnormalities due to suppression of insulin secretion and signaling [33]. On the other hand, caspase-1 deficient mice had reduced WAT mass with increased feces compared to the wild type mice, both consuming high fat diet [11]. This may suggest that caspase-1 can have a role in lipid absorption and de novo TG synthesis in the liver. Caspase-1 can also regulate lipid metabolism by a direct transcriptome effect with unclear mechanisms leading to the increment of serum TG level, limit action of adipocyte differentiation, and increment of insulin resistance [34]. Recent experimental findings also showed that IL-18 signaling (caspase-1 targeted substrate) lacked mice results impaired fat oxidation and ectopic lipid accumulation in skeletal muscles [35]. Thus, the effect of caspase-1 in lipid metabolism can be cytokine mediated or other multiple mechanisms.
Experimental investigations indicated that caspase-1 deficient mice had IL-1β or IL-18 signaling independent accelerated triglyceride (TG) clearance without alteration in lipid production and absorption, which will result in the decrease of steady-state circulating TG and fatty acid (FA) levels [28]. To the contrary, other research findings showed that caspase-1deficient mice had decreased TG absorption and hepatic very low density lipoprotein-triglyceride (VLDL-TG) production without reducing VLDL-apoprotein B (VLDL-apoB) production [11]. It had also reduced the uptake of TG derived FA in the liver, muscle and adipose tissue, with no effect on FA oxidation or FA uptake rather reducing intracellular FA transport, then leading to the shortage of lipid availability for the assembly and secretion of TG rich lipoproteins [11]. Therefore, caspase-1 has a different effect on lipid metabolism through various mechanisms (Fig. 1). From here, we take account that role of caspase-1 on lipid metabolism may be complicated with caspase-11 since Dixit VM and colleagues published that caspase-1 deficient mice may have defects in caspase-11. In addition, caspase-1 and caspase-11 are too close in the genome to be segregated by recombination, and caspase-11 coordinates both caspase-1 dependent and independent activities [13]. However, non-canonical stimulation of NLRP3 is critical for activation of caspase-1 but not caspase-11, which suggests that caspase-1 and caspase-11 can have distinct activators and target substrates. Therefore, we generalized that caspase-1 could have caspase-11 independent effect on lipid metabolism. And it will be further clarified in the upcoming studies.
[image: A12944_2020_1220_Fig1_HTML.png]
Fig. 1effect of caspase-1 in lipid metabolism.




*Caspase-1 can activate pro inflammatory cytokines and different transcriptional factors that involve in lipid metabolism. It activates pro IL-1β and IL-18, SREBPS, and FABP. And it inhibits the activation of SIRT1, PGC1α, and PGC1β to obstruct the target metabolic process. The activation of IL-1β and IL-18 promotes insulin resistance/beta cell dysfunction, decrease lipolysis/TG uptake and interferes adipocyte differentiation. The activation of SREBPS promotes the biosynthesis of cholesterols, TGs, phospholipids, and FAs. Activation of FABP manipulates lipid absorption and VLDL secretion. Active caspase-1 also decreases the biosynthesis of mitochondria via inactivation of PGC1α and PGC1β. Target substrates of SIRT1 also inactivates by active caspase-1 by inhibition of SIRT1. IL-1β, interleukin 1β: IL-18, interleukin 18: SREBPS, Sterol Regulatory Element-Binding Proteins: FABP, Fatty acid binding protein: SIRT1, sirtiun1: PGC1α, and PGC1β, peroxisome proliferator-activated receptor γ co-activator 1 family: TG, triglyceride: VLDL, very low density lipoprotein.

Effect of caspase-1 in lipid absorption
The small intestine is the site of dietary fat absorption [36], and TG is the main dietary form of lipids [37]. The formation of mixed micelle from the end products of fat and bile salts can be absorbed at the brush border of enterocyte through passive diffusion or protein translocation mechanism [38]. Van Deepen et al. showed that caspase-1 deficient mice have increased feces with high FFA level with normal cholesterol and phospholipids and low WAT mass compared to the wild type mice, both consuming high fat diet. This suggests that caspase-1 deficiency can be related to lipid malabsorption or reduced intestinal FA absorption [11]. In their experiment, gene analysis of caspase-1 deficient mice showed that reduced fatty acid binding protein1 (FABP1) expression with no effect on the expression of CD 36, apoB (both hepatic and intestinal), and Microsomal triglyceride transfer protein (Mttp) [11]. This may result in reduced TG-rich lipoproteins secretion by decreasing intracellular FA transport without affecting the genes that involve in absorption as well as apoB secretion [11]. The fatty acid binding protein (FABP) is an important intracellular FA transporter protein used to carry intracellular hydrophobic FAs and monoacyleglycerol across the aqueous cytosol to the endoplasmic reticulum [39, 40]. The assembly of chylomicrons and lipidation of apoB takes place at endoplasmic reticulum and Golgi apparatus [36]. Fatty acid binding protein expression in the intestine can be liver type FABP/ FABP1 or intestinal type FABP/ FABP2. The latter is tissue specific whereas the former can also express in the liver and the kidney [36]. Microsomal triglyceride transfer protein is a very important protein for the assembly of chylomicrons and VLDL [40]. In contrast, other research finding showed that low plasma TG level in caspase-1 deficient mice was due to the increase of TG clearance, not the defect in intestinal FA absorption, chylomicron TG secretion, or intestinal absorption [28]. Here, we hypothesized that the contrary result may be due to confounding effects, experimental setup differences or the use of different composition of fat diet.

Effect of caspase-1 in lipid transportation
Plasma TG level is determined by intestinal lipid absorption, hepatic VLDL secretion, and lipoprotein lipase (LPL) activity in the circulation. Both Van Diepen et al and Kotas et al tried to check whether caspase-1 had a role in the regulation of plasma TG level or not. Both of them found a low level of TG in the circulation of caspase-1 deficient mice compared to the wild type, but their justification was opposite [11, 28]. Van Diepen et al state that the defect in intestinal lipid absorption and hepatic VLDL secretion is the reason for the reduction of plasma TG in caspase-1 deficient mice. To the contrary, Kotas et al show the reduction of plasma TG is due to the accelerated clearance in the circulation, not the absorption or the secretion. The discrepancies between studies might be due to the reagents they used for the inhibition of LPL (Van Diepen et al use triton, and Kotas et al poloxamer).
Other studies also showed that pro-inflammatory mediated cytokine activation following infection results hypertriglyceridemia through the inhibition of LPL activity [41, 42]. Here, we suggested that caspase-1 activation can result hypertriglyceridemia. This is because of activation of IL-1β and IL-18, which are among pro-inflammatory mediated cytokine and can be activated by caspase-1. Other findings also showed that IL-1β activation/maturation affects insulin activity, which further results in decreasing the activity of LPL (stimulated by insulin) in the circulation, leading to increased plasma TG level and reduced plasma TG clearance [43]. Although the researcher did not clearly show caspase-1engegment, they stated that IL-1β activation (main target substrate of caspase-1), and we can suggest that there were effect of caspase-1 in this result. Caspase-1 interferes with insulin signaling on liver and adipose tissue and insulin production; hence, inflammasome activation of macrophage at the pancreatic β cell leads to IL-1β activation, which further results in β cell dysfunction and death [44, 45]. We can generalize that caspase-1 can have physiological role in the regulation of plasma TG clearance and peripheral tissue FA uptake through different mechanisms.

Effect of caspase-1 in lipogenesis
Lipogenesis is the process of FA synthesis followed by TG synthesis by the esterification of glycerol with FA mainly in adipose tissue and liver during high carbohydrate diet consumption [46, 47]. Lipogenesis is stimulated by high blood glucose level and insulin for the purpose of fat storage in the form of TG [47]. High blood glucose level also activates caspase-1, which results IL-1β maturation in the adipose tissue and the liver [23]. Mature IL-1β interferes with insulin signaling and decreasing the expression of insulin signaling, leading to the decline of lipogenesis and fat accumulation [48]. In addition, IL-1β can also interfere with insulin production in the pancreatic β cells and can result in reduced lipogenesis [49]. Interlekuin-1β also inhibits the differentiation of adipocyte [50]; hence, adipogenesis or adipocyte differentiation improves by the inhibition of IL-1 signaling or caspase-1 activation.
Some other researchers have been reported that caspase-1 directly cleave the genes that involve in lipid metabolism, such as sterol regulatory element binding proteins (SREBPs) [51, 52], Peroxisome proliferator–activated receptor γ (PPARγ) [53], and the inactivation of PGC1α and PGC1β gene expression at adipose tissue, which are very important for mitochondrial biosynthesis and energy expenditure [54]. The expression of PGC1α and PGC1β gene are high in caspase-1 deficient mice [55]. Furthermore, active caspase-1 also cleaves and inactivates SIRT1 to indorse metabolic disorders [56, 57].
Sirtuin1 (SIRT1) is a nuclear NAD+ dependent protein deacetylase, which controls various transcriptional factors and co-factors involved in systemic metabolic homeostasis [58]. Degrading SIRT1 through caspase-1 activation results in the inactivation of the pathway downstream of SIRT1 [56]. In adipose tissue, SIRT1 inactivates the expression of PPARγ to inhibit adipogenesis, to promote fat mobilization [59], and to improve insulin sensitivity by deacetylating nuclear factor kappaB (NFκB) [60]. In the liver, SIRT1 also deacetylates and inactivates SREBP1 which leads to a decrease in FA and cholesterol biosynthesis during fasting [61, 62].
Sterol Regulatory Element-Binding Proteins are a subclass of basic helix–loop–helix–leucine zipper (bHLH-LZ) transcription factors that regulate gene expression involved in the biosynthesis of cholesterols, TGs, phospholipids, and FAs [63]. In mammals including humans, there are two SREBP genes (SREBP-1 and -2) that express three major SREBP proteins (SREBP-1a, SREBP-1c and SREBP-2) [64]. Different research findings showed that caspase-1 had a direct role on it. Caspase-1 activation of SREBPs promote cell survival through lipid metabolism following pore forming bacterial toxins by facilitating membrane repair [51]. Caspase-1 deficient mice have reduced expression of SREBP-1 both in the liver and intestine. Similarly, expression of hepatic SREBP-1c and intestine SREBP-2 and their downstream gene fatty acid synthase (fasn) is decreased in caspase-1 deficient mice [11]. fasn is an important regulator of fatty acid synthesis and lipogenesis [65]. Therefore, caspase-1 activation is one of the main regulators of lipogenic genes involved in TG as well as cholesterol metabolism.

Effect of caspase-1 in lipolysis and β-oxidation
Lipolysis is the process of releasing FFA and glycerol from stored TG during starvation or prolonged exercise [66]. Insulin signaling is an important regulator of lipolysis. Caspase-1 activates pro IL-1 β and active IL-1 β inhibits insulin signaling pathways [49, 67]. Inflammatory cytokines, such as tumor necrotizing factor α (TNFα) and IL-1β induce lipolysis independent of catecholamine-induced lipolysis in adipose tissue [68, 69]. On the other hand, IL-18 (one of the substrate for caspase-1) has an opposite effect to IL-1β [49] and anti-obese effect to prevent metabolic dysfunction [70]. Interlekuin-18 deficient or IL-18 receptor knockout (Il18r1−/−) mice have obesity associated insulin resistance during high fat/protein diet [71, 72]. Maturation of IL-18 by NLRP1 inflammasome prevents obesity and metabolic syndrome by increasing insulin sensitivity and peripheral FA uptake [70], but most commonly IL-1β masks the activity of IL-18 during systemic inflammation.
Surprisingly, another study showed that the expression of genes involved in FA oxidation in both the wild type and caspase-1 deficient mice are the same [11]. The genes that checked were peroxisome proliferator activated receptor alpha (Ppara), PPAR-gamma coactivator1-beta (Ppargc1b), carnitine palmitoyltransferase 1 (Cpt1) and mitochondrial Carnitine/acylcarnitine translocase (Slc25A50) [11]. In line with this, in vivo intravenous injection of active IL-1 family to mice did not associate with the increment of serum FFA, which indicates that lipolysis is not stimulated by it [41]. The discrepancies between studies may be due to experimental setup variations, differences in the compositions of dietary fat (atherogenic diet) that they used, or differences in the microbiome of animals between facilities that could contribute to the phenotype discrepancy since gut microbiome homeostasis can be regulated by inflammasomes and IL-18. Although different researchers found different results, caspase-1 and the inflammasome directly or indirectly have a physiological role in energy and lipid metabolism.


Conclusion
Caspase-1 is a well-known and well-studied inflammatory mediated caspase which cleaves and activates the inflammatory cytokines; proIL-1β and proIL-18. The activation of caspase-1 itself mediated through the assembly of multimeric protein complex called inflammasome, which stimulates by different PAMPs and DAMPs. Caspase-1 can involve in the metabolism of TG through the activation of cytokines, like IL-1β and IL-18. IL-1β affects TG metabolism by interfering insulin signaling and production. It can also directly inhibit LPL in the circulation. IL-18 has physiological significance by increasing insulin sensitivity and protecting metabolic dysfunction. Most researchers found opposite effect with IL-1β, but masked by IL-1β during inflammatory disorders. Caspase-1 deficient mice resulted in increased TG clearance from the circulation without the involvement of IL-1β and IL-18 metabolism. In contrast, other findings show the effect of caspase-1 in intestinal TG absorption and hepatic lipid secretion without a change in TG clearance. It can also activate or inactivate some genes that involve in TG metabolism, such as FASN, SREBP, PPARγ, PGC1α and PGC1β. In addition, it can cleave and inactivate SIRT1 to inhibit its targeted metabolic pathways.

Acknowledgements
Not applicable.
Availability of data and material
All available data’s and material are found in the manuscript.


Authors’ contributions
MDM: Conceived the design, searching the literature, drafting the manuscript; BA, ZG, TS, GD, and TDA: searching literature, supervising and critical review of the manuscript. All authors read and approved the final manuscript for publication.

Funding
No grant is received.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no any competing interest.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

References
1.
Wilson KP, Black J-AF, Thomson JA, Kim EE, Griffith JP, Navia MA, et al. Structure and mechanism of interleukin-lβ converting enzyme. Nature. 1994;370(6487):270–5.PubMed

2.
ANNAND RR, DAHLEN JR, SPRECHER CA, Piet D, FOSTER DC, MANKOVICH JA, et al. Caspase-1 (interleukin-1β-converting enzyme) is inhibited by the human serpin analogue proteinase inhibitor 9. Biochem J. 1999;342(3):655–65.PubMedPubMedCentral

3.
Wang H, Capell W, Yoon J, Faubel S, Eckel R. Obesity development in caspase-1-deficient mice. Int J Obes. 2014;38(1):152–5.

4.
McIlwain DR, Berger T, Mak TW. Caspase functions in cell death and disease. Cold Spring Harb Perspect Biol. 2013;5(4):a008656.PubMedPubMedCentral

5.
Kumaresan V, Ravichandran G, Nizam F, Dhayanithi NB, Arasu MV, Al-Dhabi NA, et al. Multifunctional murrel caspase 1, 2, 3, 8 and 9: conservation, uniqueness and their pathogen-induced expression pattern. Fish Shellfish Immunol. 2016;49:493–504.PubMed

6.
Fernández DJ, Lamkanfi M. Inflammatory caspases: key regulators of inflammation and cell death. Biol Chem. 2015;396(3):193–203.

7.
Martinon F, Tschopp J. Inflammatory caspases and inflammasomes: master switches of inflammation. Cell Death Differ. 2007;14(1):10–22.PubMed

8.
Black RA, Kronheim SR, Merriam JE, March CJ, Hopp TP. A pre-aspartate-specific protease from human leukocytes that cleaves pro-interleukin-1 beta. J Biol Chem. 1989;264(10):5323–6.PubMed

9.
Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, et al. A novel heterodimeric cysteine protease is required for interleukin-1βprocessing in monocytes. Nature. 1992;356(6372):768–74.PubMed

10.
Stienstra R, van Diepen JA, Tack CJ, Zaki MH, van de Veerdonk FL, Perera D, et al. Inflammasome is a central player in the induction of obesity and insulin resistance. Proc Natl Acad Sci. 2011;108(37):15324–9.PubMed

11.
Van Diepen JA, Stienstra R, Vroegrijk IO, Van den Berg SA, Salvatori D, Hooiveld GJ, et al. Caspase-1 deficiency in mice reduces intestinal triglyceride absorption and hepatic triglyceride secretion. J Lipid Res. 2013;54(2):448–56.PubMedPubMedCentral

12.
Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform triggering activation of inflammatory caspases and processing of proIL-β. Mol Cell. 2002;10(2):417–26.PubMed

13.
Kayagaki N, Warming S, Lamkanfi M, Walle LV, Louie S, Dong J, et al. Non-canonical inflammasome activation targets caspase-11. Nature. 2011;479(7371):117–21.PubMed

14.
von Moltke J, Ayres JS, Kofoed EM, Chavarría-Smith J, Vance RE. Recognition of bacteria by inflammasomes. Annu Rev Immunol. 2013;31:73–106.

15.
Sharma D, Kanneganti T-D. The cell biology of inflammasomes: mechanisms of inflammasome activation and regulation. J Cell Biol. 2016;213(6):617–29.PubMedPubMedCentral

16.
Strowig T, Henao-Mejia J, Elinav E, Flavell R. Inflammasomes in health and disease. Nature. 2012;481(7381):278–86.PubMed

17.
Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric acid crystals activate the NALP3 inflammasome. Nature. 2006;440(7081):237–41.PubMedPubMedCentral

18.
Mariathasan S, Weiss DS, Newton K, McBride J, O'rourke K, Roose-Girma M, et al. Cryopyrin activates the inflammasome in response to toxins and ATP. Nature. 2006;440(7081):228–32.PubMed

19.
Vandanmagsar B, Youm Y-H, Ravussin A, Galgani JE, Stadler K, Mynatt RL, et al. The NLRP3 inflammasome instigates obesity-induced inflammation and insulin resistance. Nat Med. 2011;17(2):179–88.PubMedPubMedCentral

20.
Kanneganti T-D, Özören N, Body-Malapel M, Amer A, Park J-H, Franchi L, et al. Bacterial RNA and small antiviral compounds activate caspase-1 through cryopyrin/Nalp3. Nature. 2006;440(7081):233–6.PubMed

21.
Frazzi R. SIRT1 in secretory organ cancer. Front Endocrinol. 2018;9:569.

22.
Miura K, Yang L, van Rooijen N, Brenner DA, Ohnishi H, Seki E. Toll-like receptor 2 and palmitic acid cooperatively contribute to the development of nonalcoholic steatohepatitis through inflammasome activation in mice. Hepatology. 2013;57(2):577–89.PubMedPubMedCentral

23.
Koenen TB, Stienstra R, Van Tits LJ, De Graaf J, Stalenhoef AF, Joosten LA, et al. Hyperglycemia activates caspase-1 and TXNIP-mediated IL-1β transcription in human adipose tissue. Diabetes. 2011;60(2):517–24.PubMedPubMedCentral

24.
Masters SL, Dunne A, Subramanian SL, Hull RL, Tannahill GM, Sharp FA, et al. Activation of the NLRP3 inflammasome by islet amyloid polypeptide provides a mechanism for enhanced IL-1 [beta] in type 2 diabetes. Nat Immunol. 2010;11(10):897–904.PubMedPubMedCentral

25.
Franchi L, Eigenbrod T, Muñoz-Planillo R, Nuñez G. The inflammasome: a caspase-1-activation platform that regulates immune responses and disease pathogenesis. Nat Immunol. 2009;10(3):241–7.PubMedPubMedCentral

26.
Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Van Ness K, Greenstreet TA, et al. Molecular cloning of the interleukin-1β converting enzyme. Science. 1992:97–100.PubMed

27.
Shi J, Gao W, Shao F. Pyroptosis: gasdermin-mediated programmed necrotic cell death. Trends Biochem Sci. 2017;42(4):245–54.PubMed

28.
Kotas ME, Jurczak MJ, Annicelli C, Gillum MP, Cline GW, Shulman GI, et al. Role of caspase-1 in regulation of triglyceride metabolism. Proc Natl Acad Sci. 2013;110(12):4810–5.PubMed

29.
Shao W, Yeretssian G, Doiron K, Hussain SN, Saleh M. The caspase-1 digestome identifies the glycolysis pathway as a target during infection and septic shock. J Biol Chem. 2007;282(50):36321–9.PubMed

30.
Yu Y-H, Ginsberg HN. Adipocyte signaling and lipid homeostasis. Circ Res. 2005;96(10):1042–52.PubMed

31.
Esteve E, Ricart W, Fernández-Real JM. Dyslipidemia and inflammation: an evolutionary conserved mechanism. Clin Nutr. 2005;24(1):16–31.PubMed

32.
Khovidhunkit W, Kim M-S, Memon RA, Shigenaga JK, Moser AH, Feingold KR, et al. Effects of infection and inflammation on lipid and lipoprotein metabolism: mechanisms and consequences to the host. J Lipid Res. 2004;45(7):1169–96.PubMed

33.
Skeldon AM, Faraj M, Saleh M. Caspases and inflammasomes in metabolic inflammation. Immunol Cell Biol. 2014;92(4):304–13.PubMed

34.
Y-f L, Nanayakkara G, Sun Y, Li X, Wang L, Cueto R, et al. Analyses of caspase-1-regulated transcriptomes in various tissues lead to identification of novel IL-1β-, IL-18-and sirtuin-1-independent pathways. J Hematol Oncol. 2017;10(1):40–63.

35.
Lindegaard B, Hvid T, Mygind HW, Hartvig-Mortensen O, Grøndal T, Abildgaard J, et al. Low expression of IL-18 and IL-18 receptor in human skeletal muscle is associated with systemic and intramuscular lipid metabolism-role of HIV lipodystrophy. PLoS One. 2018;13(1):e0186755.PubMedPubMedCentral

36.
Yen C-LE, Nelson DW, Yen M-I. Intestinal triacylglycerol synthesis in fat absorption and systemic energy metabolism. J Lipid Res. 2015;56(3):489–501.PubMedPubMedCentral

37.
Mansbach CM II, Tso P, Kuksis A. Intestinal lipid metabolism. Springer Sci Bus Media. 2011:383–402.

38.
Thomson A, Schoeller C, Keelan M, Smith L, Clandinin M. Lipid absorptions passing through the unstirred layers, brush-border membrane, and beyond. Can J Physiol Pharmacol. 1993;71(8):531–55.PubMed

39.
Neeli I, Siddiqi SA, Siddiqi S, Mahan J, Lagakos WS, Binas B, et al. Liver fatty acid-binding protein initiates budding of pre-chylomicron transport vesicles from intestinal endoplasmic reticulum. J Biol Chem. 2007;282(25):17974–84.PubMed

40.
Hussain MM. Intestinal lipid absorption and lipoprotein formation. Curr Opin Lipidol. 2014;25(3):200–6.PubMedPubMedCentral

41.
Feingold KR, Soued M, Adi S, Staprans I, Neese R, Shigenaga J, et al. Effect of interleukin-1 on lipid metabolism in the rat. Similarities to and differences from tumor necrosis factor. Arterioscler Thromb Vasc Biol. 1991;11(3):495–500.

42.
Glass CK, Olefsky JM. Inflammation and lipid signaling in the etiology of insulin resistance. Cell Metab. 2012;15(5):635–45.PubMedPubMedCentral

43.
Price SR, Mizel SB, Pekala PH. Regulation of lipoprotein lipase synthesis and 3T3-L1 adipocyte metabolism by recombinant interleukin 1. Biochimica et Biophysica Acta (BBA)-molecular. Cell Res. 1986;889(3):374–81.

44.
Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-Jemelka HI, Spinas GA, et al. Glucose-induced β cell production of IL-1β contributes to glucotoxicity in human pancreatic islets. J Clin Invest. 2002;110(6):851–60.PubMedPubMedCentral

45.
Westwell-Roper CY, Chehroudi CA, Denroche HC, Courtade JA, Ehses JA, Verchere CB. IL-1 mediates amyloid-associated islet dysfunction and inflammation in human islet amyloid polypeptide transgenic mice. Diabetologia. 2015;58(3):575–85.PubMed

46.
Kersten S. Mechanisms of nutritional and hormonal regulation of lipogenesis. EMBO Rep. 2001;2(4):282–6.PubMedPubMedCentral

47.
Saponaro C, Gaggini M, Carli F, Gastaldelli A. The subtle balance between lipolysis and lipogenesis: a critical point in metabolic homeostasis. Nutrients. 2015;7(11):9453–74.PubMedPubMedCentral

48.
Jager J, Grémeaux T, Cormont M, Le Marchand-Brustel Y, Tanti J-F. Interleukin-1β-induced insulin resistance in adipocytes through down-regulation of insulin receptor substrate-1 expression. Endocrinology. 2007;148(1):241–51.PubMed

49.
Haneklaus M, O'neill LA. NLRP3 at the interface of metabolism and inflammation. Immunol Rev. 2015;265(1):53–62.PubMed

50.
Stienstra R, Joosten LA, Koenen T, Van Tits B, Van Diepen JA, Van Den Berg SA, et al. The inflammasome-mediated caspase-1 activation controls adipocyte differentiation and insulin sensitivity. Cell Metab. 2010;12(6):593–605.PubMedPubMedCentral

51.
Gurcel L, Abrami L, Girardin S, Tschopp J, van der Goot FG. Caspase-1 activation of lipid metabolic pathways in response to bacterial pore-forming toxins promotes cell survival. Cell. 2006;126(6):1135–45.PubMed

52.
McRae S, Iqbal J, Sarkar-Dutta M, Lane S, Nagaraj A, Ali N, et al. The hepatitis C virus-induced NLRP3 inflammasome activates the sterol regulatory element-binding protein (SREBP) and regulates lipid metabolism. J Biol Chem. 2016;291(7):3254–67.PubMed

53.
He F, Doucet JA, Stephens JM. Caspase-mediated degradation of PPARγ proteins in adipocytes. Obesity. 2008;16(8):1735–41.PubMed

54.
Finck BN, Kelly DP. PGC-1 coactivators: inducible regulators of energy metabolism in health and disease. J Clin Invest. 2006;116(3):615–22.PubMedPubMedCentral

55.
Handschin C, Spiegelman BM. Peroxisome proliferator-activated receptor γ coactivator 1 coactivators, energy homeostasis, and metabolism. Endocr Rev. 2006;27(7):728–35.PubMed

56.
Chalkiadaki A, Guarente L. High-fat diet triggers inflammation-induced cleavage of SIRT1 in adipose tissue to promote metabolic dysfunction. Cell Metab. 2012;16(2):180–8.PubMedPubMedCentral

57.
Yin Y, Li X, Sha X, Xi H, Li Y-F, Shao Y, et al. Early hyperlipidemia promotes endothelial activation via a caspase-1-sirtuin 1 pathway. Arterioscler, Thromb, Vasc Biol. 2015:ATVBAHA;115:305282.

58.
Frye RA. Characterization of five human cDNAs with homology to the yeast SIR2 gene: Sir2-like proteins (sirtuins) metabolize NAD and may have protein ADP-ribosyltransferase activity. Biochem Biophys Res Commun. 1999;260(1):273–9.PubMed

59.
Picard F, Kurtev M, Chung N, Topark-Ngarm A, Senawong T, de Oliveira RM, et al. Sirt1 promotes fat mobilization in white adipocytes by repressing PPAR-γ. Nature. 2004;429(6993):771–6.PubMedPubMedCentral

60.
Yoshizaki T, Milne JC, Imamura T, Schenk S, Sonoda N, Babendure JL, et al. SIRT1 exerts anti-inflammatory effects and improves insulin sensitivity in adipocytes. Mol Cell Biol. 2009;29(5):1363–74.PubMed

61.
Walker AK, Yang F, Jiang K, Ji J-Y, Watts JL, Purushotham A, et al. Conserved role of SIRT1 orthologs in fasting-dependent inhibition of the lipid/cholesterol regulator SREBP. Genes Dev. 2010;24(13):1403–17.PubMedPubMedCentral

62.
Ponugoti B, Kim D-H, Xiao Z, Smith Z, Miao J, Zang M, et al. SIRT1 deacetylates and inhibits SREBP-1C activity in regulation of hepatic lipid metabolism. J Biol Chem. 2010;285(44):33959–70.PubMedPubMedCentral

63.
Jeon T-I, Osborne TF. SREBPs: metabolic integrators in physiology and metabolism. Trends Endocrinol Metabol. 2012;23(2):65–72.

64.
Shao W, Espenshade PJ. Expanding roles for SREBP in metabolism. Cell Metab. 2012;16(4):414–9.PubMedPubMedCentral

65.
Admasu TD, Batchu KC, Barardo D, Ng LF, Lam VYM, Xiao L, et al. Drug synergy slows aging and improves healthspan through IGF and SREBP lipid signaling. Dev Cell. 2018;47(1):67–79.PubMed

66.
Coleman RA, Mashek DG. Mammalian triacylglycerol metabolism: synthesis, lipolysis, and signaling. Chem Rev. 2011;111(10):6359–86.PubMedPubMedCentral

67.
Olefsky JM, Glass CK. Macrophages, inflammation, and insulin resistance. Annu Rev Physiol. 2010;72:219–46.PubMed

68.
Zu L, He J, Jiang H, Xu C, Pu S, Xu G. Bacterial endotoxin stimulates adipose lipolysis via toll-like receptor 4 and extracellular signal-regulated kinase pathway. J Biol Chem. 2009;284(9):5915–26.PubMed

69.
Franchini M, Monnais E, Seboek D, Radimerski T, Zini E, Kaufmann K, et al. Insulin resistance and increased lipolysis in bone marrow derived adipocytes stimulated with agonists of toll-like receptors. Horm Metab Res. 2010;42(10):703–9.PubMed

70.
Murphy AJ, Kraakman MJ, Kammoun HL, Dragoljevic D, Lee MK, Lawlor KE, et al. IL-18 production from the NLRP1 inflammasome prevents obesity and metabolic syndrome. Cell Metab. 2016;23(1):155–64.PubMed

71.
Netea MG, Joosten LA, Lewis E, Jensen DR, Voshol PJ, Kullberg BJ, et al. Deficiency of interleukin-18 in mice leads to hyperphagia, obesity and insulin resistance. Nat Med. 2006;12(6):650–6.PubMed

72.
Lindegaard B, Matthews VB, Brandt C, Hojman P, Allen TL, Estevez E, et al. Interleukin-18 activates skeletal muscle AMPK and reduces weight gain and insulin resistance in mice. Diabetes. 2013;62(9):3064–74.PubMedPubMedCentral



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/contact.gif





OEBPS/A12944_2020_1220_Fig1_HTML.png
Promote adipogenesis

Inhibit fat mobilization

Increase insulin resistance

SIRT J

Caspase-1

Inhibition of lipolysis and TG uptake

Beta cell dysfunction leading to low insulin secretion
Increase insulin resistance

Interfering adipocyte differentiation






