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Psoriasis is a chronic autoinflammatory skin disease associated with multiple comorbidities, with a prevalence ranging from 2 to 3% in the general population. Decades of preclinical and clinical studies have revealed that alterations in cholesterol and lipid metabolism are strongly associated with psoriasis. Cytokines (tumor necrosis factor-α (TNF-α), interleukin (IL)-17), which are important in the pathogenesis of psoriasis, have been shown to affect cholesterol and lipid metabolism. Cholesterol metabolites and metabolic enzymes, on the other hand, influence not only the biofunction of keratinocytes (a primary type of cell in the epidermis) in psoriasis, but also the immune response and inflammation. However, the relationship between cholesterol metabolism and psoriasis has not been thoroughly reviewed. This review mainly focuses on cholesterol metabolism disturbances in psoriasis and their crosstalk with psoriatic inflammation.
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1 Introduction

Psoriasis is a prevalent, persistent, inflammatory skin condition. Psoriasis is estimated to affect approximately 125 million people worldwide (1), with an incidence rate ranging from 30.3 to 321.0 cases per 100,000 person-years (2, 3) and a population prevalence ranging from 0.51% to 11.43% in adults and 0% to 1.37% in children (4). Psoriasis is now widely recognized as a systemic inflammatory disease rather than a merely cutaneous disease. In patients with psoriasis, systemic comorbidities such as cardiovascular diseases, metabolic syndrome, gastrointestinal diseases (inflammatory bowel disease, liver diseases), chronic kidney diseases, malignancy, infection, psychiatric disorders, psoriatic arthritis, and sleep apnea have been observed (5, 6). And the incidence of these comorbidities rises in direct proportion to the severity and duration of psoriasis (7). Moreover, a study found that comorbidities of cardiovascular diseases, diabetes, chronic obstructive pulmonary disease, cancer, chronic kidney disease, and stroke respectively increase the mortality rate of patients with psoriasis by 15.5%, 5.9%, 8.7%, 11.7%, 4.2%, and 4.7% (8). The majority of current research on the comorbidities of psoriasis mainly focuses on cardiovascular diseases and metabolic syndrome, both of which are intimately connected to lipid metabolism (9).

Lipids play critical roles in maintaining internal homeostasis as components of cell membranes and hormone components, a form of energy storage, and mediators of cellular signaling (10). The LIPID MAPS Consortium developed a “Comprehensive Classification System for Lipids” that divides lipids into eight groups based on their chemical and functional properties; These groups include fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, and sterol lipids including cholesterol, prenol lipids, saccharolipids, and polyketides (11). Cholesterol metabolism, which is a critical metabolic bioprocess in vivo, has been confirmed to interact with the immune system (12). The link between cholesterol metabolism and immunological response and inflammation has been a “hotspot” for research since the millennium, giving rise to the concept of “immunometabolism” (13) Because of the link between cholesterol metabolism and the immune response and inflammation, it is common to find disturbances of cholesterol metabolism in chronic inflammatory diseases (12).

Psoriasis is a typical inflammatory disease. In psoriasis, the activation of immune cells (dendritic cells, T helper 1 (Th1) cells, and T helper 17 (Th17) cells, keratinocytes (KCs), macrophages, and neutrophils) and overproduction of key inflammatory cytokines (interferon (IFN)-α, IFN-γ, tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-17, IL-22, IL-12/IL-23, chemokines and antimicrobial peptides) are responsible for the chronic inflammation and epidermal hyperproliferation and impaired differentiation (14). Research on cholesterol metabolism in psoriasis began in the 20th century (15). The early research mostly focused on the serum cholesterol level in psoriasis patients, but the results were contradictory (16). Following that, a plethora of studies confirmed the presence of abnormalities in cholesterol metabolism in psoriasis patients. In a review published in 2010, Aldona Pietrzak et al. summarized studies on lipids in psoriasis and found that patients with psoriasis have a significant increase in the serum level of total cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides, and very low-density lipoprotein (VLDL) cholesterol, and a significant decrease in the serum level of high-density lipoprotein (HDL) cholesterol, compared to healthy individuals (17). Furthermore, distortions in cholesterol metabolism might hasten the development of autoimmune illnesses (e.g., psoriasis, rheumatoid arthritis (RA), and systemic lupus erythematosus) by altering the phenotype and function of innate immune cells (e.g., macrophages, dendritic cells) and adaptive immune cells (e.g., T cells and B cells) (12, 18, 19). Similarly, cytokine networks in psoriatic circulation can affect lipoprotein particle size, concentration, and function, impairing cholesterol transport and efflux (20). Hence, cytokine networks involved in cholesterol metabolism and inflammation may be the primary mechanism linking psoriasis to cardiovascular comorbidities (20). Disruptions in lipid metabolism may also impair the function of KCs, contributing to the development of psoriasis (21).

Previous research has mostly focused on the alteration of serum lipid and epidermal phospholipid metabolism in psoriatic patients. In recent years, research on cholesterol metabolism in psoriasis has made significant strides. Psoriatic inflammation also affected certain cholesterol intermediates, enzymes, and metabolites. In this review, we mainly discuss the alterations and interactions between psoriatic inflammation and molecules related to cholesterol metabolism.




2 Cholesterol metabolism

In the following section, we briefly discussed the process of cholesterol metabolism in the small intestine, serum, and cells.



2.1 Absorption of cholesterol in the small intestine

Cholesterol binds to bile acid micelles in the small intestine and is transported to the brush border of enterocytes, where it binds to Niemann-Pick C1-Like 1 (NPC1L1) and is delivered to the endocytic cycle compartment by clathrin-mediated endocytosis (22). NPC1L1 can be recycled back to the plasma membrane with the help of the LIM domain and actin-binding protein 1 (LIMA1), cell division cycle 42 (CDC42), the motor protein myosin Vb and actin filaments (23). Acyl-CoA:cholesterol acyltransferase (ACAT) then converts free cholesterol absorbed by enterocytes into cholesteryl esters (CEs), which are then incorporated into chylomicrons (CM), a triglyceride-rich lipoprotein type with a CEs-rich core and a single molecule of apolipoprotein B (ApoB)-48 on its surface (22). Microsomal triglyceride transfer protein (MTP) and apolipoprotein A (ApoA)-IV are essential for chylomicron assembly and size regulation (24). The endoplasmic reticulum (ER) then generates a pro-chylomicron transport vesicle (PCTV) to carry pro-chylomicrons to the Golgi apparatus (24). PCTV was translocated to the Golgi via the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex (24). Pro-chylomicrons mature into mature CM after the addition of Apo-I and enzymatic modification in the Golgi apparatus, after which they are transported to the basolateral membrane and released into the intercellular space by exocytosis (24). After entering the lamina propria from the intercellular space, CM enters the bloodstream via the thoracic duct or enters the liver through the portal vein (22). Figure 1 summarizes cholesterol absorption in the small intestine.




Figure 1 | Cholesterol metabolism in the small intestine. SR-B1: scavenger receptor type 1; NPC1L1: Niemann-Pick C1-Like 1; ABCG5/8: ATP Binding Cassette Subfamily G Member 5/Member 8; ACAT: acyl-CoA:cholesterol acyltransferase; CE: cholesteryl ester; MTP: Microsomal triglyceride transfer protein; ER: endoplasmic reticulum; PCTV: pro-chylomicron transport vesicle; GA: golgi apparatus; HDL: high-density lipoprotein-cholesterol; LDL: low-density lipoprotein-cholesterol; LDLR: low-density lipoprotein receptor.






2.2 The biosynthesis of cholesterol

The liver is the principal organ for cholesterol synthesis, producing almost 50% of all generated cholesterol. In addition, almost all cells in the body can produce cholesterol (25). The synthesis of cholesterol is a complicated process with an expensive energy cost (23). In this section, we outlined the key metabolites and metabolic enzymes and the process of cholesterol synthesis in Figure 2. Cholesterol is made and then release into the bloodstream as VLDL particles that is covered with ApoB100 (22).




Figure 2 | The biosynthesis of cholesterol. HMGCS: Hydroxymethylglutaryl-CoA synthase; HMG-CoA: 3-hydroxy-3-methyl–CoA. HMGCR: 3-Hydroxy-3-Methylglutaryl-CoA Reductase; MVK: mevalonate kinase; Mevalonate-5-P: mevalonate-5-phosphate; PMVK: phosphomevalonate kinase; Mevalonate-5-PP: mevalonate-5-pyrophosphate; MVD: mevalonate diphosphate decarboxylase; IPP: isopentenyl pyrophosphate; Idi: isopentenyl diphosphate isomerase; DMAPP: dimethylallyl diphosphate; FDPS: farnesyl diphosphate synthase; FPP: farnesyl pyrophosphate; GPP: geranyl pyrophosphate; GGPS1: geranylgeranyl diphosphate synthase 1; SQS: squalene synthase; presqualene-PP: presqualene pyrophosphate; SQLE: squalene epoxidase; LSS: lanosterol synthase; CYP51A1: Cytochrome P450 Family 51 Subfamily A Member 1; FF-MAS: Follicular fluid meiosis-activating sterol. T-MAS: testis meiosis-activating sterol. Tm7sf2: transmembrane 7 superfamily member 2; MSMO1: methylsterol monooxygenase 1; NSDHL: NAD(P) Dependent Steroid Dehydrogenase-Like; HSD17B7: Hydroxysteroid 17-Beta Dehydrogenase 7; EbP: emopamil binding protein; Sc5d: sterol C5-desaturase; DHCR7: 7-dehydrocholesterol reductase; DHCR24: 24-dehydrocholesterol reductase; 24,25-DHL: 24,25-Dihydrolanosterol; 7-DHC: 7-dehydrocholesterol.






2.3 Cholesterol transport and lipoproteins metabolism

Once CM and VLDL enter the circulation, the triglycerides in the core are digested into chylomicron fragments and LDL cholesterol by lipoprotein lipase (LPL) (22, 26). VLDL is hydrolyzed by LPL into intermediate-density lipoprotein (IDL), which is then converted into LDL via the hydrolysis of hepatic lipase (HL) (22). In addition, the triglycerides, CEs, and phospholipids in the HDL particles can be enriched to form CM and VLDL particles in the circulation by cholesteryl ester transfer proteins (CETP) and phospholipid transfer proteins (PLTP), which are accompanied by the interchange of apolipoproteins on the surface of lipoprotein particles (22, 27). Hereafter, chylomeric fragments and LDL particles are taken up by the low-density lipoprotein receptor (LDLR) and low-density lipoprotein receptor-related protein 1 (LRP1) in cells, while HDL particles are bound to the scavenger receptor type 1 (SR-B1) (26, 28). CEs are selectively delivered into cells when HDL particles attach to scavenger receptor type 1 (SR-B1) on the surface of hepatocytes. Following that, hormone-sensitive lipase (HSL) hydrolyzes CEs to liberate cholesterol (26). The processes of cholesterol transport and lipoprotein metabolism are shown in Figure 3.




Figure 3 | Cholesterol and lipoprotein metabolism. CE: cholesteryl ester; VLDL: very low-density lipoprotein-cholesterol; ABCG11: ATP Binding Cassette Subfamily G Member 11; ABCG5/8: ATP Binding Cassette Subfamily G Member 5/Member 8; SR-B1: scavenger receptor type 1; ABCA1: ATP Binding Cassette Subfamily A Member 1; LDLR: low-density lipoprotein receptor; LPL: lipoprotein lipase; IDL: intermediate-density lipoprotein; HL: hepatic lipase; HDL: high-density lipoprotein-cholesterol; LDL: low-density lipoprotein-cholesterol; CETP: cholesteryl ester transfer protein; CM: chylomicron; PCSK9: proprotein convertase subtilisin/kexin type 9; ApoA-1: apolipoprotein A 1.






2.4 Cellular utilization, storage and efflux of cholesterol

After being taken up by cells, the CEs carried by LDL particles are digested by lysosomal acid lipase to release free cholesterol, which is subsequently co-transferred to the lysosomal membrane by NPC intracellular cholesterol transporter 1 (NPC1), NPC2, and lysosome-associated membrane protein 2(LAMP2) and transported to other cell compartments (mainly ER, re-esterified to form CE) (23). HDL binds to SR-B1 on hepatocytes, delivering CEs from lipoproteins to the liver (23). Absorbed cholesterol in cells can be utilized to act as a component of biological membranes or to synthesize oxysterols (28). And in gonadal tissue, adrenal glands and brain cells, cholesterol can be used for steroid hormones (28). In the liver, most sterols are further metabolized into bile acids and bile salts, which are released into extracellular space through ATP Binding Cassette Subfamily B Member 11 (ABCB11) transporters to produce bile salt-phosphatidylcholine micelles for excretion (22). The metabolic processes of oxysterols, bile acids, and steroid hormones, as well as their roles in immune regulation, have been well described (29–32), and we will not go over them here.

While all cells can synthesize cholesterol, the vast majority are unable to catabolize it, forcing excess cholesterol to be excreted or stored in cytoplasmic lipid droplets (23). ACAT is in charge of esterifying free cholesterol to generate CEs that are stored in lipid droplets; the ATP-binding cassette (ABC) transporter superfamily is in charge of the efflux of intracellular cholesterol (23, 28). The ATP Binding Cassette Subfamily G Member 1 (ABCG1) is mainly expressed in macrophages and frequently dimerizes with another ABCG1 or ABCG4 to form a functional transport protein that primarily mediates cholesterol efflux to HDL, albumin, or other lipoproteins (23). ATP Binding Cassette Subfamily A Member 1 (ABCA1) is a ubiquitously expressed transporter that mediates cholesterol and phospholipid efflux to apoA-I, resulting in HDL formation. The ATP Binding Cassette Subfamily G Member 5 (ABCG5)/ATP Binding Cassette Subfamily G Member 8 (ABCG8) complex is primarily expressed in enterocyte brush boundaries and hepatocyte tubular membranes, where it mediates direct transintestinal cholesterol excretion (TICE) into the intestinal lumen or hepatic sterol efflux into bile (23, 24). The processes of cellular utilization, storage and efflux of cholesterol were summarized in Figure 3.





3 Cholesterol metabolism and psoriatic inflammation

In this part, we will look at how molecules, enzymes, and intermediates involved in cholesterol metabolism affect psoriasis and/or psoriatic inflammation.



3.1 Intestinal absorption of cholesterol: NPC1L1

Except for the intestine, NPC1L1 is also expressed in the liver, where it regulates hepatobiliary cholesterol excretion by transporting cholesterol in the bile to hepatocytes (33). NPC1L1 has been demonstrated to regulate inflammatory responses in vivo. NPC1L1 inhibition has been shown to reduce the production of pro-inflammatory proteins like β-catenin and p- extracellular signal-regulated kinase (ERK), cell proliferation and the inflammatory response in the intestine of mice (34). Ezetimibe, an NPC1L1-targeting inhibitor, can reduce the absorption of dietary and bile cholesterol, hence lowering lipid levels. Ezetimibe has been proven to effectively cut diet-induced circulating cholesterol levels while also inhibiting hepatic lipid build-up and lowering inflammatory factors such as high-sensitivity C-reactive protein (hs-CRP), monocyte chemoattractant protein-1, IL-1β, IL-6, TNF-α, and oxidative stress (35–37). Experiments on the macrophage model demonstrated that ezetimibe could lead to an anti-inflammatory response by decreasing the transcription of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and blocking the NLR Family Pyrin Domain Containing 3 (NLRP3) inflammasome- IL-1β pathway (38). Ezetimibe can also reduce oxidative stress and inflammatory responses mediated by caspase-1 and IL-1β through the AMP-activated protein kinase (AMPK)/NF-E2–related factor 2 (Nrf2)/thioredoxin interacting protein (TXNIP) pathway (39). And ezetimibe reduces monocyte chemoattractant protein 1-induced monocyte migration (40). Furthermore, ezetimibe was found to lower the frequency of Th17 and Th1 cells in RA mice and humans, as well as suppress the differentiation of Th17 cells and the production of pro-inflammatory molecules such as IL-1, IL-17, IFN-γ, TNF-α, and IL-6, thereby slowing the progression of RA (41). It has been documented that NPC1L1 could be affected by immune cells. Propionate produced by the gut microbiota suppressed intestinal NPC1L1 expression and corrected hyperlipidemia by increasing regulatory T-cell numbers and IL-10 (42). There is a scarcity of studies on ezetimibe in psoriasis. Only a clinical study revealed that ezetimibe was not linked to the risk of psoriasis (point estimates for ezetimibe revealed decreased psoriasis risk, but the null is included in the confidence intervals) (43). However, on the basis of the impacts of NPC1L1 on lipid metabolism, cell proliferation, and inflammation, we still hypothesize that inhibiting NPC1A1 may help relieve the symptoms of psoriasis, but further studies are needed to validate this hypothesis.




3.2 Cholesterol synthase and intermediates



3.2.1 HMG-CoA reductase in mevalonate pathway

Statins, a commonly used lipid-lowering drug, reduce cholesterol by inhibiting the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. And they are widely used to treat hyperlipidemia and cardiovascular diseases. In addition to lowering cholesterol levels, statins also modulate the immune system. Statins impede antigen presentation and lymphocyte activation by inhibiting the production and interaction of intercellular adhesion molecule 1 (ICAM-1), lymphocyte function-associated antigen 1 (LFA-1), and the major histocompatibility complex, class II (MHC-II) (44). And LFA-1 is a target of efalizumab, which has been shown to be effective in psoriatic treatment (45). Moreover, statins can significantly downregulate the expression of Th1 chemokine receptors C-C Motif chemokine receptor (CCR)-5 and C-X-C chemokine receptor type (CXCR)-3 on T cells, block the release of chemokines from endothelial cells, reduce the proliferation of monocytes, and inhibit the activation of natural killer (NK) cells and leukocytes (44). In vitro, statins inhibit the release of inducible nitric oxide synthase (iNOS) and pro-inflammatory cytokines such as TNF-α, IFN-γ, IL-8, IL-1, IL-17, and IL-6 (46, 47). Statins also inhibit the Th17 cells and the activation and migration of Th1 cells (48). Statins regulate the proliferation of KCs. Pravastatin inhibits KCs proliferation by modulating cell cycle-related proteins via the protein kinase B (AKT) and ERK pathways (49). And in vitro experiments conducted on human keratinocytes cells (HaCaT) found that pitavastatin and simvastatin can inhibit not only keratinocyte proliferation but also the release of vascular endothelial growth factor (VEGF) from KCs (50, 51). All these studies implied the potential therapeutic role of statins in psoriasis. Consistent with the in vitro studies, animal experiments showed that atorvastatin dramatically improved the clinical symptoms and histological characteristics, and decreased the release of IL-17A, IL-6 and TNF-α, and NF-κB activation in psoriatic mouse models (52).

Nonetheless, statins have an uneven impact on psoriasis. Varieties of clinical research confirm the therapeutic benefit of statins in psoriasis (53–58). In a double-blind trial, 30 people with plaque psoriasis were randomly put into one of two groups: the simvastatin therapy group (receiving a therapy of oral simvastatin (40 mg/d) plus topical steroids (Vaseline with 50% betamethasone)) or the control group (receiving a therapy of placebo plus same topical steroids). After 8 weeks of treatment, the psoriasis area severity index (PASI) score of both groups decreased considerably, but the decrease was greater in the simvastatin therapy group (59). And the combination of oral atorvastatin and topical betamethasone could reduce the PASI score, hs-CRP levels, and cardiovascular risk of patients with mild to moderate plaque psoriasis (60). However, some studies suggest that oral statins do not affect the progression of psoriasis. Mendelian randomization studies revealed that statins were not linked to a reduced risk of psoriasis (43, 61). According to a study by Brauchli et al., long-term statin therapy failed to lower the risk of new-onset psoriasis (62). Furthermore, additional oral atorvastatin or simvastatin was not associated with a therapeutic benefit in psoriasis patients receiving standard topical therapy or narrowband UVB therapy (63–65). Another study evaluated the efficacy of adding topical simvastatin to topical calcipotriol in psoriasis. Even though the PASI scores kept going down in both groups, topical simvastatin wasn’t statistically better at treating psoriasis (66). Other studies have found that statins may worsen psoriasis lesions (67, 68). A meta-analysis of randomized clinical studies in 2019 and a systematic evaluation in 2022 revealed that oral and topical statins could significantly improve psoriatic lesions and lower the PASI score, especially simvastatin (69, 70).

In addition, statins have been shown to reduce vascular inflammation and the risk of developing cardiovascular disease and chronic kidney disease in psoriasis patients (71–73).

Overall, statins are still thought to have beneficial therapeutic effects in psoriasis. However, psoriatic individuals are not recommended to receive statins commonly; only those with elevated cholesterol levels, diabetes, or an intermediate or high risk of developing cardiovascular disease should be given statins (74).




3.2.2 Mevalonate pathway (HMG-CoA, mevalonate kinase, phosphomevalonate kinase, mevalonate diphosphate decarboxylase and isoprenoids)

The enzymes mevalonate kinase (MVK), phosphomevalonate kinase (PMVK), and mevalonate diphosphate decarboxylase (MVD) are crucial synthetases in the mevalonate pathway for the synthesis of isopentenyl pyrophosphate (IPP). The loss-of-function mutations in these genes may lead to porokeratosis, which is characterized by an incomplete differentiation and apoptosis of KCs (75–77) and is an “autoinflammatory keratosis” with a gene expression profile similar to psoriasis (78, 79). Mutations in the MVK and PMVK genes are the cause of mevalonate kinase deficiency, which is a disease characterized by recurrent fever and high levels of TNF-α and IL-6 (80, 81). MVK deficiency can result in mitochondrial malfunction and autophagy, as well as activating the NLR family pyrin domain containing 3 (NALP3) inflammasome, which causes IL-1 over-secretion and downstream inflammatory activation (80). Besides, dysregulation of IL-1β, IL-5, IL-6, IL-9, IL-17, granulocyte colony-stimulating factor, monocyte chemotactic protein-1, TNF-α, and IL-4 were observed in mevalonate kinase deficiency patients and mice (82). Furthermore, MVK plays a vital function in both trained immunity and inflammatory propensity (83). Although these three enzymes are proven to affect the function of KCs and psoriasis-related cytokines, there has been no research on the involvement of MVK, PMVK, and MVD in psoriasis.

Currently, it is thought that the effects of HMG-CoA reductase and the MVK on inflammation and cell proliferation may be mediated by affecting isoprenoids during the cholesterol synthesis process (44, 80).

IPP, farnesyl pyrophosphate (FPP), and geranylgeranyl pyrophosphate (GGPP) belong to isoprenoids. FPP and GGPP regulate the prenylation of the most notable superfamily of small GTPases (Ras, Rab, Rho, and Rac), which activate downstream signaling pathways and regulate cellular function and inflammatory activities (84). Isoprenoids have an impact on both the innate and adaptive immune systems. When inhibiting the GGTase I of macrophages, lipopolysaccharides (LPS) made them secrete more IL-1 and TNF by making Rac1, RhoA, and Cdc42 bind more GTP. Blocking Rac1 turned this effect around (85). Inhibiting GGTase decreased the synthesis of GGPP, further suppressing the toll-like receptor (TLR)9- phosphoinositide 3-kinases (PI3K)-AKT- glycogen synthase kinase-3 (GSK3) axis-induced IL-10 production in B cells and dampening Th1 responses (85). Furthermore, inhibiting farnesyl diphosphate synthase (FDPS) decreases FPP levels, which reduces Th1 cytokines release such as IL6, IL-1β, and TNF-αwhile increasing Th2 responses (86). IPP has been shown to increase the expression of the IL-9 receptor and the IL-23 receptor on Vγ9Vδ2 T cells in patients with psoriatic arthritis (PA), which increases the responsiveness of Vγ9Vδ2 T cells to IL-23 and IL-9 and dramatically promotes the expression of IL-17 and IFN-γ (87).




3.2.3 The synthesis of lanosterol from squalene (squalene synthase, squalene epoxidase, lanosterol synthase)

In addition to lowering cholesterol and preventing atherosclerosis, squalene has also been shown to reduce inflammation. It does this by increasing the production of anti-inflammatory molecules like IL-10, IL-4, and IL-13 and by directing macrophages toward the M2 phenotype (88, 89). In LPS-stimulated RAW264.7 murine macrophages, squalene dramatically decreased nitric oxide (NO) production and sequestration of TNF-α and C-C motif chemokine ligand 2 (CCL2) (89). Due to the six double bonds in squalene, light can oxidize squalene to produce squalene peroxide (90).. Treatment of HaCaT with squalene peroxide could promote cell proliferation and lysyl oxidase (LOX) activity, an enzyme involved in lipid peroxide synthesis, the product of which is believed to be involved in the development of inflammatory skin diseases with excessive proliferation of KCs, such as psoriasis (90). Squalene peroxide also dramatically increased NF-κB nuclear translocation, which was followed by increased expression and secretion of the pro-inflammatory cytokine IL-6, as well as elevated peroxisome proliferator-activated receptors (PPARs) mRNA and protein levels, which takes an important part in the pathogenesis of psoriasis (90).

Squalene synthase (SQS) is an enzyme responsible for catalyzing the production of squalene from FPP. In clinical trials, it was shown that inhibitors targeting SQS are efficient at lowering both cholesterol and C-reactive protein levels (91). It is speculated that SQS may be involved in the development of psoriasis. On one hand, SQS stimulates cell proliferation by raising the cholesterol levels in lipid rafts and activating the NF-κB or AKT pathway (92, 93). On the other hand, SQS could regulate the innate immune process and inflammation via isoprenoids. Small interfering RNAs (SiRNAs) targeting SQS suppress bacterial and LPS-mediated innate immune responses, resulting in a decrease in IL-6 and chemokine (C-X-C motif) ligand (CXCL)-8 production, which is consistent with the effects of FPP and GGPP stimulation (94). And, SQS inhibitor lapaquistat acetate (TAK-475) could lower the elevated IL-6, and TNF-α caused by isoprenoids (GGPP and FPP, primary GGPP) in patients with mevalonate kinase deficiency (80, 95). Furthermore, SQS overexpression may increase the expression of TNF-αreceptors in cells, resulting in a stronger cellular response to TNF-α (96). However, another study also found that inhibiting SQS may impair Fc receptor-mediated phagocytosis in macrophages by affecting cholesterol production rather than isoprenoid (97). Positive feedback may exist between pro-inflammatory factors and squalene synthase, as TNF-α and IL-1 could promote the expression of squalene synthase in mouse liver (98). However, there are no reports on the expression level of SQS and the application of lipid-lowering drugs targeting SQS in psoriasis.

Squalene epoxidase (SQLE), also known as squalene monooxygenase, catalyzes squalene epoxidation to create 2,3-oxidized squalene, and its elimination can lead to an accumulation of squalene. According to a study by Xiaoqing Xu et al., increased activator protein 1(AP-1) in psoriasis may promote the onset of hyperkeratosis, parakeratosis, acanthosis, and immunological abnormalities by targeting SQLE (99). There has been limited research on SQLE and inflammation. A bioinformatic analysis showed that SQLE promotes cell proliferation, as well as being associated with immune cell infiltration and the immune microenvironment (100).

Excessive proliferation and defective differentiation of KCs are typical characteristics of psoriasis, and the mutations in the lanosterol synthase (LSS) gene have been proven to induce over-proliferation and differentiation disorders of KCs (101). Research on the relationship between LSS and inflammation is scarce. Only McCrae et al. found that LSS inhibition may increase the production of 24(S),25 epoxycholesterol, resulting in an increase in the antiviral protein IFN-βand regulating innate antiviral immunity (102). The enzyme Cytochrome P450 Family 51 Subfamily A Member 1 (CYP51A1) plays a crucial role in the conversion of lanosterol into meiosis-activating sterol (MAS). Lanosterol is an endogenous modulator of the innate immune function of macrophages. CYP51A1 expression was reduced in LPS/IFN-treated macrophages, which facilitated intracellular lanosterol accumulation and decreased signal transducer and activator of transcription (STAT) 1-STAT2 activation and IFN-mediated release of cytokines IL-6, TNF-α, C-C Motif chemokine ligand (CCL)-2, and INF-βin cells (103). Furthermore, the accumulation of lanosterol can promote membrane fluidity and reactive oxygen species (ROS) generation in macrophages, boosting phagocytosis and bactericidal capacity (103).




3.2.4 The synthesis of zymosterol from lanosterol

Transmembrane 7 superfamily member 2 (Tm7sf2), methylsterol monooxygenase 1 (MSMO1), NAD(P) dependent steroid dehydrogenase-like (NSDHL), and hydroxysteroid 17-beta dehydrogenase 7 (HSD17B7) are four enzymes that play crucial roles in the synthesis of zymosterol from lanosterol. And the MSMO1gene is located in the psoriasis susceptibility locus PSORS9 and is a genetic risk factor for psoriasis (104). Mutations of the synthetases that synthesize zymosterol from lanosterol have the potential to impair the function of KCs. Tm7sf2 deletion impacts epidermal differentiation protein expression by lowering cholesterol sulphate levels (105, 106). Mutations in the MSMO1 gene, which encodes the sterol-C4-methyl oxidase (SMO), and the NSDHL gene can cause psoriasis-like dermatitis, inflammatory cell infiltration, and the accumulation of meiosis-activating sterol (MAS), an intermediate product of cholesterol metabolism, in the skin of patients (107, 108). Additionally, experiments done by Xiaoying Xu et al. demonstrated that HSD17B7 has a role in the regulation of KCs proliferation (109). Tm7sf2, MSMO1, and NSDHL influence inflammatory responses as well. The loss function of Tm7sf2 could activate the NF-κB pathway and up-regulate the expression of TNF-α (105, 110). Patients with SMO deficiency had a higher number of TLR-2 + TLR-4 -granulocytes and increased levels of serum IL-6 and IL-8 expression, which is consistent with psoriasis patients (107). And after correction of the accumulation of intermediates, the increased IL-6 level was retracted (107). The administration of an ointment containing cholesterol and simvastatin to patients with the NSDHL gene mutation who had psoriasis-like lesions effectively restored the hyperproliferation and inflammatory process (111). Inflammatory cytokines, in turn, modulate the expression of synthetic enzymes and intermediates in cholesterol metabolism. LPS and IL-1β could enhance the expression of HSD17B7 in cells (112), and TNF-α could provoke a rise in lanosterol, MAS, zymosterol, desmosterol, and 7-dehydrocholesterol (7-DHC) in some tissues (113).

Miao He et al. proposed that MAS demethylation may be a critical link between cellular hyperproliferation, cholesterol homeostasis, and inflammation since MAS is a ligand for the liver X receptor (LXR), which is a key component linking lipid metabolism and immune regulation (107).




3.2.5 Emopamil binding protein, DHCR24, DHCR7 and esmosterol

Psoriasis-like skin lesions have been observed in patients with Conradi-Hünermann-Happle syndrome, which is caused by EBP gene mutations (114). And 24-dehydrocholesterol reductase (DHCR24) knockout mice exhibit epidermal thickening, hyperproliferative hyperkeratosis with undifferentiated keratinocytes, and a considerable decrease in differentiation signal proteins in skin histology (115). Mutations in the 7-dehydrocholesterol reductase (DHCR7) gene led to an insufficiency of cholesterol, an elevation of 7-DHC and cholesta-5,7,9 (11)-trien-3beta-ol (9-DDHC) (a metabolite of 7-DHC); 9-DDHC stimulated KCs had an 88% reduction in cell viability after being explored to UVA (116). In addition to KCs, DHCR24 and DHCR7 have been demonstrated to affect the immune system by modulating the expression of their intermediate products. Desmosterol, a substrate of DHCR24, is a crucial molecule in the integration of cholesterol homeostasis and immune response in macrophages. Overexpression of DHCR24 in mice resulted in desmosterol depletion and a subsequent increase in pro-inflammatory macrophages, mitochondrial ROS, NLRP3 inflammatory vesicles, and IFN response genes, promoting vascular inflammation and atherosclerosis (117, 118). Selective DHCR24 inhibition resulted in LXR activation by raising levels of desmosterol, leading to an anti-inflammatory phenotype characterized by decreased expression of the pro-inflammatory cytokines IL-6 and TNF and increased production of the anti-inflammatory factor IL-10 (119). According to these findings, desmosterol is considered an endogenous mediator of cholesterol efflux and inflammation, acting as a primary LXR activator of atherosclerosis-associated macrophages and a negative regulator of inflammasome activation (118). However, the relevance of DHCR24 in inflammatory regulation is debatable. DHCR24 may exhibit anti-inflammatory effects by lowering vascular cell adhesion molecule 1 (VCAM-1) and NF-kB, encouraging the release of the cytoprotective and cardioprotective enzyme heme oxygenase-1 from endothelial cells, and promoting microglia to convert from a pro-inflammatory “M1” phenotype to an anti-inflammatory “M2” phenotype (120–122). It is uncertain if DHCR24’s paradoxical anti-inflammatory activity is mediated by other mechanisms. Inhibition of DHCR7 in macrophages could cause an increase in 7-DHC and a decrease in cholesterol, both of which can activate the AKT Serine/Threonine Kinase 3 (AKT3) and phosphorylation of Interferon regulatory factor 3 (IRF3) and increase production of IFN-I (123). In response to cholesterol deprivation, DHCR7 KO mast cells demonstrate FcRI-dependent hyperresponsiveness with a substantial increase in IL-6 and TNF production (124).





3.3 Lipoprotein and apolipoproteins

Imiquimod (IMQ)-treated psoriatic mice were paralleled by a clear dysregulation in hepatic lipid metabolism biomarkers as reflected by a decrease in HDL cholesterol and total cholesterol (125). Treatment with an anti-IL17A antibody led to a significant reversal of IMQ-induced changes in the liver biomarkers of lipid metabolism, whereas treatment with IL-17A further aggravated IMQ-induced changes in these biomarkers (125). Another study also showed that serum total cholesterol, and triglyceride in the high-fat-feed rats decreased after being injected with the IL-17 neutralizing antibody (126). LDL peroxidation results in oxidized low-density lipoprotein, often known as “ oxidized low-density lipoprotein (ox-LDL).” Ox-LDL is taken up by transmembrane scavenger receptors like SR-B1 and CD36, as well as by the lectin-like oxidized LDL receptor-1 (LOX-1) (127, 128). Excess oxygen metabolites overwhelm the antioxidant capacity of the organism, which is one of the important features of psoriasis (129). And the value of LDL in psoriasis is inconsistent and ambiguous; hence, ox-LDL, rather than LDL, is thought to be more meaningful to psoriasis (130). Consistent with this idea, psoriasis patients exhibit higher epidermal and serum ox-LDL levels, as well as autoantibodies against ox-LDL (15). Also, lipid peroxidation markers were associated with the severity and activity of psoriasis (129). Ox-LDL can engage in the progression of psoriasis through multiple mechanisms. On the one hand, ox-LDL could promote the production of IL-23 in dendritic cells (DCs), which is a key cytokine in the pathophysiology of psoriasis (131). A study by Chun-Ming Shih et al. also found that ox-LDL boosted IL-23 expression in TNF-α stimulated KCs via LOX-1, which is elevated and linked with the severity of the disease in psoriatic patients (127, 132). On the other hand, by over-expressing CD36 to uptake ox-LDL and form foam cells, psoriatic monocytes are more likely to evolve into M1 pro-inflammatory macrophages that produce psoriatic cytokines and raise the risk of cardiovascular disease comorbidity (128). In turn, pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, which are increased in psoriasis, can activate LOX-1, promoting the uptake of ox-LDL by macrophages (133).

HDL takes part in reverse cholesterol transport (RCT) and possesses anti-inflammatory and antioxidant effects. HDL is responsible for the one-way transport of cholesterol to either apolipoprotein (apo) A-I via ABCA1, mature HDL particles via ABCG1, or the liver for metabolism by SR-B1 (134). By modulating the differentiation and function of immune cells such as macrophages, DCs, T cells, and B cells in vivo, HDL and apoA-1 can achieve an anti-inflammatory effect (135). Correspondingly, inflammation also drops the level of HDL, although the mechanism is still unknown. But it is believed that the decreased levels of HDL-associated proteins apoA-1, apoM, lecithin: cholesterol acyl transfer (LCAT), and CETP may all contribute (136). Besides, inflammation also impairs HDL’s capability to engage in RCT and protect LDL cholesterol from oxidation (136). In psoriasis, HDL cholesterol levels were decreased compared to healthy controls (15). Furthermore, the composition and function of HDL are altered in psoriasis, resulting in a decrease in cholesterol outflow and an impairment of anti-inflammatory and anti-oxidation of HDL (137). The expression of HDL-related proteins apoA-1, apoM, and apoF is reduced in psoriasis, whereas apoA-2, which plays a negative regulatory role, is increased (137). The activity of LACT, which is an important enzyme in the formation of HDL particles, was decreased in psoriasis patients, while its activity increased after biologics and other anti-psoriatic treatments in psoriasis patients (138). However, the change in HDL in psoriatic patients with anti-psoriatic medication appears paradoxical (27). Overall, HDL cholesterol efflux capability was impaired in psoriasis patients and was negatively correlated with the severity of the condition and the risk of cardiovascular comorbidities (27). As a result, anti-psoriatic medication focusing on HDL may benefit psoriatic patients suffering from cardiovascular issues.

Apolipoprotein E (apo E) is a multifunctional glycosylated protein with lipid transport immunomodulatory properties (139). Apo E shows a function of anti-inflammation and could intersect with inflammatory factors. Apo E promotes the transition of pro-inflammatory M1 macrophages to anti-inflammatory M2 macrophages (139). Compared to wild-type mice, mice that lack Apo E displayed a higher level of TNF-αand a higher mortality rate in response to the infection of pathogens (140). Additionally, Apo E deficiency may result in an increase in pro-inflammatory factors(IL-1, IL-2, IL-6, IFN-γand ICAM-1) and a decrease in anti-inflammatory factors (IL-4 and IL-10), promoting a Th1 immune response and an imbalance between Th17 cells and Regulatory T cells (Tregs) (139). Correspondingly, IFN-γ, TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF)-stimulated macrophages had a reduction of apoE (139). ApoE expression is reduced in psoriatic skin than in healthy controls, and restoration of apoE levels precedes clinical improvement (141). Furthermore, ApoE gene polymorphisms are correlated with psoriasis, indicating that ApoE may have a pathogenic role in psoriasis (142).




3.4 Lipoprotein receptors and metabolism

Previous biochemical and morphologic studies have revealed that LDL receptors (LDLR) activity is inversely related to the terminal differentiation of KCs (105). LDL receptor binding activity is only found in the basal cells and not in highly differentiated KCs in the normal epidermis (143). However, differentiated acanthocytes have higher LDLR activity in psoriasis (143). Similarly, LRP1 levels were higher in psoriasis patients, but anti-inflammatory molecules LRP5 and LRP6 were lower in psoriatic lesions and peripheral blood (144, 145).

Proprotein convertase subtilisin/kexin type 9 (PCSK9), a target for decreasing LDL in the blood, sits at the crossroads of cholesterol metabolism and immune dysregulation. PCSK9 interactives with inflammation. PCSK9 regulates atherosclerotic plaque and inflammation in both lipid-dependent and lipid-independent ways, and its pro-inflammatory effect depends on two major signaling pathways: the principal pathway through which PCSK9 acts is the TLR4/NF-kB signaling pathway, while the LOX-1 axis is another linked pathway (146). PCSK9 activates NF-kB, which in turns activates TLR4 and LOX-1to generate TNF-α, IL-6, IL-1, and macrophage chemoattractant protein 1 (MCP-1) (146). In contrast, TNF-α and IL-6 can also stimulate the expression of PCSK9 (147). Recent studies showed that PCSK9 takes part in the development of psoriasis. Luan et al. described a direct link between PCSK9 and psoriasis for the first time (148). Their research found that psoriasis patients and IMQ-treated mice both had elevated PCSK9, and that inhibiting PCSK9 could lessen the inflammatory response in psoriasis by inhibiting KCs proliferation and the NF-κB pathway (148). According to their research, targeting PCSK9 may be a promising therapeutic for psoriasis. Garshick et al. further found that the level of PCSK9 was higher in psoriasis patients and K14-Rac1V12 -/+ psoriatic mice and was positively linked with the severity of psoriasis (149). Furthermore, they postulated that PCSK9 is connected with a higher atherosclerotic burden in psoriasis patients, and, using blood transcript analysis, they identified TNF, IL6, IL17A, and IL23 as PCSK9-related pathways (149). Another recently published study found that the PCSK9 single nucleotide polymorphism (SNP) rs662145 was a psoriasis susceptibility locus and that PCSK9 expression is negatively linked to IL-36, a critical driver of psoriasis (150). These findings will aid future studies into PCSK9’s role and mechanism in psoriasis. Only one clinical study explored the therapeutic effect of PCSK9 inhibitors (e.g., alirocumab) on psoriasis, and the results showed that inhibition of PCSK9 was associated with a reduced psoriasis risk (43).




3.5 CETP, ACAT

CETP is a lipid transport protein in plasma that moves CEs from HDL to lipoproteins with apoB (151). CETP may have contradictory roles in inflammation. CETP gene gain-of-function mutations are associated with elevated IL-8 and decreased plasma HDL cholesterol levels (152). After LPS stimulation, macrophages from mice overexpressing CETP produced greater TNF-α, IL-1, IL-6, MCP-1, and IFN-γ, accompanied by a lower level of total and esterified cholesterol and a higher sepsis mortality rate (153). Nevertheless, several studies have shown that CEPT may have an anti-inflammatory role. CEPT may prevent macrophages with the M1 phenotype from switching to the M2 phenotype. CEPT also decreases the production of TNF-α, IL-6, and iNOS. And it also lowers the levels of free cholesterol and cell phagocytosis (144, 153, 154). Jun Chen et al. investigated the role of CETP in psoriasis. And the results showed that CETP-transgenic mice had significantly higher levels of IFN-γ, IL-1, IL-6, IL-17A, IL-17F, IL-22, and IL-23 in lesions and higher serum levels of TNF-α, IL-17, and IL-6 after IMQ-stimulation (151). The results of the study by Jun Chen et al. implied that CETP could aggravate psoriasis, and this could be CETP’s role in regulating inflammation and blood lipids. Then, we searched for studies that evaluated serum CETP concentrations in psoriasis patients. And the results showed that the expression of CETP was different. It was lower in some psoriatic patients, higher in others, and no difference in still others (155).

ACAT, also known as sterol O-acyltransferase (SOAT), is a therapeutic target for atherosclerosis; by converting cholesterol to CEs, ACAT is essential for maintaining cellular cholesterol homeostasis (156). ACAT1 is expressed by almost every cell in the body, whereas ACAT2 is mostly expressed by the liver and intestines but also by other tissues (156). ACAT has not yet been researched in psoriasis, but a series of studies show that ACAT has an interaction with immune cells and cytokines that exert an important role in psoriasis. ACAT1 can reduce cell proliferation and induce cell apoptosis (157). A bioinformatics study showed that the expression of ACAT1 was positively linked to macrophages, neutrophils, Th17 cells, and activated dendritic cells but negatively linked to plasmacytoid dendritic cells or natural killer cells (158). Inhibiting ACAT1 decreases the number of inflammatory monocytes and macrophages and changes them to an anti-inflammatory M2 phenotype, and blocking ACTA1 also decreases the expression of inflammatory factors like MCP-1 and CCL5/7 (159). Blocking ACAT1 with avasimibe significantly reduced serum TNF-αlevel in hypercholesterolemic patients (160). In turn, in monocytes and macrophages, IFN-γ, IL-1, TNF-α, and LPS can increase the expression of ACAT1 and promote the formation of CE-laden cells, and these effects are mostly dependent on the NF-B pathway (161, 162). ACAT inhibition is speculated to achieve its anti-inflammatory effect through increasing free cholesterol levels or altering oxysterol levels (156).




3.6 ATP-binding cassette transporters

ABCG1 and ABCA1 are transport proteins that are related to RCT and have been used as therapeutic targets to lower lipids. ABCG1 was involved in epidermal differentiation. It was induced during KCs differentiation and was highly expressed in the outer epidermis (163). A series of studies have revealed that ABCG1- and ABCA1-mediated lipid transport has potent anti-inflammatory capabilities. ABCA1 and ABCG1 suppress innate immunological responses by reducing cholesterol-rich lipid raft membrane microdomains (164). ABCA1 preferentially lowered the FC concentration in lipid rafts and inhibited MyD88-dependent TLR translocation to lipid rafts, further reducing the inflammation in macrophages (165). Co-knockdown of ABCG1 and ABCA1 in DCs results in lipid buildup in DCs, which in turn leads to inflammasome activation, an increase of IL-1 and IL-18, and a phenotypic shift of T cells toward a Th1 phenotype (165). Moreover, the DC-ABCA1/G1 deficit increased GM-CSF-induced production of IL-23, IL-12, IL-17, and IL-6, as well as the differentiation of T cells into TH17 cells in splenic CD11c+ DCs (165). Inversely, inflammatory cytokines such as IL-17A, TNF, IL-1, and IL-10 can impact the expression levels of ABCA1 and ABCG1 in vivo (166–168). According to a review by John M. Gemery et al., ABCA1-/- and ABCG1-/- mice have chronic stem cell mobilization, accelerated atherosclerosis, and increased IL-17, IL-23, and granulocyte colony-stimulating factor (G-CSF); in addition, elevated IL-17 and IL-23 in psoriasis might also induce stem cell upregulation/mobilization, which could hasten the establishment of atherosclerosis (169, 170). Hence, John M. Gemery et al. proposed that ABCA1 and ABCG1 may play a role in psoriasis via regulating inflammation, cholesterol metabolism, and cardiovascular complications. It is plausible to question if psoriasis-related inflammatory factors can interact with ABCG1 or ABCA1 to disrupt cholesterol metabolism and epidermal differentiation and exacerbate the inflammatory response.

ABCG5/8 is mostly expressed in the gut and liver, and it regulates TLR-induced inflammation (171). Additionally, inflammation adversely influences ABCG5/8 expression to impede cholesterol transport from the liver to the bile (172). Mice injected with IL-1β exhibited a time-dependent reduction in hepatic ABCG5 expression (173). Given a bile acid imbalance has been observed in patients with psoriasis and psoriatic arthritis (174) and the role of ABCG5/8 in the TICE, we speculate whether ABCG5 and ABCG8 play a role in the bile acid metabolism of psoriasis.





4 Phytosterols and psoriasis

Phytosterols are naturally active chemicals present in many plants (especially in whole grains, vegetable oils, nuts, seeds, and legumes) that has a structure similar to cholesterol (175). Phytosterols are classified into sterols (primary products) and stanols based on their chemical structure (175). Over 250 phytosterols have been identified, with the main types including brassicasterol, campesterol, stigmasterol, and β-sitosterol (175). Phytosterols compete with cholesterol to produce micelles, which are then absorbed in the gut via NPC1L1 (176). Esterified phytosterols are incorporated into chylomicrons and then absorbed by the liver, whereas unesterified phytosterols are excreted to the intestinal cavity by ATP -binding cassette transporters (175).

A series of preclinical and clinical studies have shown that phytosterols may confer various bioactive effects, including anticancer, antioxidant, anti-inflammatory, antidiabetic, effects on lipid profile, and neuroactive effects (177). On the basis of the dysregulation of cholesterol metabolism in psoriasis and the lipid-lowering impact of phytosterols, the potential function of phytosterols in psoriasis was discussed.

The dichloromethane extracts of Melissa officinalis ssp. Altissima include campesterol, and the dichloromethane extracts have an anti-psoriatic activity to improve the clinical and pathological symptoms (178). Withasteroids are a group of steroidal compounds extracted from Datura metel L and in which withanolides are the most effective part for psoriatic treatment (179).

The same as with sitosterol, treatment with withanolides significantly improved the clinical symptoms and pathological manifestations (epidermal hyperplasia, acanthosis, hyperkeratosis, and abundant inflammatory infiltrate) and decreased the PASI score in IMQ-induced psoriatic mice (180, 181). Withanolides exert their antipsoriatic effects through various mechanisms. Withanolides can directly affect the biofunction of KC. Withanolides could induce the expression of autophagy factors, initiate the senescence and apoptosis of KCs, and inhibit KCs’ proliferation and migration induced by IL-17 (182, 183). Additionally, withanolides inhibited janus kinase (JAK)/STAT-dependent CD4+ T cell differentiation with suppression of Th17 cells and an increase in the Tregs cell type (179). And, withanolides and sitosterol significantly reversed the elevated IL-10, IL-17, IL-22, IL-23, IL-6, TNF-α, IL-8 and CXCL1 in psoriatic models (180, 181). The anti-inflammation function of withanolides may partially rely on the inhibition of the NF-κB pathway (183).




5 Conclusion

Psoriasis has been shown to have a negative physical, psychological, and social impact on patients, and the accumulated effects may lead to patients being unable to reach their “full life potential”, which is referred to as “cumulative life course disorder” (184). Additionally, psoriasis imposes a significant financial burden, with patients paying $11,498 over their lifetime for the relief of clinical symptoms and emotional well-being and the United States paying approximately $112 billion for psoriasis in 2013 (185). And since systemic comorbidities, especially cardiovascular disorders, are very common in psoriatic patients, it is essential to develop new targets for the treatment of psoriatic patients with different comorbidities.

The imbalance of cholesterol metabolism contributes significantly to the pathogenesis of psoriasis. Disorders of cholesterol metabolism, such as an increase of serum LDL cholesterol and VLDL cholesterol and a decrease of serum HDL cholesterol, can be observed in patients with psoriasis. Alterations in molecules related to cholesterol metabolism are proven to be correlated with psoriasis-related comorbidities such as cardiovascular disease, obesity, and hyperlipidemia. In recent years, metabolomics and immunometabolism have become popular research topics. Numerous molecules engaged in cholesterol metabolism are responsible for the regulation of immunological disorders and inflammatory responses in physiology and pathology. Moreover, chronic inflammation can influence the lipid profiles of diseases. However, current research on cholesterol metabolism in psoriasis is restricted to serum lipid, apo, and lipid receptors. The research on intermediate products and bile acid metabolites formed during cholesterol metabolism in psoriasis is still sparse.

In our review, we discussed the relationship between various molecules involved in cholesterol metabolism and key cytokines involved in psoriatic inflammation. Our review may provide new insights for further research between immunometabolism disturbance and psoriasis and provide new targets for the therapy for psoriasis and its complications.





Author contributions

Conceptualization, CL, LL and YG. Funding acquisition, CL. Writing – Original Draft Preparation, LL. Writing – Review & Editing, LC, JZ, YG, and CL. All authors contributed to the article and approved the submitted version.





Funding

This research was supportedby CAMS Innovation Fund for Medical Sciences (CIFMS) (grant number: 2021-I2M-1-001,  2021-I2M-1-018, 2021-I2M-1-059), the Special Research Fund for Central Universities, Peking Union Medical College (grant number: 3332022156) and the Natural Science Foundation of Jiangsu province (grant numbers: BK20211027).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Armstrong, AW, and Read, C. Pathophysiology, clinical presentation, and treatment of psoriasis: a review. Jama. (2020) 323:1945–60. doi: 10.1001/jama.2020.4006

2. Iskandar, IYK, Parisi, R, Griffiths, CEM, and Ashcroft, DM. Systematic review examining changes over time and variation in the incidence and prevalence of psoriasis by age and gender. Br J Dermatol (2021) 184:243–58. doi: 10.1111/bjd.19169

3. Parisi, R, Iskandar, IYK, Kontopantelis, E, Augustin, M, Griffiths, CEM, and Ashcroft, DM. National, regional, and worldwide epidemiology of psoriasis: systematic analysis and modelling study. Bmj (2020) 369:m1590. doi: 10.1136/bmj.m1590

4. Michalek, IM, Loring, B, and John, SM. A systematic review of worldwide epidemiology of psoriasis. J Eur Acad Dermatol Venereol. (2017) 31:205–12. doi: 10.1111/jdv.13854

5. Delpeyroux, F, Chenciner, N, Lim, A, Lambert, M, Malpièce, Y, and Streeck, RE. Insertions in the hepatitis b surface antigen. effect on assembly and secretion of 22-nm particles from mammalian cells. J Mol Biol (1987) 195:343–50. doi: 10.1016/0022-2836(87)90655-3

6. Elmets, CA, Leonardi, CL, Davis, DMR, Gelfand, JM, Lichten, J, Mehta, NN, et al. Joint AAD-NPF guidelines of care for the management and treatment of psoriasis with awareness and attention to comorbidities. J Am Acad Dermatol (2019) 80:1073–113. doi: 10.1016/j.jaad.2018.11.058

7. Takeshita, J, Grewal, S, Langan, SM, Mehta, NN, Ogdie, A, Van Voorhees, AS, et al. Psoriasis and comorbid diseases: epidemiology. J Am Acad Dermatol (2017) 76:377–90. doi: 10.1016/j.jaad.2016.07.064

8. Semenov, YR, Herbosa, CM, Rogers, AT, Huang, A, Kwatra, SG, Cohen, B, et al. Psoriasis and mortality in the united states: data from the national health and nutrition examination survey. J Am Acad Dermatol (2021) 85:396–403. doi: 10.1016/j.jaad.2019.08.011

9. Nowowiejska, J, Baran, A, and Flisiak, I. Aberrations in lipid expression and metabolism in psoriasis. Int J Mol Sci (2021) 22(12):6561. doi: 10.3390/ijms22126561

10. Wu, Z, Bagarolo, GI, Thoröe-Boveleth, S, and Jankowski, J. "Lipidomics": mass spectrometric and chemometric analyses of lipids. Adv Drug Delivery Rev (2020) 159:294–307. doi: 10.1016/j.addr.2020.06.009

11. Fahy, E, Subramaniam, S, Murphy, RC, Nishijima, M, Raetz, CR, Shimizu, T, et al. Update of the LIPID MAPS comprehensive classification system for lipids. J Lipid Res (2009) 50 Suppl:S9–14. doi: 10.1194/jlr.R800095-JLR200

12. Ryu, H, Kim, J, Kim, D, Lee, JE, and Chung, Y. Cellular and molecular links between autoimmunity and lipid metabolism. Mol Cells (2019) 42:747–54. doi: 10.14348/molcells.2019.0196

13. Jiang, S. Recent progress in immune-metabolism. Cancer Lett (2018) 421:15–6. doi: 10.1016/j.canlet.2018.02.008

14. Korman, NJ. Management of psoriasis as a systemic disease: what is the evidence? Br J Dermatol (2020) 182:840–8. doi: 10.1111/bjd.18245

15. Pietrzak, A, Michalak-Stoma, A, Chodorowska, G, and Szepietowski, JC. Lipid disturbances in psoriasis: an update. Mediators Inflamm (2010) 2010:535612. doi: 10.1155/2010/535612

16. Benton, JM, Brown, PE, and Church, RE. The serum-cholesterol in psoriasis. Lancet. (1963) 1:583–4. doi: 10.1016/s0140-6736(63)92691-6

17. Pietrzak, A, Chodorowska, G, Szepietowski, J, Zalewska-Janowska, A, Krasowska, D, and Hercogová, J. Psoriasis and serum lipid abnormalities. Dermatol Ther (2010) 23:160–73. doi: 10.1111/j.1529-8019.2010.01311.x

18. Cardoso, D, and Perucha, E. Cholesterol metabolism: a new molecular switch to control inflammation. Clin Sci (Lond). (2021) 135:1389–408. doi: 10.1042/cs20201394

19. Hotamisligil, GS. Foundations of immunometabolism and implications for metabolic health and disease. Immunity. (2017) 47:406–20. doi: 10.1016/j.immuni.2017.08.009

20. Armstrong, EJ, and Krueger, JG. Lipoprotein metabolism and inflammation in patients with psoriasis. Am J Cardiol (2016) 118:603–9. doi: 10.1016/j.amjcard.2016.05.060

21. Zhang, X, Li, X, Wang, Y, Chen, Y, Hu, Y, Guo, C, et al. Abnormal lipid metabolism in epidermal langerhans cells mediates psoriasis-like dermatitis. JCI Insight (2022) 7(13):e150223. doi: 10.1172/jci.insight.150223

22. Aguilar-Ballester, M, Herrero-Cervera, A, Vinué, Á, Martínez-Hervás, S, and González-Navarro, H. Impact of cholesterol metabolism in immune cell function and atherosclerosis. Nutrients. (2020) 12(7):2021. doi: 10.3390/nu12072021

23. Luo, J, Yang, H, and Song, BL. Mechanisms and regulation of cholesterol homeostasis. Nat Rev Mol Cell Biol (2020) 21:225–45. doi: 10.1038/s41580-019-0190-7

24. Ko, CW, Qu, J, Black, DD, and Tso, P. Regulation of intestinal lipid metabolism: current concepts and relevance to disease. Nat Rev Gastroenterol Hepatol (2020) 17:169–83. doi: 10.1038/s41575-019-0250-7

25. Repa, JJ, and Mangelsdorf, DJ. The role of orphan nuclear receptors in the regulation of cholesterol homeostasis. Annu Rev Cell Dev Biol (2000) 16:459–81. doi: 10.1146/annurev.cellbio.16.1.459

26. de Boer, JF, Kuipers, F, and Groen, AK. Cholesterol transport revisited: a new turbo mechanism to drive cholesterol excretion. Trends Endocrinol Metab (2018) 29:123–33. doi: 10.1016/j.tem.2017.11.006

27. Trakaki, A, and Marsche, G. High-density lipoprotein (HDL) in allergy and skin diseases: focus on immunomodulating functions. Biomedicines. (2020) 8(12):558. doi: 10.3390/biomedicines8120558

28. Duan, Y, Gong, K, Xu, S, Zhang, F, Meng, X, and Han, J. Regulation of cholesterol homeostasis in health and diseases: from mechanisms to targeted therapeutics. Signal Transduct Target Ther (2022) 7:265. doi: 10.1038/s41392-022-01125-5

29. de Aguiar Vallim, TQ, Tarling, EJ, and Edwards, PA. Pleiotropic roles of bile acids in metabolism. Cell Metab (2013) 17:657–69. doi: 10.1016/j.cmet.2013.03.013

30. Jeon, SM, and Shin, EA. Exploring vitamin d metabolism and function in cancer. Exp Mol Med (2018) 50:1–14. doi: 10.1038/s12276-018-0038-9

31. Miller, WL, and Auchus, RJ. The molecular biology, biochemistry, and physiology of human steroidogenesis and its disorders. Endocr Rev (2011) 32:81–151. doi: 10.1210/er.2010-0013

32. Slominski, RM, Tuckey, RC, Manna, PR, Jetten, AM, Postlethwaite, A, Raman, C, et al. Extra-adrenal glucocorticoid biosynthesis: implications for autoimmune and inflammatory disorders. Genes Immun (2020) 21:150–68. doi: 10.1038/s41435-020-0096-6

33. Gu, J, Zhu, N, Li, HF, Zhang, CJ, Gong, YZ, Liao, DF, et al. Ezetimibe and cancer: is there a connection? Front Pharmacol (2022) 13:831657. doi: 10.3389/fphar.2022.831657

34. He, J, Shin, H, Wei, X, Kadegowda, AK, Chen, R, and Xie, SK. NPC1L1 knockout protects against colitis-associated tumorigenesis in mice. BMC Cancer. (2015) 15:189. doi: 10.1186/s12885-015-1230-0

35. Fraunberger, P, Gröne, E, Gröne, HJ, Drexel, H, and Walli, AK. Ezetimibe reduces cholesterol content and NF-kappaB activation in liver but not in intestinal tissue in guinea pigs. J Inflammation (Lond). (2017) 14:3. doi: 10.1186/s12950-017-0150-y

36. Yagi, S, Akaike, M, Aihara, K, Iwase, T, Ishikawa, K, Yoshida, S, et al. Ezetimibe ameliorates metabolic disorders and microalbuminuria in patients with hypercholesterolemia. J Atheroscler Thromb (2010) 17:173–80. doi: 10.5551/jat.2378

37. Krysiak, R, and Okopien, B. The effect of ezetimibe and simvastatin on monocyte cytokine release in patients with isolated hypercholesterolemia. J Cardiovasc Pharmacol (2011) 57:505–12. doi: 10.1097/FJC.0b013e318211703b

38. Kim, SH, Kim, G, Han, DH, Lee, M, Kim, I, Kim, B, et al. Ezetimibe ameliorates steatohepatitis via AMP activated protein kinase-TFEB-mediated activation of autophagy and NLRP3 inflammasome inhibition. Autophagy. (2017) 13:1767–81. doi: 10.1080/15548627.2017.1356977

39. Yu, J, Wang, WN, Matei, N, Li, X, Pang, JW, Mo, J, et al. Ezetimibe attenuates oxidative stress and neuroinflammation via the AMPK/Nrf2/TXNIP pathway after MCAO in rats. Oxid Med Cell Longev (2020) 2020:4717258. doi: 10.1155/2020/4717258

40. Gómez-Garre, D, Muñoz-Pacheco, P, González-Rubio, ML, Aragoncillo, P, Granados, R, and Fernández-Cruz, A. Ezetimibe reduces plaque inflammation in a rabbit model of atherosclerosis and inhibits monocyte migration in addition to its lipid-lowering effect. Br J Pharmacol (2009) 156:1218–27. doi: 10.1111/j.1476-5381.2008.00091.x

41. Moon, J, Lee, SY, Na, HS, Lee, AR, Cho, KH, Choi, JW, et al. Ezetimibe ameliorates clinical symptoms in a mouse model of ankylosing spondylitis associated with suppression of Th17 differentiation. Front Immunol (2022) 13:922531. doi: 10.3389/fimmu.2022.922531

42. Haghikia, A, Zimmermann, F, Schumann, P, Jasina, A, Roessler, J, Schmidt, D, et al. Propionate attenuates atherosclerosis by immune-dependent regulation of intestinal cholesterol metabolism. Eur Heart J (2022) 43:518–33. doi: 10.1093/eurheartj/ehab644

43. Zhao, SS, Yiu, ZZN, Barton, A, and Bowes, J. Association of lipid-lowering drugs with risk of psoriasis: a mendelian randomization study. JAMA Dermatol (2023) 159(3):275–280. doi: 10.1001/jamadermatol.2022.6051

44. Namazi, MR. Statins: novel additions to the dermatologic arsenal? Exp Dermatol (2004) 13:337–9. doi: 10.1111/j.0906-6705.2004.00208.x

45. Schön, MP. Efalizumab in the treatment of psoriasis: mode of action, clinical indications, efficacy, and safety. Clin Dermatol (2008) 26:509–14. doi: 10.1016/j.clindermatol.2007.10.027

46. Stanislaus, R, Pahan, K, Singh, AK, and Singh, I. Amelioration of experimental allergic encephalomyelitis in Lewis rats by lovastatin. Neurosci Lett (1999) 269:71–4. doi: 10.1016/s0304-3940(99)00414-0

47. Zhang, X, Jin, J, Peng, X, Ramgolam, VS, and Markovic-Plese, S. Simvastatin inhibits IL-17 secretion by targeting multiple IL-17-regulatory cytokines and by inhibiting the expression of IL-17 transcription factor RORC in CD4+ lymphocytes. J Immunol (2008) 180:6988–96. doi: 10.4049/jimmunol.180.10.6988

48. Egesi, A, Sun, G, Khachemoune, A, and Rashid, RM. Statins in skin: research and rediscovery, from psoriasis to sclerosis. J Drugs Dermatol (2010) 9:921–7.

49. Li, M, Jin, R, Qi, Y, Zhou, H, Zhu, T, Liu, L, et al. Cholesterol partially rescues the inhibition effect of pravastatin on keratinocytes proliferation by regulating cell cycle relative proteins through AKT and ERK pathway. Dermatol Ther (2020) 33:e14305. doi: 10.1111/dth.14305

50. Nakai, K, Yoneda, K, Ishihara, Y, Ohmori, K, Moriue, T, Igarashi, J, et al. Lipid peroxidation-induced VEGF expression in the skin of KKAy obese mice. Exp Dermatol (2011) 20:388–93. doi: 10.1111/j.1600-0625.2010.01223.x

51. Schiefelbein, D, Goren, I, Fisslthaler, B, Schmidt, H, Geisslinger, G, Pfeilschifter, J, et al. Biphasic regulation of HMG-CoA reductase expression and activity during wound healing and its functional role in the control of keratinocyte angiogenic and proliferative responses. J Biol Chem (2008) 283:15479–90. doi: 10.1074/jbc.M709841200

52. Kulkarni, NM, Muley, MM, Jaji, MS, Vijaykanth, G, Raghul, J, Reddy, NK, et al. Topical atorvastatin ameliorates 12-O-tetradecanoylphorbol-13-acetate induced skin inflammation by reducing cutaneous cytokine levels and NF-κB activation. Arch Pharm Res (2015) 38:1238–47. doi: 10.1007/s12272-014-0496-0

53. Egeberg, A, and Skov, L. Management of cardiovascular disease in patients with psoriasis. Expert Opin Pharmacother. (2016) 17:1509–16. doi: 10.1080/14656566.2016.1190336

54. Garshick, M, and Underberg, JA. The use of primary prevention statin therapy in those predisposed to atherosclerosis. Curr Atheroscler Rep (2017) 19:48. doi: 10.1007/s11883-017-0685-7

55. Meer, E, Thrastardottir, T, Wang, X, Dubreuil, M, Chen, Y, Gelfand, JM, et al. Risk factors for diagnosis of psoriatic arthritis, psoriasis, rheumatoid arthritis, and ankylosing spondylitis: a set of parallel case-control studies. J Rheumatol (2022) 49:53–9. doi: 10.3899/jrheum.210006

56. Shirinsky, IV, and Shirinsky, VS. Efficacy of simvastatin in plaque psoriasis: a pilot study. J Am Acad Dermatol (2007) 57:529–31. doi: 10.1016/j.jaad.2007.05.040

57. Trong, HN, Tat, TN, Anh, TTN, Uyen, NP, Van, TN, Hau, KT, et al. Efficacy of adding oral simvastatin to topical therapy for treatment of psoriasis: the Vietnamese experience. Open Access Maced J Med Sci (2019) 7:237–42. doi: 10.3889/oamjms.2019.060

58. Wolkenstein, P, Revuz, J, Roujeau, JC, Bonnelye, G, Grob, JJ, and Bastuji-Garin, S. Psoriasis in France and associated risk factors: results of a case-control study based on a large community survey. Dermatology. (2009) 218:103–9. doi: 10.1159/000182258

59. Naseri, M, Hadipour, A, Sepaskhah, M, and Namazi, MR. The remarkable beneficial effect of adding oral simvastatin to topical betamethasone for treatment of psoriasis: a double-blind, randomized, placebo-controlled study. Niger J Med (2010) 19:58–61. doi: 10.4314/njm.v19i1.54216

60. Asad, F, Khan, M, and Rizvi, F. Atorvastatin as an adjuvant with betamethasone valerate reduces disease severity and cardiovascular risks in psoriasis. Pak J Med Sci (2017) 33:1507–11. doi: 10.12669/pjms.336.14068

61. Yang, G, and Schooling, CM. Investigating genetically mimicked effects of statins via HMGCR inhibition on immune-related diseases in men and women using mendelian randomization. Sci Rep (2021) 11:23416. doi: 10.1038/s41598-021-02981-x

62. Brauchli, YB, Jick, SS, and Meier, CR. Statin use and risk of first-time psoriasis diagnosis. J Am Acad Dermatol (2011) 65:77–83. doi: 10.1016/j.jaad.2010.05.039

63. Al Salman, M, Ghiasi, M, Farid, AS, Taraz, M, Azizpour, A, and Mahmoudi, H. Oral simvastatin combined with narrowband UVB for the treatment of psoriasis: a randomized controlled trial. Dermatol Ther (2021) 34:e15075. doi: 10.1111/dth.15075

64. Chua, SHH, Tioleco, GMS, Dayrit, CAF, Mojica, WP, Dofitas, BL, and Frez, LF. Atorvastatin as adjunctive therapy for chronic plaque type psoriasis versus betamethasone valerate alone: a randomized, double-blind, placebo-controlled trial. Indian J Dermatol Venereol Leprol. (2017) 83:441–7. doi: 10.4103/ijdvl.IJDVL_425_16

65. Faghihi, T, Radfar, M, Mehrabian, Z, Ehsani, AH, and Rezaei Hemami, M. Atorvastatin for the treatment of plaque-type psoriasis. Pharmacotherapy. (2011) 31:1045–50. doi: 10.1592/phco.31.11.1045

66. Iraji, F, Tajmirriahi, N, Siadat, AH, Momeni, I, and Nilforoushzadeh, MA. Efficacy of adding topical simvastatin to topical calcipotriol on improvement of cutaneous plaque psoriasis. Adv BioMed Res (2014) 3:11. doi: 10.4103/2277-9175.124639

67. Cozzani, E, Scaparro, M, and Parodi, A. A case of psoriasis worsened by atorvastatin. J Dermatol Case Rep (2009) 3:60–1. doi: 10.3315/jdcr.2009.1037

68. Jacobi, TC, and Highet, A. A clinical dilemma while treating hypercholesterolaemia in psoriasis. Br J Dermatol (2003) 149:1305–6. doi: 10.1111/j.1365-2133.2003.05675.x

69. Socha, M, Pietrzak, A, Grywalska, E, Pietrzak, D, Matosiuk, D, Kiciński, P, et al. The effect of statins on psoriasis severity: a meta-analysis of randomized clinical trials. Arch Med Sci (2020) 16:1–7. doi: 10.5114/aoms.2019.90343

70. Wang, J, Zhang, S, Xing, M, Hong, S, Liu, L, Ding, XJ, et al. Current evidence on the role of lipid lowering drugs in the treatment of psoriasis. Front Med (Lausanne). (2022) 9:900916. doi: 10.3389/fmed.2022.900916

71. Kaiser, H, Kvist-Hansen, A, Krakauer, M, Gørtz, PM, Henningsen, KMA, Wang, X, et al. Statin therapy and vascular inflammation detected by positron emission Tomography/Computed tomography in patients with psoriasis. Acta Derm Venereol (2021) 101(2):adv00406. doi: 10.2340/00015555-3752

72. Liu, KL, Tsai, WC, Tu, HP, and Lee, CH. Statin use and the risk of chronic kidney disease in patients with psoriasis: a nationwide cohort study in Taiwan. PloS One (2020) 15:e0237816. doi: 10.1371/journal.pone.0237816

73. Ports, WC, Fayyad, R, DeMicco, DA, Laskey, R, and Wolk, R. Effectiveness of lipid-lowering statin therapy in patients with and without psoriasis. Clin Drug Investig (2017) 37:775–85. doi: 10.1007/s40261-017-0533-0

74. Masson, W, Lobo, M, Molinero, G, and Rossi, E. Should all patients with psoriasis receive statins? analysis according to different strategies. Bras Dermatol (2019) 94:691–7. doi: 10.1016/j.abd.2019.03.001

75. Kubo, A, Sasaki, T, Suzuki, H, Shiohama, A, Aoki, S, Sato, S, et al. Clonal expansion of second-hit cells with somatic recombinations or C>T transitions form porokeratosis in MVD or MVK mutant heterozygotes. J Invest Dermatol (2019) 139:2458–2466.e2459. doi: 10.1016/j.jid.2019.05.020

76. Wang, J, Liu, Y, Liu, F, Huang, C, Han, S, Lv, Y, et al. Loss-of-function mutation in PMVK causes autosomal dominant disseminated superficial porokeratosis. Sci Rep (2016) 6:24226. doi: 10.1038/srep24226

77. Zhu, T, Tian, D, Zhang, L, Xu, X, Xia, K, Hu, Z, et al. Novel mutations in mevalonate kinase cause disseminated superficial actinic porokeratosis. Br J Dermatol (2019) 181:304–13. doi: 10.1111/bjd.17596

78. Hivnor, C, Williams, N, Singh, F, VanVoorhees, A, Dzubow, L, Baldwin, D, et al. Gene expression profiling of porokeratosis demonstrates similarities with psoriasis. J Cutan Pathol (2004) 31:657–64. doi: 10.1111/j.0303-6987.2004.00247.x

79. Takeichi, T, and Akiyama, M. Familial or sporadic porokeratosis as an autoinflammatory keratinization disease. J Dermatol (2019) 46:e125–6. doi: 10.1111/1346-8138.14666

80. Politiek, FA, and Waterham, HR. Compromised protein prenylation as pathogenic mechanism in mevalonate kinase deficiency. Front Immunol (2021) 12:724991. doi: 10.3389/fimmu.2021.724991

81. Yildiz, Ç, Yildirim, DG, Inci, A, Tümer, L, Ergin, FBC, Yayla, ENS, et al. A possibly new autoinflammatory disease due to compound heterozygous phosphomevalonate kinase gene mutation: does it open a new horizon? Joint Bone Spine. (2023) 90(1):105490. doi: 10.1016/j.jbspin.2022.105490

82. Marcuzzi, A, Zanin, V, Kleiner, G, Monasta, L, and Crovella, S. Mouse model of mevalonate kinase deficiency: comparison of cytokine and chemokine profile with that of human patients. Pediatr Res (2013) 74:266–71. doi: 10.1038/pr.2013.96

83. Bekkering, S, Arts, RJW, Novakovic, B, Kourtzelis, I, van der Heijden, C, Li, Y, et al. Metabolic induction of trained immunity through the mevalonate pathway. Cell. (2018) 172:135–146.e139. doi: 10.1016/j.cell.2017.11.025

84. Li, L, Zhang, W, Cheng, S, Cao, D, and Parent, M. Isoprenoids and related pharmacological interventions: potential application in alzheimer's disease. Mol Neurobiol (2012) 46:64–77. doi: 10.1007/s12035-012-8253-1

85. Bibby, JA, Purvis, HA, Hayday, T, Chandra, A, Okkenhaug, K, Rosenzweig, S, et al. Cholesterol metabolism drives regulatory b cell IL-10 through provision of geranylgeranyl pyrophosphate. Nat Commun (2020) 11:3412. doi: 10.1038/s41467-020-17179-4

86. Bratt, JM, Chang, KY, Rabowsky, M, Franzi, LM, Ott, SP, Filosto, S, et al. Farnesyltransferase inhibition exacerbates eosinophilic inflammation and airway hyperreactivity in mice with experimental asthma: the complex roles of ras GTPase and farnesylpyrophosphate in type 2 allergic inflammation. J Immunol (2018) 200:3840–56. doi: 10.4049/jimmunol.1601317

87. Guggino, G, Ciccia, F, Di Liberto, D, Lo Pizzo, M, Ruscitti, P, Cipriani, P, et al. Interleukin (IL)-9/IL-9R axis drives γδ T cells activation in psoriatic arthritis patients. Clin Exp Immunol (2016) 186:277–83. doi: 10.1111/cei.12853

88. Sánchez-Quesada, C, López-Biedma, A, Toledo, E, and Gaforio, JJ. Squalene stimulates a key innate immune cell to foster wound healing and tissue repair. Evid Based Complement Alternat Med (2018) 2018:9473094. doi: 10.1155/2018/9473094

89. Sasaki, K, Inami, Y, Tominaga, K, Kigoshi, H, Arimura, T, and Isoda, H. Synthesis of 2-(2-Hydroxyethoxy)-3-hydroxysqualene and characterization of its anti-inflammatory effects. BioMed Res Int (2020) 2020:9584567. doi: 10.1155/2020/9584567

90. Ottaviani, M, Alestas, T, Flori, E, Mastrofrancesco, A, Zouboulis, CC, and Picardo, M. Peroxidated squalene induces the production of inflammatory mediators in HaCaT keratinocytes: a possible role in acne vulgaris. J Invest Dermatol (2006) 126:2430–7. doi: 10.1038/sj.jid.5700434

91. Stein, EA, Bays, H, O'Brien, D, Pedicano, J, Piper, E, and Spezzi, A. Lapaquistat acetate: development of a squalene synthase inhibitor for the treatment of hypercholesterolemia. Circulation. (2011) 123:1974–85. doi: 10.1161/circulationaha.110.975284

92. Brusselmans, K, Timmermans, L, Van de Sande, T, Van Veldhoven, PP, Guan, G, Shechter, I, et al. Squalene synthase, a determinant of raft-associated cholesterol and modulator of cancer cell proliferation. J Biol Chem (2007) 282:18777–85. doi: 10.1074/jbc.M611763200

93. Ha, NT, and Lee, CH. Roles of farnesyl-diphosphate farnesyltransferase 1 in tumour and tumour microenvironments. Cells. (2020) 9(11):2352. doi: 10.3390/cells9112352

94. Healey, GD, Collier, C, Griffin, S, Schuberth, HJ, Sandra, O, Smith, DG, et al. Mevalonate biosynthesis intermediates are key regulators of innate immunity in bovine endometritis. J Immunol (2016) 196:823–31. doi: 10.4049/jimmunol.1501080

95. Marcuzzi, A, Loganes, C, Celeghini, C, and Kleiner, G. Repositioning of tak-475 in mevalonate kinase disease: translating theory into practice. Curr Med Chem (2018) 25:2783–96. doi: 10.2174/0929867324666170911161417

96. Yang, YF, Jan, YH, Liu, YP, Yang, CJ, Su, CY, Chang, YC, et al. Squalene synthase induces tumor necrosis factor receptor 1 enrichment in lipid rafts to promote lung cancer metastasis. Am J Respir Crit Care Med (2014) 190:675–87. doi: 10.1164/rccm.201404-0714OC

97. Loike, JD, Shabtai, DY, Neuhut, R, Malitzky, S, Lu, E, Husemann, J, et al. Statin inhibition of fc receptor-mediated phagocytosis by macrophages is modulated by cell activation and cholesterol. Arterioscler Thromb Vasc Biol (2004) 24:2051–6. doi: 10.1161/01.Atv.0000143858.15909.29

98. Memon, RA, Shechter, I, Moser, AH, Shigenaga, JK, Grunfeld, C, and Feingold, KR. Endotoxin, tumor necrosis factor, and interleukin-1 decrease hepatic squalene synthase activity, protein, and mRNA levels in Syrian hamsters. J Lipid Res (1997) 38:1620–9. doi: 10.1016/S0022-2275(20)37180-7

99. Xu, X, Tang, X, Zhang, Y, Pan, Z, Wang, Q, Tang, L, et al. Chromatin accessibility and transcriptome integrative analysis revealed AP-1-mediated genes potentially modulate histopathology features in psoriasis. Clin Epigenetics. (2022) 14:38. doi: 10.1186/s13148-022-01250-6

100. You, W, Ke, J, Chen, Y, Cai, Z, Huang, ZP, Hu, P, et al. SQLE, a key enzyme in cholesterol metabolism, correlates with tumor immune infiltration and immunotherapy outcome of pancreatic adenocarcinoma. Front Immunol (2022) 13:864244. doi: 10.3389/fimmu.2022.864244

101. Wang, YM, Zhang, J, Pan, CL, Cao, QY, Wang, XY, Zhao, AQ, et al. Palmoplantar keratoderma: a new phenotype in patients with hypotrichosis resulted from lanosterol synthase gene mutations. J Eur Acad Dermatol Venereol. (2022) 36:e842–5. doi: 10.1111/jdv.18315

102. McCrae, C, Dzgoev, A, Ståhlman, M, Horndahl, J, Svärd, R, Große, A, et al. Lanosterol synthase regulates human rhinovirus replication in human bronchial epithelial cells. Am J Respir Cell Mol Biol (2018) 59:713–22. doi: 10.1165/rcmb.2017-0438OC

103. Araldi, E, Fernández-Fuertes, M, Canfrán-Duque, A, Tang, W, Cline, GW, Madrigal-Matute, J, et al. Lanosterol modulates TLR4-mediated innate immune responses in macrophages. Cell Rep (2017) 19:2743–55. doi: 10.1016/j.celrep.2017.05.093

104. He, M, Smith, LD, Chang, R, Li, X, and Vockley, J. The role of sterol-C4-methyl oxidase in epidermal biology. Biochim Biophys Acta (2014) 1841:331–5. doi: 10.1016/j.bbalip.2013.10.009

105. Bellezza, I, Gatticchi, L, del Sordo, R, Peirce, MJ, Sidoni, A, Roberti, R, et al. The loss of Tm7sf gene accelerates skin papilloma formation in mice. Sci Rep (2015) 5:9471. doi: 10.1038/srep09471

106. Lanzendorf, SE, Gliessman, PM, Archibong, AE, Alexander, M, and Wolf, DP. Collection and quality of rhesus monkey semen. Mol Reprod Dev (1990) 25:61–6. doi: 10.1002/mrd.1080250111

107. He, M, Kratz, LE, Michel, JJ, Vallejo, AN, Ferris, L, Kelley, RI, et al. Mutations in the human SC4MOL gene encoding a methyl sterol oxidase cause psoriasiform dermatitis, microcephaly, and developmental delay. J Clin Invest. (2011) 121:976–84. doi: 10.1172/jci42650

108. Kiritsi, D, Schauer, F, Wölfle, U, Valari, M, Bruckner-Tuderman, L, Has, C, et al. Targeting epidermal lipids for treatment of mendelian disorders of cornification. Orphanet J Rare Dis (2014) 9:33. doi: 10.1186/1750-1172-9-33

109. Xu, X, Tassone, B, Ostano, P, Katarkar, A, Proust, T, Joseph, JM, et al. HSD17B7 gene in self-renewal and oncogenicity of keratinocytes from black versus white populations. EMBO Mol Med (2021) 13:e14133. doi: 10.15252/emmm.202114133

110. Bellezza, I, Roberti, R, Gatticchi, L, Del Sordo, R, Rambotti, MG, Marchetti, MC, et al. A novel role for Tm7sf2 gene in regulating TNFα expression. PloS One (2013) 8:e68017. doi: 10.1371/journal.pone.0068017

111. Avgerinou, GP, Asvesti, AP, Katsambas, AD, Nikolaou, VA, Christofidou, EC, Grzeschik, KH, et al. CHILD syndrome: the NSDHL gene and its role in CHILD syndrome, a rare hereditary disorder. J Eur Acad Dermatol Venereol. (2010) 24:733–6. doi: 10.1111/j.1468-3083.2009.03483.x

112. Huang, Q, Chen, Y, Chen, Q, Zhang, H, Lin, Y, Zhu, M, et al. Dioxin-like rather than non-dioxin-like PCBs promote the development of endometriosis through stimulation of endocrine-inflammation interactions. Arch Toxicol (2017) 91:1915–24. doi: 10.1007/s00204-016-1854-0

113. Fon Tacer, K, Pompon, D, and Rozman, D. Adaptation of cholesterol synthesis to fasting and TNF-alpha: profiling cholesterol intermediates in the liver, brain, and testis. J Steroid Biochem Mol Biol (2010) 121:619–25. doi: 10.1016/j.jsbmb.2010.02.026

114. Ozyurt, K, Subasioglu, A, Ozturk, P, Inci, R, Ozkan, F, Bueno, E, et al. Emopamil binding protein mutation in conradi-hünermann-happle syndrome representing plaque-type psoriasis. Indian J Dermatol (2015) 60:216. doi: 10.4103/0019-5154.152570

115. Mirza, R, Hayasaka, S, Takagishi, Y, Kambe, F, Ohmori, S, Maki, K, et al. DHCR24 gene knockout mice demonstrate lethal dermopathy with differentiation and maturation defects in the epidermis. J Invest Dermatol (2006) 126:638–47. doi: 10.1038/sj.jid.5700111

116. Chignell, CF, Kukielczak, BM, Sik, RH, Bilski, PJ, and He, YY. Ultraviolet a sensitivity in smith-Lemli-Opitz syndrome: possible involvement of cholesta-5,7,9(11)-trien-3 beta-ol. Free Radic Biol Med (2006) 41:339–46. doi: 10.1016/j.freeradbiomed.2006.04.021

117. Spann, NJ, Garmire, LX, McDonald, JG, Myers, DS, Milne, SB, Shibata, N, et al. Regulated accumulation of desmosterol integrates macrophage lipid metabolism and inflammatory responses. Cell. (2012) 151:138–52. doi: 10.1016/j.cell.2012.06.054

118. Zhang, X, McDonald, JG, Aryal, B, Canfrán-Duque, A, Goldberg, EL, Araldi, E, et al. Desmosterol suppresses macrophage inflammasome activation and protects against vascular inflammation and atherosclerosis. Proc Natl Acad Sci USA (2021) 118(47):e2107682118. doi: 10.1073/pnas.2107682118

119. Körner, A, Zhou, E, Müller, C, Mohammed, Y, Herceg, S, Bracher, F, et al. Inhibition of Δ24-dehydrocholesterol reductase activates pro-resolving lipid mediator biosynthesis and inflammation resolution. Proc Natl Acad Sci USA (2019) 116:20623–34. doi: 10.1073/pnas.1911992116

120. McGrath, KC, Li, XH, Puranik, R, Liong, EC, Tan, JT, Dy, VM, et al. Role of 3beta-hydroxysteroid-delta 24 reductase in mediating antiinflammatory effects of high-density lipoproteins in endothelial cells. Arterioscler Thromb Vasc Biol (2009) 29:877–82. doi: 10.1161/atvbaha.109.184663

121. Wu, BJ, Chen, K, Shrestha, S, Ong, KL, Barter, PJ, and Rye, KA. High-density lipoproteins inhibit vascular endothelial inflammation by increasing 3β-hydroxysteroid-Δ24 reductase expression and inducing heme oxygenase-1. Circ Res (2013) 112:278–88. doi: 10.1161/circresaha.111.300104

122. Zu, HB, Liu, XY, and Yao, K. DHCR24 overexpression modulates microglia polarization and inflammatory response via Akt/GSK3β signaling in Aβ(25)(-)(35) treated BV-2 cells. Life Sci (2020) 260:118470. doi: 10.1016/j.lfs.2020.118470

123. Xiao, J, Li, W, Zheng, X, Qi, L, Wang, H, Zhang, C, et al. Targeting 7-dehydrocholesterol reductase integrates cholesterol metabolism and IRF3 activation to eliminate infection. Immunity. (2020) 52:109–122.e106. doi: 10.1016/j.immuni.2019.11.015

124. Kovarova, M, Wassif, CA, Odom, S, Liao, K, Porter, FD, and Rivera, J. Cholesterol deficiency in a mouse model of smith-Lemli-Opitz syndrome reveals increased mast cell responsiveness. J Exp Med (2006) 203:1161–71. doi: 10.1084/jem.20051701

125. Al-Harbi, NO, Nadeem, A, Al-Harbi, MM, Zoheir, KMA, Ansari, MA, El-Sherbeeny, AM, et al. Psoriatic inflammation causes hepatic inflammation with concomitant dysregulation in hepatic metabolism via IL-17A/IL-17 receptor signaling in a murine model. Immunobiology. (2017) 222:128–36. doi: 10.1016/j.imbio.2016.10.013

126. Wang, B, Wang, X, Sun, H, Hu, L, and Gao, J. The effects of T helper 17 and regulatory T cells on patients with carotid atherosclerosis. Pak J Pharm Sci (2017) 30:1923–8. doi: 10.3389/fcvm.2022.929078

127. Dey, AK, Gaddipati, R, Elnabawi, YA, Ongstad, E, Goyal, A, Chung, JH, et al. Association between soluble lectinlike oxidized low-density lipoprotein receptor-1 and coronary artery disease in psoriasis. JAMA Dermatol (2020) 156:151–7. doi: 10.1001/jamadermatol.2019.3595

128. Asami, M, Ototake, Y, Takamura, N, Watanabe, Y, Aihara, M, and Yamaguchi, Y. Abnormal inflammatory traits and downregulated caveolin-1 expression in monocytes of psoriasis patients may be associated with psoriatic inflammation and atherosclerosis. J Dermatol Sci (2022) 107:65–74. doi: 10.1016/j.jdermsci.2022.07.003

129. Rashmi, R, Rao, KS, and Basavaraj, KH. A comprehensive review of biomarkers in psoriasis. Clin Exp Dermatol (2009) 34:658–63. doi: 10.1111/j.1365-2230.2009.03410.x

130. Tekin, NS, Tekin, IO, Barut, F, and Sipahi, EY. Accumulation of oxidized low-density lipoprotein in psoriatic skin and changes of plasma lipid levels in psoriatic patients. Mediators Inflamm (2007) 2007:78454. doi: 10.1155/2007/78454

131. Zheng, Y, Danilenko, DM, Valdez, P, Kasman, I, Eastham-Anderson, J, Wu, J, et al. Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal inflammation and acanthosis. Nature. (2007) 445:648–51. doi: 10.1038/nature05505

132. Shih, CM, Huang, CY, Wang, KH, Huang, CY, Wei, PL, Chang, YJ, et al. Oxidized low-density lipoprotein-deteriorated psoriasis is associated with the upregulation of lox-1 receptor and il-23 expression. In Vivo In Vitro. Int J Mol Sci (2018) 19(9):2610. doi: 10.3390/ijms19092610

133. Sawamura, T, Kume, N, Aoyama, T, Moriwaki, H, Hoshikawa, H, Aiba, Y, et al. An endothelial receptor for oxidized low-density lipoprotein. Nature. (1997) 386:73–7. doi: 10.1038/386073a0

134. Shih, CM, Chen, CC, Chu, CK, Wang, KH, Huang, CY, and Lee, AW. The roles of lipoprotein in psoriasis. Int J Mol Sci (2020) 21(3):859. doi: 10.3390/ijms21030859

135. Nazir, S, Jankowski, V, Bender, G, Zewinger, S, Rye, KA, and van der Vorst, EPC. Interaction between high-density lipoproteins and inflammation: function matters more than concentration! Adv Drug Delivery Rev (2020) 159:94–119. doi: 10.1016/j.addr.2020.10.006

136. Feingold, KR, and Grunfeld, C. Effect of inflammation on HDL structure and function. Curr Opin Lipidol. (2016) 27:521–30. doi: 10.1097/mol.0000000000000333

137. Marsche, G, Holzer, M, and Wolf, P. Antipsoriatic treatment extends beyond the skin: recovering of high-density lipoprotein function. Exp Dermatol (2014) 23:701–4. doi: 10.1111/exd.12483

138. Holzer, M, Wolf, P, Inzinger, M, Trieb, M, Curcic, S, Pasterk, L, et al. Anti-psoriatic therapy recovers high-density lipoprotein composition and function. J Invest Dermatol (2014) 134:635–42. doi: 10.1038/jid.2013.359

139. Zhang, H, Wu, LM, and Wu, J. Cross-talk between apolipoprotein e and cytokines. Mediators Inflamm (2011) 2011:949072. doi: 10.1155/2011/949072

140. de Bont, N, Netea, MG, Demacker, PN, Kullberg, BJ, van der Meer, JW, and Stalenhoef, AF. Apolipoprotein e-deficient mice have an impaired immune response to klebsiella pneumoniae. Eur J Clin Invest. (2000) 30:818–22. doi: 10.1046/j.1365-2362.2000.00715.x

141. Karpouzis, A, Caridha, R, Tripsianis, G, Michailidis, C, Martinis, G, and Veletza, SV. Apolipoprotein e gene polymorphism in psoriasis. Arch Dermatol Res (2009) 301:405–10. doi: 10.1007/s00403-009-0968-0

142. Campalani, E, Allen, MH, Fairhurst, D, Young, HS, Mendonca, CO, Burden, AD, et al. Apolipoprotein e gene polymorphisms are associated with psoriasis but do not determine disease response to acitretin. Br J Dermatol (2006) 154:345–52. doi: 10.1111/j.1365-2133.2005.06950.x

143. Mommaas-Kienhuis, AM, Grayson, S, Wijsman, MC, Vermeer, BJ, and Elias, PM. Low density lipoprotein receptor expression on keratinocytes in normal and psoriatic epidermis. J Invest Dermatol (1987) 89:513–7. doi: 10.1111/1523-1747.ep12461024

144. Duvetorp, A, Olsen, RS, Nyström, H, Skarstedt, M, Dienus, O, Mrowietz, U, et al. Expression of low-density lipoprotein-related receptors 5 and 6 (LRP5/6) in psoriasis skin. Exp Dermatol (2017) 26:1033–8. doi: 10.1111/exd.13362

145. Sorokin, AV, Domenichiello, AF, Dey, AK, Yuan, ZX, Goyal, A, Rose, SM, et al. Bioactive lipid mediator profiles in human psoriasis skin and blood. J Invest Dermatol (2018) 138:1518–28. doi: 10.1016/j.jid.2018.02.003

146. Wu, NQ, Shi, HW, and Li, JJ. Proprotein convertase Subtilisin/Kexin type 9 and inflammation: an updated review. Front Cardiovasc Med (2022) 9:763516. doi: 10.3389/fcvm.2022.763516

147. Ding, Z, Liu, S, Wang, X, Deng, X, Fan, Y, Shahanawaz, J, et al. Cross-talk between LOX-1 and PCSK9 in vascular tissues. Cardiovasc Res (2015) 107:556–67. doi: 10.1093/cvr/cvv178

148. Luan, C, Chen, X, Zhu, Y, Osland, JM, Gerber, SD, Dodds, M, et al. Potentiation of psoriasis-like inflammation by PCSK9. J Invest Dermatol (2019) 139:859–67. doi: 10.1016/j.jid.2018.07.046

149. Garshick, MS, Baumer, Y, Dey, AK, Grattan, R, Ng, Q, Teague, HL, et al. Characterization of PCSK9 in the blood and skin of psoriasis. J Invest Dermatol (2021) 141:308–15. doi: 10.1016/j.jid.2020.05.115

150. Frątczak, A, Polak, K, Szczepanek, M, and Lis-Święty, A. The role of proprotein convertase subtilisin/kexin type 9 (PCSK9) in the pathophysiology of psoriasis and systemic lupus erythematosus. Postepy Dermatol Alergol. (2022) 39:645–50. doi: 10.5114/ada.2022.118919

151. Chen, J, Qi, H, Liu, L, Niu, Y, Yu, S, Qin, S, et al. Elevated cholesteryl ester transfer and phospholipid transfer proteins aggravated psoriasis in imiquimod-induced mouse models. Lipids Health Dis (2022) 21:75. doi: 10.1186/s12944-022-01684-0

152. Genga, KR, Trinder, M, Kong, HJ, Li, X, Leung, AKK, Shimada, T, et al. CETP genetic variant rs1800777 (allele a) is associated with abnormally low HDL-c levels and increased risk of AKI during sepsis. Sci Rep (2018) 8:16764. doi: 10.1038/s41598-018-35261-2

153. Dusuel, A, Deckert, V, Pais de Barros, JP, van Dongen, K, Choubley, H, Charron, É, et al. Human cholesteryl ester transfer protein lacks lipopolysaccharide transfer activity, but worsens inflammation and sepsis outcomes in mice. J Lipid Res (2021) 62:100011. doi: 10.1194/jlr.RA120000704

154. Dorighello, GG, Assis, LHP, Rentz, T, Morari, J, Santana, MFM, Passarelli, M, et al. Novel role of CETP in macrophages: reduction of mitochondrial oxidants production and modulation of cell immune-metabolic profile. Antioxidants (Basel). (2022) 11(9):1734. doi: 10.3390/antiox11091734

155. Nowowiejska, J, Baran, A, Krahel, JA, Kamiński, TW, Maciaszek, M, and Flisiak, I. Serum cholesteryl ester transfer protein (CETP) and sortilin (SORT) in patients with psoriasis with relation to systemic treatment. Metabolites. (2022) 12(4):340. doi: 10.3390/metabo12040340

156. Rogers, MA, Liu, J, Song, BL, Li, BL, Chang, CC, and Chang, TY. Acyl-CoA:cholesterol acyltransferases (ACATs/SOATs): enzymes with multiple sterols as substrates and as activators. J Steroid Biochem Mol Biol (2015) 151:102–7. doi: 10.1016/j.jsbmb.2014.09.008

157. Bi, M, Qiao, X, Zhang, H, Wu, H, Gao, Z, Zhou, H, et al. Effect of inhibiting ACAT-1 expression on the growth and metastasis of Lewis lung carcinoma. Oncol Lett (2019) 18:1548–56. doi: 10.3892/ol.2019.10427

158. Guo, X, Zhou, S, Yang, Z, Li, ZA, Hu, W, Dai, L, et al. Comprehensive analysis of sterol O-acyltransferase 1 as a prognostic biomarker and its association with immune infiltration in glioma. Front Oncol (2022) 12:896433. doi: 10.3389/fonc.2022.896433

159. Huang, LH, Melton, EM, Li, H, Sohn, P, Jung, D, Tsai, CY, et al. Myeloid-specific Acat1 ablation attenuates inflammatory responses in macrophages, improves insulin sensitivity, and suppresses diet-induced obesity. Am J Physiol Endocrinol Metab (2018) 315:E340–e356. doi: 10.1152/ajpendo.00174.2017

160. Kharbanda, RK, Wallace, S, Walton, B, Donald, A, Cross, JM, and Deanfield, J. Systemic acyl-CoA:cholesterol acyltransferase inhibition reduces inflammation and improves vascular function in hypercholesterolemia. Circulation. (2005) 111:804–7. doi: 10.1161/01.Cir.0000155236.25081.9b

161. Baumer, Y, Dey, AK, Gutierrez-Huerta, CA, Khalil, NO, Sekine, Y, Sanda, GE, et al. Hyperlipidaemia and IFNgamma/TNFalpha synergism are associated with cholesterol crystal formation in endothelial cells partly through modulation of lysosomal pH and cholesterol homeostasis. EBioMedicine. (2020) 59:102876. doi: 10.1016/j.ebiom.2020.102876

162. Lei, L, Xiong, Y, Chen, J, Yang, JB, Wang, Y, Yang, XY, et al. TNF-alpha stimulates the ACAT1 expression in differentiating monocytes to promote the CE-laden cell formation. J Lipid Res (2009) 50:1057–67. doi: 10.1194/jlr.M800484-JLR200

163. Jiang, YJ, Lu, B, Tarling, EJ, Kim, P, Man, MQ, Crumrine, D, et al. Regulation of ABCG1 expression in human keratinocytes and murine epidermis. J Lipid Res (2010) 51:3185–95. doi: 10.1194/jlr.M006445

164. Lai, L, Azzam, KM, Lin, WC, Rai, P, Lowe, JM, Gabor, KA, et al. MicroRNA-33 regulates the innate immune response via ATP binding cassette transporter-mediated remodeling of membrane microdomains. J Biol Chem (2016) 291:19651–60. doi: 10.1074/jbc.M116.723056

165. Westerterp, M, Gautier, EL, Ganda, A, Molusky, MM, Wang, W, Fotakis, P, et al. Cholesterol accumulation in dendritic cells links the inflammasome to acquired immunity. Cell Metab (2017) 25:1294–1304.e1296. doi: 10.1016/j.cmet.2017.04.005

166. Khovidhunkit, W, Moser, AH, Shigenaga, JK, Grunfeld, C, and Feingold, KR. Endotoxin down-regulates ABCG5 and ABCG8 in mouse liver and ABCA1 and ABCG1 in J774 murine macrophages: differential role of LXR. J Lipid Res (2003) 44:1728–36. doi: 10.1194/jlr.M300100-JLR200

167. Rubic, T, and Lorenz, RL. Downregulated CD36 and oxLDL uptake and stimulated ABCA1/G1 and cholesterol efflux as anti-atherosclerotic mechanisms of interleukin-10. Cardiovasc Res (2006) 69:527–35. doi: 10.1016/j.cardiores.2005.10.018

168. Yang, J, Kou, J, Lalonde, R, and Fukuchi, KI. Intracranial IL-17A overexpression decreases cerebral amyloid angiopathy by upregulation of ABCA1 in an animal model of alzheimer's disease. Brain Behav Immun (2017) 65:262–73. doi: 10.1016/j.bbi.2017.05.012

169. Gemery, JM, Forauer, AR, and Hoffer, EK. Activation of stem cell up-regulation/mobilization: a cardiovascular risk in both mice and humans with implications for liver disease, psoriasis and SLE. Vasc Health Risk Manage (2019) 15:309–16. doi: 10.2147/vhrm.S207161

170. Yvan-Charvet, L, Ranalletta, M, Wang, N, Han, S, Terasaka, N, Li, R, et al. Combined deficiency of ABCA1 and ABCG1 promotes foam cell accumulation and accelerates atherosclerosis in mice. J Clin Invest. (2007) 117:3900–8. doi: 10.1172/jci33372

171. Mishima, Y, Sonoyama, H, Ishihara, S, Oshima, N, Moriyama, I, Kawashima, K, et al. Interleukin-33 delays recovery of mucosal inflammation via downregulation of homeostatic ABCG5/8 in the colon. Lab Invest. (2020) 100:491–502. doi: 10.1038/s41374-019-0329-3

172. McGillicuddy, FC, de la Llera Moya, M, Hinkle, CC, Joshi, MR, Chiquoine, EH, Billheimer, JT, et al. Inflammation impairs reverse cholesterol transport. vivo. Circulation. (2009) 119:1135–45. doi: 10.1161/circulationaha.108.810721

173. Kosters, A, White, DD, Sun, H, Thevananther, S, and Karpen, SJ. Redundant roles for cJun-n-terminal kinase 1 and 2 in interleukin-1beta-mediated reduction and modification of murine hepatic nuclear retinoid X receptor alpha. J Hepatol (2009) 51:898–908. doi: 10.1016/j.jhep.2009.06.029

174. Paine, A, Brookes, PS, Bhattacharya, S, Li, D, de la Luz Garcia-Hernandez, M, Tausk, F, et al. Dysregulation of bile acids, lipids, and nucleotides in psoriatic arthritis revealed by unbiased profiling of serum metabolites. Arthritis Rheumatol (2023) 75(1):53–63. doi: 10.1002/art.42288

175. Frasinariu, O, Serban, R, Trandafir, LM, Miron, I, Starcea, M, Vasiliu, I, et al. The role of phytosterols in nonalcoholic fatty liver disease. Nutrients. (2022) 14(11):2187. doi: 10.3390/nu14112187

176. Poli, A, Marangoni, F, Corsini, A, Manzato, E, Marrocco, W, Martini, D, et al. Phytosterols, cholesterol control, and cardiovascular disease. Nutrients. (2021) 13(8):2810. doi: 10.3390/nu13082810

177. Salehi, B, Quispe, C, Sharifi-Rad, J, Cruz-Martins, N, Nigam, M, Mishra, AP, et al. Phytosterols: from preclinical evidence to potential clinical applications. Front Pharmacol (2020) 11:599959. doi: 10.3389/fphar.2020.599959

178. Dimitris, D, Ekaterina-Michaela, T, Christina, K, Ioannis, S, Ioanna, SK, Aggeliki, L, et al. Melissa Officinalis ssp. altissima extracts: a therapeutic approach targeting psoriasis in mice. J Ethnopharmacol (2020) 246:112208. doi: 10.1016/j.jep.2019.112208

179. Su, Y, Wang, Q, Yang, B, Wu, L, Cheng, G, and Kuang, H. Withasteroid b from d. metel l. regulates immune responses by modulating the JAK/STAT pathway and the IL-17(+) RORγt(+) /IL-10(+) FoxP3(+) ratio. Clin Exp Immunol (2017) 190:40–53. doi: 10.1111/cei.12998

180. Cheng, Y, Liu, Y, Tan, J, Sun, Y, Guan, W, Liu, Y, et al. Spleen and thymus metabolomics strategy to explore the immunoregulatory mechanism of total withanolides from the leaves of datura metel l. @ on imiquimod-induced psoriatic skin dermatitis in mice. BioMed Chromatogr (2020) 34:e4881. doi: 10.1002/bmc.4881

181. Li, T, Wei, Z, Sun, Y, Wang, Q, and Kuang, H. Withanolides, extracted from datura metel l. inhibit keratinocyte proliferation and imiquimod-induced psoriasis-like dermatitis via the STAT3/P38/ERK1/2 pathway. Molecules. (2019) 24(14):2596. doi: 10.3390/molecules24142596

182. Li, T, Wei, Z, and Kuang, H. UPLC-orbitrap-MS-based metabolic profiling of HaCaT cells exposed to withanolides extracted from datura metel.L: insights from an untargeted metabolomics. J Pharm BioMed Anal (2021) 199:113979. doi: 10.1016/j.jpba.2021.113979

183. Wei, Z, Li, T, Sun, Y, Su, H, Zeng, Y, Wang, Q, et al. A withanolide in datura metel l., induces HaCaT autophagy through the PI3K-Akt-mTOR signaling pathway. Phytother Res (2021) 35:1546–58. doi: 10.1002/ptr.6921

184. Warren, RB, Kleyn, CE, and Gulliver, WP. Cumulative life course impairment in psoriasis: patient perception of disease-related impairment throughout the life course. Br J Dermatol (2011) 164 Suppl 1:1–14. doi: 10.1111/j.1365-2133.2011.10280.x

185. Brezinski, EA, Dhillon, JS, and Armstrong, AW. Economic burden of psoriasis in the united states: a systematic review. JAMA Dermatol (2015) 151:651–8. doi: 10.1001/jamadermatol.2014.3593




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Luo, Guo, Chen, Zhu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1124786-g003.jpg
Liver

Dietary
cholesterol

l

Bile salts
micelles

l

Feces

Enterocytes

\
A

°
APOA-|

Nascent HDL °

o |

Circulation

‘VLDL
LPL

/ \\
-

‘ Remnant CM

Endosome

Lipid droplets,
Steroid hormones

Y

Degradation of LDLR





OEBPS/Images/fimmu.2023.1124786_cover.jpg
& frontiers | Frontiers in Immunology

Crosstalk between cholesterol metabolism
and psoriatic inflammation





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Crosstalk between cholesterol metabolism and psoriatic inflammation

      

        		

          1 Introduction

        



        		

          2 Cholesterol metabolism

        

          		

            2.1 Absorption of cholesterol in the small intestine

          



          		

            2.2 The biosynthesis of cholesterol

          



          		

            2.3 Cholesterol transport and lipoproteins metabolism

          



          		

            2.4 Cellular utilization, storage and efflux of cholesterol

          



        



        



        		

          3 Cholesterol metabolism and psoriatic inflammation

        

          		

            3.1 Intestinal absorption of cholesterol: NPC1L1

          



          		

            3.2 Cholesterol synthase and intermediates

          

            		

              3.2.1 HMG-CoA reductase in mevalonate pathway

            



            		

              3.2.2 Mevalonate pathway (HMG-CoA, mevalonate kinase, phosphomevalonate kinase, mevalonate diphosphate decarboxylase and isoprenoids)

            



            		

              3.2.3 The synthesis of lanosterol from squalene (squalene synthase, squalene epoxidase, lanosterol synthase)

            



            		

              3.2.4 The synthesis of zymosterol from lanosterol

            



            		

              3.2.5 Emopamil binding protein, DHCR24, DHCR7 and esmosterol

            



          



          



          		

            3.3 Lipoprotein and apolipoproteins

          



          		

            3.4 Lipoprotein receptors and metabolism

          



          		

            3.5 CETP, ACAT

          



          		

            3.6 ATP-binding cassette transporters

          



        



        



        		

          4 Phytosterols and psoriasis

        



        		

          5 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1124786-g001.jpg
Apical Basolateral

L 4
e .___ ==
o%e
|
Cholesterol
@
Yo ____
%o
9
v Chyomicron .
\ /
\ - /7
\/9\ /,
\ 17
N ’/
(5 .
oV
2 ®
9
9 ABCG5/8 R 9 .
L X e Cholesterol carrier
0% 9 S=S>S=—= gog S ---____----"" (e.g. HDL, LDL)
L4 Transporters

(e.g. SR-BI, LDLR)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1124786-g002.jpg
0]
)J\S—CoA Squalene-2,3-epoxide

Acetyl-CoA

l SQLE

Acetoacetyl-CoA )\/\)\/VK/W

Squalene
HMGCS
SQS
HMG-CoA
PreSqualene-PP
HMGCR
HO 0

T SQS

Mevalonic acid

N N
Y O_(S;O_O_ —OH

FPP

Mevalonate-5-P

FDPS

GGPS1
PMVK
Mevalonate-5-PP

FDPS
MVD GGPS1

o o )
A S e 1 (" pmapp

L IPP

OH

LSS
—_—

Aemyjed yoo|g

Lanosterol
CYP51A1

I Tm7sf2
\/

T-MAS

, NSDHL
I MSMO1
;HSD17B7

Zymosterol

l EbP

Cholestadienol

| scsd

7-dehydrodesmosterol

l DHCR7

Desmosterol

DHCR24

DHCR24

DHCR24

24,25-DHL

\

l CYP51A1

> Dihydro-FF-MAS

I Tm7sf2

> Dihydro-7-MAS

I(

| NSDHL
| MSMO1
| HSD17B7

Zymostenol

\
I‘

Kemyjed |jossny-yosinpuey

l EbP

Lathosterol

\

| scsd

7-DHC

\

DHCR7

l DHCR24 J[:t5;£5;\/j/
HO

Cholesterol






